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EXECUTIVE SUMMARY

Researchers have spent decades developing safe and efficacious vaccine to protect and save
lives. The current COVID-19 pandemic has sharply drawn attention to the need for innovative
vaccine development. Traditional vaccines are based on live attenuated virus strains, or
inactivated (killed) pathogens. Significant weaknesses with traditional vaccines include, low
immunogenicity, and high risk of the virus replicating. Modern vaccines are developed to
overcome these challenges. Recent studies have shown that epitope-based chimeric (EBC)
vaccine is practically promising as one option because there is a broad selection of molecular
sizes, highly repetitive structures to induce immune responses, and importantly, scalable and

cost-effective production processes that are well developed.

Human ferritin heavy chain (HFn), is structured by 24 identical subunits with each of molecular
weight 21 kDa to form a spherical assembled structure with outer and inner diameters of 12
nm and 8 nm, respectively. HFn has a number of advantages as a vaccine carrier, including: it
1) has a robust thermal and chemical stability; 2) displays antigens in a well-organised manner
to induce potent immune responses; and 3) is safe with good biocompatibility, biodegradability
and low toxicity. Therefore, there is increasing interest in it as a protein nanocage to develop

EBC. EBC vaccine consists of 3 main parts, protein nanocage (NPC), epitope and linker.

Currently, approaches to develop vaccine rely significantly on extensive experiments that can
result in high failure rates and costs. Additionally, there are limited studies focusing on
molecular design of HFn (insertion sites, linker design and variant study) in order to enhance
protein stability and boost vaccine immunogenicity. Significantly, a comparison of

immunogenicity between HFn and other NPC, such as Hepatitis B Core (HBc) virus like
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particles (VLPs), is not yet reported.

The overarching aim of this Thesis work was therefore to bridge these research gaps and apply
molecular dynamics simulation (MDS) and judicious experiments to develop engineered HFn
as a protein nanocage to develop novel EBC vaccine. The research focussed on 5 coordinated
steps: 1) Molecular design of engineered ferritin inserted with epitopes at 2 different locations
(N-terminus and C-terminus) and stability investigation; 2) Flexible linker length design to
affect engineered ferritin stability against thermal- and chemical denaturants; 3) Engineered
ferritin variant study via simulation and experiment; 4) Immunogenicity study of engineered
ferritin inserted epitope at N- and C-terminus; and, 5) Immunogenicity study of HFn and HBc

carrying the same epitope.

In Step 1), model epitope Epstein-Barr Antigen 1 (EBNA1) was inserted at 2 locations, namely,
N-terminus (E1F1) and C-terminus (FI1E1). Protein surface hydrophobicity and thermal
stability were predicted by MDS and validated by experiments. In Step 2), the effect of linker
length on protein stability, short (3 residues) and long (15 residues) flexible linkers were
inserted between the epitope and protein cage at N/C-terminus to form E;L;sFi, FiLisE,
EiLsF1, and F1L3E, respectively. Protein surface hydrophobicity and protein stability against
thermal- and chemical denaturants were assessed experimentally. In Step 3), hot spots were
predicted by MDS and variants (C1, C2, C3, C4 and C5) were designed to replace hot spots
with other residues. C1 and C2 were built by replacing predicted hot spots with non-charged,
or positive charged, residues. C3, C4 and C5 were constructed by replacing native hydrophobic
residues with more hydrophobic or more hydrophilic residues. Molecular characterization,

protein surface hydrophobicity and thermal stability by experiments were demonstrated.
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To investigate the effect of insertion site of HFn on vaccine immunogenicity, Step 4),

characterization study was demonstrated to compare the structural difference between E1F1

and F1EI. IgG titer, proliferation index and memory T cells differentiation were performed to

determine humoral and cell-mediated immune response induced by E1F1 and F1E1. In Step 5),

a comparison of HFn NPC with HBc NPC, the immunogenicity of E1F1 (HFn NPC) was

compared with E1H1 vaccine (HBc NPC) inserted with the same model epitope EBNAI.

The key findings from this Thesis are:

1.

A combined approach of MDS with experiment has been successfully demonstrated to
design protein structure and predict protein stability. This approach can significantly
reduce experimental cost and failure rate of designed vaccine.

Both MDS and experiment have shown that C-terminus insertion significantly boosts
protein stability. This may potentially enhance vaccine efficacy over N-terminus
insertion in vivo study. A more comprehensive vaccine efficacy study is required to
further validate. However, this preliminary study is useful to provide guidance for
design of NPC with multiple insertion sites.

Long flexible linker has less impact on protein stability against thermal and chemical
denaturants when compared with short flexible linker that provides useful guidelines
on designing linker length in EBC vaccine.

C-terminus variant study highlighted the importance of helix E on stabilising assembled
protein conformational and thermal stability. This finding has increased understanding
of HFn molecular structure in designing stable vaccine.

Compared with HBc-VLP, HFn is advantageous to significantly boost cell-mediated
immune responses because of the stronger binding to T cell immunoglobulin. However,

HFn induces weaker humoral and proliferative responses.
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Collectively these findings will significantly improve understanding in development of HFn as

a vaccine carrier through processes of molecular design, vaccine stability and immunology.

Research findings will therefore be of immediate practical benefit and interest to a wide range

of researchers and manufacturers for innovative EBC vaccine development.
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E1F1 and F1E1. A monomer of E1F1 and F1E1 are denoted as green. B) Monomer structure
of E1F1 and F1E1. The epitope (red) and linker (blue) are inserted at N-terminus of ferritin

monomer for E1F1, while they are inserted at C-terminus of ferritin monomer for F1EI....117

XXi



Figure 3.3 Characterization of engineered ferritins. A) Coomassie blue stained sodium dodecyl
sulfate PAGE: lane 1, protein marker; lane 2, native ferritin; lane 3, E1F1; lane 4, F1E1. B)
MALS evaluation of ferritin, E1F1 and F1E1. C) Size- exclusion (Superose 6) chromatogram
for E1F1. D) Size-exclusion (Superose 6) chromatogram for F1E1. E) TEM image of E1F1. F)
TEM IMage OFf FIEL. ..ottt sttt e ste e saae e e 125
Figure 3.4 Hydrophobicity of engineered and eluted native ferritins. A) Bovine serum albumin
(black), native ferritin (red), E1F1 (magenta) and F1E1 (green) from a HiTrap Butyl FF
hydrophobic interaction column. B) Computed hydrophobic SASA for BSA (black), ferritin
(red), E1F1 (blue) and F1El1 (green) against time at 25 °C using GROMACS. C)
Hydrophobicity diagram by Discovery Studio (DS) 2019: hydrophobic (red); hydrophilic
(0] 1<) TSRS 127
Figure 3.5 Alpha helix content for monomers of ferritin, E1F1 and F1IE1 using GROMACS
over a temperature range from 25 to 90°C. A) One subunit of ferritin. B) One subunit of E1F1.
C) One subunit Of FIETL. c...ccouiiiiiiiiiiiciece ettt et ee 129
Figure 3.6 Alpha helix content and RMSD for trimer structures of ferritin, E1F1 and F1E1
using GROMACS over a temperature range of 25 to 90°C. Al) Ferritin alpha helix content.
A2) E1F1 alpha helix content. A3) F1E1 alpha helix content. B1) Ferritin RMSD. B2) E1F1
RMSD. B3) RMSD. ..ottt sttt ettt e st enaeesaenneenseeneenneenes 130
Figure 3.7 Simulation data for assembled structures of ferritin, E1F1 and F1EI using
GROMACS at 150°C for 200 ns. A) Alpha helix content. B) RMSD. C) Rg. D) Hydrophobic
SASA; Ferritin dropped 26 %, E1F1 dropped 37 % and F1E1 dropped 35 %, compared with
TNIEIAL STIUCTUTE. ..ottt et sb e et sa e st e e b e e ee 132
Figure 3.8 Differential scanning calorimetry (DSC) results for ferritin, E1IF1 and F1E1 (Protein
concentration: 1 mg mL!; Sample buffer: 20 mM Phosphate buffer pH 7.0). A) Native ferritin.
B) E1F1. C) F1E1. D) Tm1 and Tm2 values for native ferritin, E1F1 and F1E1 from DSC.

Figure 3.9 Circular dichroism spectra of E1IF1 (A) and F1E1 (B) (Sample concentration: 1 mg
mL!; Sample buffer: 20 mM Phosphate buffer, pH 7.0). The spectra range shows the secondary
structures of E1F1 are completely changed at pH 5. F1E1 is stable over the tested pH, except
at pH 5. Standard curve represents the signal measurement for tested proteins without pH
AAJUSTIMENLS. .ovvviiiiiiieiiie ettt ee et et e e st e et ee e taeeesaeeetaaeassseeassaeesssseesssaeessseeensseeensseesnsseens 136
Figure 3.10 Circular dichroism spectra of ferritin, E1F1 and F1E1 with varied guanidinium

chloride concentration from O M to 5 M at 20 °C fOr 20 MiIN..cceeeemmeeeeeeeeeeeeeeeeeeeeeeeeeeeennes 137
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Figure S3.1 Stability comparisons for monomer of E1F1 (N-terminus insertion) with different
lengths of linkers (3 residues, 5 residues and 15 residues). A) Mimic diagrams of E1F1
monomers with different lengths of linkers (3 residues, 5 residues and 15 residues) by Chimera.
B) RMSD of E1F1 monomers with different lengths of linkers (3 residues, 5 residues and 15
TESTAUBS). .eveveete ettt ettt ettt ettt et e et e e e eae et e easeebeeteeaseeaeeabeesseessenseeaseaseenbeesseessenseeseans 146
Figure S3.2 Simulation results from GROMACS for monomers of ferritin, E1F1, and F1E1 at
25, 70,80 and 90 °C. A1) RMSD of ferritin. A2) RMSD of E1F1. A3) RMSD of F1E1. B1) Rq

of ferritin. B2) Rg of EIF1. B3) RgOF FLEL. ....ooviiiiiiieeceeeeeeeee e 147
Figure S3.3 Simulation RMSD data for assembled structures of ferritin, ELF1 and F1E1 using
GROMACS at 150°C for 200 ns by comparing ferritin core part only. .........cc.ccooeeveevvenenen. 148

Figure S3.4 Circular dichroism spectra of ferritin, E1IF1 and F1E1 at 25, 70, 80 and 90 °C. A)
Ferritin. B) E1F1. C) F1E1. D) Helix content of ferritin, E1IF1 and F1E1 at 25, 70, 80 and 90
L RPN 148
Figure S3.5 SDS-PAGE image of engineered ferritins (ELF1 and F1E1) expression.
Theoretical MW for E1F1 and F1E1 were 23.35 kDa. Lane 1: Protein marker; lane 2: E1F1
before adding IPTG; lane 3: E1F1 after adding IPTG; lane 4: E1F1 soluble expression; lane 5:
E1F1 inclusion bodies expression; lane 6: F1E1 before adding IPTG; lane 7: F1E1 after adding
IPTG; lane 8: F1E1 soluble expression; lane 9: F1E1 inclusion bodies expression. Red box
indicated target proteins ELFL/FLEL. ......ccooovoiiieiiiecieeeeeeeeeeee et 152
Figure S3.6 SDS PAGE image of E1F1 heat precipitation at pH 5 for various conditions. Lane
1: E1F1 before purification; lane 2: 50 °C, 5 min, total protein concentration 8 mg mL'; lane
3: 50 °C, 5 min, total protein concentration 4 mg mL!; lane 4: 50 °C, 10 min, total protein
concentration 8 mg mL!; lane 5: 50 °C, 10 min, total protein concentration 4 mg mL™!; lane 6:
60 °C, 5 min, total protein concentration 8 mg mL!; lane 7: 60 °C, 5 min, total protein
concentration 4 mg mL"!; lane 8: 60 °C, 10 min, total protein concentration 8 mg mL"!; lane 9:

60 °C, 10 min, total protein concentration 4 mg mL!. Red box indicated target protein E1F1.

Figure S3.7 SDS PAGE image of E1F1 heat precipitation at pH 5.5 for various conditions.
Lane 1: E1F1 before purification; lane 2: 50 °C, 5 min, total protein concentration 8 mg mL!;
lane 3: 50 °C, 5 min, total protein concentration 4 mg mL"'; lane 4: 50 °C, 10 min, total protein
concentration 8 mg mL"!; lane 5: 50 °C, 10 min, total protein concentration 4 mg mL"!; lane 6:
60 °C, 5 min, total protein concentration 8 mg mL!; lane 7: 60 °C, 5 min, total protein

concentration 4 mg mL"!; lane 8: 60 °C, 10 min, total protein concentration 8 mg mL"!; lane 9:
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60 °C, 10 min, total protein concentration 4 mg mL"!. Red box indicated target protein E1F1.

Figure S3.8 SDS PAGE image of F1E1 heat precipitation at pH 4.5 for various conditions.
Lane 1: F1E1 supernatant after heating precipitation at 60 °C, 5 min, total protein concentration
8 mg mL'; lane 2: F1EI precipitation after heating precipitation 60 °C, 5 min, total protein
concentration 8 mg mL'; lane 3: F1E1 supernatant after heating precipitation at 60 °C, 5 min,
total protein concentration 4 mg mL"'; lane 4: F1E1 precipitation after heating precipitation 60
°C, 5 min, total protein concentration 4 mg mL™'; lane 5: FIE1 supernatant after heating
precipitation at 60 °C, 10 min, total protein concentration 8 mg mL"'; lane 6: F1E1 precipitation
after heating precipitation 60 °C, 10 min, total protein concentration 8 mg mL; lane 7: F1E1
supernatant after heating precipitation at 60 °C, 10 min, total protein concentration 4 mg mL"
!; lane 8: F1E1 precipitation after heating precipitation 60 °C, 10 min, total protein
concentration 4 mg mL™!. Red box indicated target protein F1EL..........c.coccevovivevivereecnnnn. 154
Figure S3.9 Chromatogram of E1F1 and F1EI purification by HIC. A) E1F1 purification by
Octyl FF at pH 6.5, 1.2M AS. B) F1E1 purification by Butyl FF at pH 6.5, 1.2M AS......... 155
Figure S3.10 TEM images of purified E1F1 and FIEL. A) E1F1. B) FIEIL.....ccccccvveeneee. 155

Figure 4.1 Schematic of 3 linker types by using software Discovery Studio 2021 2!, Human
ferritin heavy chain is used as example for the protein nanocage and is marked in blue-colour.
Epitope is marked red. Linkers are marked black. 1) Flexible linker provides flexible distance
between epitope and protein nanocage; 2) Rigid linker gives fixed distance between epitope
and protein cage, and; 3) Cleavable linker releases epitope from protein nanocage............. 176
Figure 4.2 Characterization of engineered ferritin. A) SDS-PAGE analysis post-purification:
lane 1, marker; lane 2, HFn; lane 3, EiLisF1; lane 4, F1LisE1; lane 5, E1L3Fy; lane 6, Fi1L3E;. B)
Size exclusion chromatography Multi Angle Light Scattering (SEC-MALS). C) TEM images.

Figure 4.3 Hydrophobicity of engineered ferritin with short, or long flexible linker. A)
Hydrophobic interaction chromatography of engineered ferritin: HFn = 31.10, E1L3F = 37.27,
EiLisF1 = 35.69, F1LsE1 = 30.8, and FiLisE1 = 31.09, min. B) Schematic of short (3 residues:
red-colour) and long (15 residues: blue) flexible linkers of proteins..........ccccceeceeviericeneen. 188
Figure 4.4 DSC (differential scanning calorimetry) protein thermal denaturation. A) Showing
multiple-domain proteins have multiple-stages during DSC. Engineered ferritin (HFn) was
used illustratively. Diagrams made with Discovery Studio 2021 *' and Biorender®. DSC
thermogram for: B) HFn. C) EiL3Fi. D) EiLisFi1. E) FiL3E1. F) FiLisE1. oo, 192
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Figure 4.5 Impact of temperature on tertiary and quaternary structure of engineered ferritin.
A) Maximum fluorescence intensity change (MFIC) for engineered ferritin against temperature
denaturant. B) Absorbance difference at 207 nm between absorbance following heating and
absorbance before Neating............cccvoviiiiiiiiiiiiieece e 195
Figure 4.6 Maximum fluorescence intensity change (MFIC) caused by GdnHCI chemical
denaturant on five (5) proteins, HFn, E1LsFi, EiLisFi, FiLsE: and FiLisE;. Time interval
treated with GAnHCI: A)Oh. B)2h.C)4h. D)8 h. E) 12 h. F) 24 h. ccooveiieie 198
Figure 4.7 Maximum fluorescence intensity change (MFIC) caused by urea chemical
denaturant on five (5) proteins, HFn, EIL3F1, EIL15F1, FIL3E1l and FIL15E1. Time interval
treated with urea: A)Oh. B)2h.C)4h.D)8h.E) 12 h. F) 24 hooooiiiiiii 200
Figure S4.1 Quaternary structural change in engineered ferritin against thermal denaturant by
UV-Vis. A) EiLsF1. B) EiLi5F1. C) FiL3Ei. D) FiLisEi. E) HFn. cooovieiii 210
Figure S4.2 Tertiary structural change in engineered ferritin against GdnHCI denaturant. A)
E1L3F1. B) E1IL15F1. C) FIL3EL. D) FIL15El. E) HFn. F) Maximum fluorescence intensity
chan@e (MFIC) at 1 R ..oioiiiiicicceeee et ettt ebe e naeenseeene 211
Figure S4.3 Tertiary structural change in engineered ferritin against urea denaturant. A)
E1L3F1. B) E1L15F1. C) FIL3E1l. D) F1L15E1. E) HFn. F) Maximum fluorescence intensity
change (MFIC) at 1 R ..oooiiie ettt et 212
Figure S4.4 SDS PAGE image of engineered ferritins (E1L3F; and F1L3E1) expression. Lane
1: Protein marker; lane 2: E1L3F; before adding IPTG; lane 3: E|LsF; after adding IPTG; lane
4: E1LsF; soluble expression; lane 5: E1L3F; inclusion bodies expression; lane 6: F1L3E; before
adding IPTG; lane 7: FiL3E; after adding IPTG; lane 8: F1L3E; soluble expression; lane 9:
F1L3E inclusion bodies expression. Red box indicated target proteins EIF1/F1E1............. 216
Figure S4.5 SDS PAGE image of E1LsF; acid and heat precipitation at various conditions.
Lane 1: E L3F; before purification (Gel 1); lane 2: supernatant, pH 5.0, 60 °C, 10 min; lane 3:
EiLsF; before purification (Gel 2); lane 4: supernatant, pH 5.5, 50 °C, 10 min; lane 5:
precipitation, pH 5.5, 50 °C, 10 min; lane 6: supernatant, pH 5.0, 50 °C, 5 min; lane 7:
precipitation, pH 5.0, 50 °C, 5 min; lane 8: supernatant, pH 5.0, 50 °C, 10 min; lane 9:
supernatant, pH 5.5, 60 °C, 10 min; lane 10: precipitation, pH 5.5, 60 °C, 10 min. Red box
indicated target protein E1LzF 1 ...cccooiiiiiie e 217
Figure S4.6 SDS PAGE image of FiL3E; acid and heat precipitation at various conditions.
Lane 1: FiL3E; before purification; lane 2: supernatant, pH 4.5, 50 °C, 10 min; lane 3:
precipitation, pH 4.5, 50 °C, 10 min; lane 4: supernatant, pH 5.0, 50 °C, 10 min; lane 5:
precipitation, pH 5.0, 50 °C, 10 min; lane 6: supernatant, pH 4.5, 60 °C, 10 min; lane 7:
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precipitation, pH 4.5, 60 °C, 10 min; lane 8: supernatant, pH 5.0, 60 °C, 10 min; lane 9:
precipitation, pH 5.0, 60 °C, 10 min. Red box indicated target protein FiL3Ei..................... 217

Figure 5.1 Schematic representation of ferritin human heavy chain secondary structure by
EMBL-EBI. Residues with alpha helices are blue-bold shown in sequence.......................... 224
Figure 5.2 Schematic of heptad repeat. A) Mimic diagram of heptad repeat showing position
‘abcdefg’ in ahydrophobic core. Position ‘a’ and ‘d’ are hydrophobic amino acids (red).
Position ‘e’ and ‘g’ are charged amino acids (blue). B) Hydrophobic core taken from human
ferritin heavy chain showing positions ‘a, ‘d’ ‘e’ and ‘g’. Hydrophobic residues are marked in
red; Charged residues are marked in blue; Other residues are marked in green.................... 226
Figure 5.3 Mimic diagram to illustrate PDB files build-up for study of C-terminus to C-
terminus interaction by DS 2021, ....cociiiiiiiiiiiiecieceece ettt st 227
Figure 5.4 Hot spot predictions in C-terminus of FiL3E; by MDS. A) Energy distribution of
residues at aa 164 to aa 174 in C-terminus of FiL3E;. B) Mimic diagram of hot spots in C-
terminus of F1L3E; by Discovery Studio. Hot spots are indicated in red. C) Energy distribution
table. Hot spots are highlighted in bold. ..., 235
Figure 5.5 The identified hot spots predicted in C-terminus of 5 variants by MDS. Hot spots
are indicated in red. Mutated residues are indicated in blue. ..........ccccooceevenienieneiienieeee. 236
Figure 5.6 Characterization of F1L3:E; and five (5) variants (C1, C2, C3, C4 and C5). A) SDS-
PAGE analysis post-purification: lane 1, marker; lane 2, Fi1L3E1; lane 3, C1; lane 4, C2; lane 5,
C3; lane 6, C4; lane 7, C5. B) Size exclusion chromatography Multi Angle Scattering (SEC-
MALS). C) TEM images. Proteins were prepared in 20 mM Phosphate buffer, pH 7 with
concentration of 0.1 mg mL'.C3 image is formed by combining multiple C3 TEM images at
the same scale in order to show deviation of particle size. Original TEM images are shown in
Figure S5.2, Supporting Information. ..........ccccceeeeiiiiriiiiiiie et 240
Figure 5.7 Hydrophobic study by MDS and experiment. A) Hydrophobic solvent accessible
surface area (SASA) predicted by MDS. B) Hydrophobic interaction chromatography of
variants. C) Hydrophobic and hydrophilic surface modelling for engineered ferritin. F1L3E; is
used as an example. Hydrophilic residues are highlighted in blue. Hydrophobic residues are
highlighted in white. D) Hydrophobic and hydrophilic surface modelling for C-terminus of
Fi1L3E: and variants. Hydrophilic residues are highlighted in blue. Hydrophobic residues are
highlighted in white. Neutral residues are highlighted in brown.........c..ccccevevieniiiincnene 245
Figure 5.8 RMSD and R, for assembled FiL3E;, C1, C2 and C5 and RMSF for C-terminus
from aa 164 to aa 173 using GROMACS at 27 °C for 200 ns. A) RMSD. B) Rg. C) RMSF for
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one of C-termini (aa 164 to aa 173) from assembled FiL3Ei, C1, C2 and C5. F1L3E;: 0.10-0.16
nm; C1: 0.10-0.22 nm; C2: 0.12-0.27 nm; and C5: 0.13-0.24 NM....c.c.oecvevievercierieieeieeee 248
Figure 5.9 RMSD, Rg, helix content for assembled FiL3E;, C1, C2 and C5 and RMSF for C-
terminus from aa 164 to aa 173 using GROMACS at 150 °C for 200 ns. A) RMSD. B) R,. C)
RMSF of C-termini (aa 164 to aa 173) from assembled FiL3E;, C1, C2 and C5. FiL3Ei: 0.19-
0.32 nm; C1: 0.17-0.40 nm; C2: 0.25-0.38 nm; and C5: 0.18-0.31 nm. D) Reduction of helix
content (%). F1L3E1: 13.77%; C1: 15.07 %; C2: 19.70 %; and C5: 14.58 %...ccvvvvevevennnnen. 248
Figure 5.10 DSC thermogram for engineered ferritin and its variants. A) DSC thermogram for

FiL3E; (control). B) DSC thermogram for Cl. C) DSC thermogram for C2. D) DSC

thermoOGram fOr C5......cuiiiiiiieie ettt ettt et e et e et eebeesteeesseessaeensaensaeens 251
Figure S5.1 SEC-MALS results for C4. A) Correlation function. R2 is 0.2488. B) Results
summary from SEC-MALS. ..ot 259

Figure S5.2 Original TEM image for C3 (20 mM Phosphate buffer, pH 7, protein concentration
Was 0.1 M@ ML ™). .ottt eaeeeaens 259
Figure S5.3 Hydrophobic interaction chromatography of variants C3 and C4. Flow through
peak refers to protein that cannot bind to the column. Elution peak refers to protein that is
eluted out from the column applying reducing salt gradient. Regeneration peak refers to protein

that strongly binds to the column and can only being eluted out by introducing sodium

hydroXide (1IM). c..eeeeie ettt ettt ettt et e et esbeesabe e bt e enbeesaneebeesneeens 260
Figure S5.4 SDS PAGE image of soluble expression for FiL3E; and 5 variants (C1, C2, C3,
CAaNA C5). oottt ettt ettt ettt eeaa e e e e raeebeeeteeenbeensaeenbeenraeenneennes 265

Figure 6.1 Human ferritin heavy chain mimic diagram by the program Chimera. A) The native
ferritin assembly structure (PDB ID: 1FHA). Orange label represents ferritin monomer. B)
Ferritin monomer. Red label represents N-terminus insertion site; Green label represents C-
terminus insertion site; Blue represents flexible loop region insertion site. ...........ccccvveneee.. 272
Figure 6.2 Characterization of E1F1 and F1E1. A) SDS PAGE analysis post purification:
Marker: protein marker; lane 1: E1F1; lane 2: F1E1. B) Hydrodynamic radius measurements
and purity level estimation from size exclusion chromatography with multiple-angle laser light
scattering (SEC-MALS). C) Mass spectra of E1F1 and F1E1. The molecular weights for the
E1F1 and F1E1l monomers were determined as 23.48 and 23.35 kDa, respectively. D) TEM
image of E1F1. E) TEM image of FIEL......ccccooiiiiiiiiiiieeeee e 284
Figure 6.3 Structural determination of E1F1 and FIE1. A) Structural superposition of the
nanoparticle assembly (left) and a single ferritin monomer (right) for E1F1 (green; RMSD =
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0.33) and F1E1 (yellow; RMSD = 0.40) with native heavy chain ferritin (blue, PDB:1FHA).
B) Simulated annealing 2Fo-Fc composite omit maps (blue mesh, 1.56) for the N-terminus of
E1F1 (green, Chain A; left) and C-terminus of FI1E1 (yellow, chain A; right). No electron
density was observed for the EBNA1 epitope for either construct. Terminal residues are shown
in cyan. The presented model is representative of each monomer forming the E1F1 and F1E1
nanoparticles. C) E1F1 (left) and F1EI1 (right) modelled with the EBNA1 epitope. ............ 287
Figure 6.4 Production of antigen-specific antibodies in the sera of BALB/c mice. The dosage
of groups was 6 pg EBNAIL. (A) The antigen-specific IgG titers at day 14 (second
immunization) and day 28 (third immunization). (B) The ratio of I[gG2a/IgG1 at day 28. Data
are expressed as mean £ SEM (n=6) (*p<0.05; **p<0.01; ***p<0.001), where n represents the
number of mice from €ach Group. .........cooiiiiiiiiii e 290
Figure 6.5 Proliferative responses of splenocytes responding to antigen simulation ex vivo.
Splenocytes were harvested 10 d after the third immunization and restimulated ex vivo with
antigen EBNA1 (20 ug mL™"). Splenocytes proliferation was measured using CCK-8 kit, and
the proliferation index was calculated. (EBNA1: 1.18; E1F1: 1.47; F1E1: 2.34) Data are
expressed as mean + SEM (n=6) (*p<0.05; **p<0.01; ***p<0.001), where n represents number
of Mice fromM €aCh LOUP. ...oouviiiiiiiiee et et 291
Figure 6.6 Frequencies of CD25+ in CD4+, CD8+ T cells and CD19+ B cells were determined
by flow cytometry. T cells amount were count for each group before and after activation by
short EBNA1 peptide (500 pL, 20 pg mL™!). Data are expressed as mean = SEM (n=6)
(*p<0.05; **p<0.01; ***p<0.001), where n represents the number of mice from each group.
A) Frequencies of CD25" in CD4". B) Frequencies of CD25" in CD8" T cells. C) Frequencies
Of CD257 in CDI197 B CEIIS. cuuviviiitiictieteteeeeteteeteeeet ettt 292
Figure 6.7 Frequencies of central (CD44hiCD62Lhi)/ effector (CD44hiCD62Llow) memory
CD4+ and CD8+ T cells. Mice were immunized three times. Splenocytes were harvested on
day 38 after the first immunization and stimulated ex vivo with antigen EBNA1 peptide (500
pL, 20 pg mL7) for 60 hours. The frequency of CD44" CD62LM/CD4" T cells, CD44"
CD62L"/CD4" T cells, CD44" CD62L"/CD8" T cells, CD44™ CD62L"*"/CD8" T cells were
measured by flow cytometry. FACS plots in A) are representative of the mean percentages of
six mice in each group. Data are expressed as mean + SEM (n=6) (*p<0.05; **p<0.01;
*#%p<0.001), where n represents the number of mice from each group. A) FACS plots. B)
Frequencies of central (CD44"CD62L") memory CD4" T cells. C) Frequencies of central
(CD44MCD62LM) memory CD8" T cells. D) Frequencies of effector (CD44MCD62L°")
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memory CD4" T cells. E) Frequencies of effector (CD44"CD62L'Y) memory CD8" T cells.

Figure 6.8 Dendritic cell processing diagram by Biorender. Antigen presentation is mediated
by MHC class I molecules, and the class II molecules, found on the surface of antigen-
presenting cells (APCs), such as dendritic cell (DC). MHC class I and class Il molecules deliver
short peptides to the cell surface in a similar manner. CD8" T cells recognize peptides on the
surface of MHC I molecules while CD4" T cells recognize the ones on MHC II molecules. Tn
cells produce interferon gamma (IFN-y) that is critical for innate and adaptive immunity against
viral. Activated CD4" T cells and CD8" T cells are also the major sources of IL-2. ............ 298
Figure S6.1 Standard curve for endotoxin determination experiment. The equation for this
standard curve was ShOWN S @DOVE........oeiuiiiiiiiiiiiiieiiee e 305
Figure S6.2 Protein crystals for EIF1 and F1E1. A) E1F1 crystal construct (200-300 um). B)
F1E1 crystal construct (50 M), ..oooueeiiiiiieieeiee ettt sttt et 306
Figure S6.3 Flow cytometry gates showing CD19, CD4 and CD8. CD19 is shown in red; CD
4 is shown in green; and CDS is shown in blue. A) EBNA1 short peptide. B) E1F1. C) F1EL.

Figure 7.1 Characterization of E1F1 (ferritin carrier) and E1IH1 (HBc carrier). A) Coomassie
blue stained sodium dodecyl sulfate (SDS): lane 1, protein marker 1; lane 2, HFn marker (~21
kDa); lane 3, E1F1 (~24 kDa); lane 4, protein marker 2; lane 5, impurities (N/A); lane 6: E1H1
(~20 kDa). B) Mimic diagrams by Discovery Studio 2020. Red denotes carrier, blue denotes
EBNAI short peptide epitope, and green denotes soft linkers (GGSGQG); (i) E1IF1 monomer;
(i1)) E1IH1 monomer; (iii) assembled HFn; (iv) assembled HBc. C) Molar weight and particle
size of assembled EIF1 measured by SEC-MALS; D) Molar weight and particle size of
assembled E1H1 measured by SEC-MALS; E) Assembled E1F1 TEM image; F) Assembled
ETHT TEM IMAEE. ...eeeeviieeiiieeiiieeieeeitee ettt eiteesteeesteeesnteeesnteeessseesnssaeansseesssaesnssneesnseessnseens 338
Figure 7.2 EBNA1-specific antibodies in sera of BALB/c mice. A) IgG titers 10 days after 1st
boost (Day 24) and 2nd boost (Day 38). B) IgG2a/IgG1 at Day 38. Data are shown in mean +
SEM (n=3) (*p<0.05; **p<0.01; **F*Pp<O.001). ...eevririirriiiiiieniiieeiereeeneeseeee e 339
Figure 7.3 Proliferation index for EIH1 with adjuvant, EIH1 w/o adjuvant and E1H1 with
adjuvant measured by CCK-8 kit. Splenocytes were cultured at Day 38 (10 days after 2nd
boost) and restimulated ex vivo with EBNA1 antigen. Data are shown in mean + SEM (n=6)

(Fp<0.05; FEP<0.01; FFFPC0.001). covvveerreeereeeerreeeeseeeeesseseeeseeeesesseeseeeesessesseeeesesseseseeeseseeees 340
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Figure 7.4 Activation of dendritic cell by EBNAT antigens determined by flow cytometry. A)
Mimic dendritic cell processing diagram by Biorender©. B) Frequency of CD25+ in CD19+ B
cells. C) CD25+ in CD4+ T cells. D) CD25+ in CD8+ T cells. Data are shown in mean + SEM
(n=6) (*p<0.05; **p<0.01; *F*P<O.001). c.eerviriiriieieeiereeeee e 342
Figure 7.5 Frequencies of TCM (CD44hiCD62Lhi) and TEM (CD44hiCD62Llow) cells. A)
FACS plots. FACS plots are representative of the mean percentage of six mice in each group.
B) CD4+ TCM cells (%). C) CD8+ TCM cells (%). D) CD4+ TEM cells. E) CD8+ TEM cells
(%). Data are shown in mean = SEM (n=6) (*p<0.05; **p<0.01; ***p<0.001).....c...c......... 344
Figure S7.1 Flow cytometry gates showing CD19, CD4 and CDS8. CD19 is shown in red
colour; CD 4 is shown in green; and CD8 is shown in blue. A) E1F1 with adjuvant. B) EIH1
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CHAPTER 1 INTRODUCTION



1.1 Background

Epitope-based chimeric (EBC) vaccine is constructed by nanoparticle protein cage (NPC),
inserted epitope/antigen, and linkers. There is an urgent need to find innovative vaccine carriers
of EBC vaccine to replace traditional vaccines, such as live attenuated strains of pathogen or
inactivated killed pathogen vaccines which are facing the challenges of the safety risks and low
immunogenicity !. To overcome these challenges, there is a significant potential in developing

EBC vaccine.

EBC vaccine is promising to be developed because of: 1) a broad selection of particle sizes
from 5 to 100 nm 2, 2) cost-effective production 3, and; 3) highly repetitive structures to induce

immune response (s) *>.

Human ferritin heavy chain (HFn) is one of examples of NPCs. Wild-type HFn comprises 24
identical subunits (each 21 kDa), forming a spherical hollow cage structure 12 nm in diameter
6. As a vaccine carrier, HFn has been investigated with 3 potential insertion sites, namely, the
N-terminus, C-terminus and the flexible loop region. The N-terminus of HFn is located outside
the ferritin cage, while C-terminus is located inside the ferritin cage ’. HFn demonstrates a
number of advantages as a nano vaccine carrier, including: it 1) can carry antigens and expose
immunogens in a repetitive and well-organised manner by genetic modifications 3%; 2) is
thermally and chemically stable ', and can be engineered for enhanced physicochemical and

11

biological properties ''; and, 3) is safe with low toxicity, good biodegradability and

biocompatibility '.

Besides NPC, linker is another important factor to design a stable and efficacious EBC vaccine.

The linker is essential to provide significant separation between NPC and epitope to maintain



individual functionality. A lack of appropriate linker leads to problems, for example, protein

13,15 13,16,17 In

misfolding >4, low yield in protein production , and/or impaired bioactivity
addition, the immunogenicity of epitopes presented on a NPC is significantly influenced by

length and rigidity of the linker '®.

Molecular dynamics simulation (MDS) has been widely applied in biological research to solve
these problems, for example, epitope immunogenicity prediction '*2°, fusion protein structure

2123 " and protein stability prediction 2*?°. Therefore, by MDS prediction, the

prediction
successful rate of EBC vaccine is likely increased and the period for the innovative EBC

vaccine development can be shorten. MDS can filter and establish the most stable molecular

structure for vaccine candidates and later validated via experiment with reduced time and cost.

There are 5 research gaps of developing engineered HFn as a vaccine carrier,

1) Vaccine development purely based on experiments results in higher failure rates and costs.

2) Limited knowledge about the connection between the different insertion sites of HFn and
corresponding protein stability and vaccine immunogenicity.

3) Limited knowledge about the impact of the flexible linker length to the stability of
engineered HFns.

4) Limited knowledge about key amino acid residues of helix E in HFn C-terminus affecting
the molecular properties of formed HFn-based EBC vaccines.

5) Knowledge gap of understanding the immunogenicity difference between different protein
cage sizes as EBC vaccine carriers, for example, HFn (12 nm) and Hepatitis B virus core

(HBc¢) (35 nm).



Therefore, developing a stable and highly immunogenic HFn-based EBC vaccine is essential
to bridge these research gaps. This project for the first time demonstrated development of HFn-
based EBC vaccine through, 1) molecular design insertion sites and linker length; 2) purify and

characterize protein stability; and 3) immunology study.



1.2 Aims and Objectives

In this PhD project, the overreaching aim of this work is to design and develop an engineered
HFn-based vaccine carrier by using Epstein-Barr nuclear antigen 1 (EBNAT) as a model
epitope through MDS and experiment. As is illustrated in Figure 1.1, this project is conducted
by 3 main components, molecular design, protein purification and characterization, and vaccine

immunology study.

Molecular design is to construct protein structures considering 2 different insertions sites (N-
and C-terminus) and linker length. Additionally, molecular design is used to predict key
residues affecting HFn stability and therefore design corresponding variants. Protein
purification and characterization are to produce purified engineered HFn for examining protein
stability. Vaccine immunology study is to determine the immunogenicity of engineered HFn,

and to compare with other EBC vaccine, for example, VLP hepatitis B virus core.

The objectives and tactics are as follows:

1. To generate molecular designs of engineered HFns with inserted EBNA1 epitope at two (2)
different positions (N- and C-terminus), namely, E1F1 and F1E1; and to predict protein
hydrophobicity and thermal stability by MDS and validate by experiment (Chapter 3).

2. To design flexible linker length (3 or 15 residues) for engineered HFns-based EBC vaccine
and characterize protein hydrophobicity and stability against thermal and chemical
denaturants by experiment (Chapter 4).

3. To predict key residues affecting HFn stability by MDS, and therefore to design variants

and study protein stability by MDS and experiment (Chapter 5).



To compare immunogenicity of N- and C-terminus insertion by vaccine immunology study
(Chapter 6).
To compare immunogenicity between HFn-based EBC vaccine and VLP-based EBC

vaccine (Chapter 7).
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Figure 1.1 The design and experimental structure of the PhD project.
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1.3 Thesis outline

This Thesis consists of eight chapters (Table 1.1). The content of each chapter is summarised

below. Chapter 3, 4, 5, 6 and 7 are presented by the format of publication.

In Chapter 1, Introduction. This chapter includes the background, current research gaps of
using HFn as a vaccine carrier, project importance, aim and objectives, Thesis outline of this

PhD project.

In Chapter 2, literature review. This chapter describes limitations of other innovative vaccine
carriers, advantages of nanoparticles as vaccine carriers, advantages and potentials of HFn as
vaccine carriers, application of MDS on protein stability predictions. Furthermore, linker
design, impact of epitope insertion sites and variants study associated with HFn’s stability and

immunogenicity are critically reviewed.

In Chapter 3, two insertion sites at human ferritin heavy chain (HFn) nanocage are studied to
understand impact of different insertion sites on resulting protein stability. The model epitope
Epstein-Barr nuclear antigen 1 is used to construct engineered ferritins E1F1 (N-terminus
insertion) and F1E1 (C-terminus insertion). Protein hydrophobicity and thermal stability of
these two engineered ferritins with inserted EBNA1 epitopes are predicted by MD simulations
first and validated by experiments. Additional experimental studies on protein stability against
pH and chemical denaturants are demonstrated to further understand the impact of insertion

sites on protein stability in detail.

In Chapter 4, the impact of flexible linker length on stability of engineered ferritins is studied.

Two groups of linkers, long (15 residues) and short (3 residues) are designed to insert at N-



terminus (EiLisF1, E1L3F1) or C-terminus (FiLisE1, FiL3E1) of engineered ferritin carrying
EBNAL epitope. Protein hydrophobic study and stability study against thermal and chemical

denaturants are demonstrated to understand the impact of linker length in detail.

In Chapter 5, five variants (C1, C2, C3, C4 and C5) of engineered ferritin carrying EBNA1
epitope at C-terminus (FiL3E1) are synthesised to understand the importance of C-terminus on
engineered ferritin stability. MDS is performed to predict hot spots in helix E of C-terminus of
HFn. Five variants are designed to replace hot spots in order to alter original electrostatic
interface (C1 and C2) or hydrophobic interface (C3, C4 and C5). Protein hydrophobicity,
conformational and thermal stability are predicted by MDS and validated by experiments to

determine key residues to maintain stability of C-terminus in HFn.

In Chapter 6, the immunogenicity difference between E1F1 and F1E1 is compared from in
vivo immune responses studies. Protein characterization and protein crystallization are
performed to understand structural difference between E1F1 and F1E1. Humoral and cell-
mediated immune responses induced by E1F1 and F1E1 are studied through IgG titers, T cell

proliferation, lymphocyte activation and differentiation.

In Chapter 7, the immunogenicity of HFn is compared with the other nanoparticle protein,
hepatitis B virus core (HBc), carrying same epitope, EBNA1. Humoral and cell-mediated
immune responses induced by EBNAI-HFn (E1F1) and EBNA1-HBc (E1HI) are studied

through IgG titers, T cell proliferation, lymphocyte activation and differentiation.

In Chapter 8, Conclusions and future directions. Conclusions derived from key findings in

previous chapters and future research directions for HFn as a vaccine delivery platform are

9



included.

Appendix A A review paper of performance prediction of epitope-based chimeric vaccine

using molecular dynamics simulations.
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Table 1.1 Thesis outline.

Chapter Type Chapter title
1 Introduction Introduction
2 Literature review Literature review
3 Research output Stability of engineered ferritin nanovaccines
(publication) investigated by combined molecular dynamics
simulation and experiments
4 Research output  Impact of flexible linker length on protein stability of
(publication) engineered ferritin as a vaccine carrier
5 Research output  Engineered design of helix E on ferritin nanoparticles
(publication)
6 Research output  Immunogenicity study of engineered ferritins with C-
(publication) and N-terminus insertion of Epstein-Barr nuclear
antigen 1 epitope
7 Research output Immunogenicity and vaccine efficacy boosted by
(publication) engineering human heavy chain ferritin and chimeric
hepatitis B virus core nanoparticles
8 Conclusion Conclusion

Appendix A Review paper

Performance prediction of epitope-based chimeric
vaccine using molecular dynamics simulations: a

critical review
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2.1 Introduction

The COVID-19 pandemic has underscored the importance of reliable vaccines. Vaccines are
powerful solutions to challenges of new viral strains '. Traditional vaccine uses live-attenuated
strains of a pathogen or inactivated killed pathogens. An attenuated vaccine, which contains
live, whole bacterial cells or viral strains, is treated in such a way to have reduced virulence
but maintain the ability to result in an immune response 2. Live attenuated vaccine strains are
highly immunogenic and effective at achieving high avidity and long-term immune responses
3 however, they bring many safety issues on replicating or reverting into viruses and causing
disease. For example, dangerous pathogens (e.g. Human immunodeficiency virus (HIV)) are
highly risky to completely be translated into inactivation process. There are significant
potentials for virulent forms reversing *°. Consequently, there may be more virulent strains
generated in host organism due to mutagenic events. Inactivated virus vaccines cannot replicate
or revert into forms that are more virulent. However, they induce a weaker immune reaction
and require multiple dosages of administration ®. Therefore, modern vaccine delivery platforms

are urgent to be developed to solve these problems.

Recently, there are increasing interests for nanoparticles to be developed as vaccine delivery
carriers because of their desirable properties for antigen delivery: 1) a precise control over
particle physical properties such as size, shape, functionality and surface properties ’; and 2) as
adjuvants and as mimics of viral structures to enhance antigen presentation and possess strong
immunogenicity '. Common nanoparticle-based vaccine platforms include liposome, polymers

and epitope-based chimeric (EBC) vaccine.

Liposomes are part of lipid-based delivery vehicles ranging in size from tens of nanometres to

several micrometres in diameter 8, and have been applied commonly for drug and vaccine

16



delivery application . Liposomes have good biocompatibility, biodegradability, low toxicity
and also are possible to be modified on surface or size °. Recent research focuses on developing
liposomes-based vaccines by modifying physical chemical characterizations such as selection
of lipid, charge, size and location of antigens °. For example, cationic liposomes were involved
in a depot effect by ionic interactions with negatively charged cell membranes to extend antigen
release at the injection site 1%, In addition, liposomes are found to be able to deliver both antigen
and adjuvant to the same antigen presenting cell, which are important to induce potent immune
response 3. However, the major issue associated with liposomes is that plain liposomes are very
quickly opsonised and sequestered by cells of the reticuloendothelial system (RES), mainly by

liver 12,

Polymers have been widely used as vaccine adjuvants or carriers for vaccine delivery 3. The
size range is from 10 to 500 nm **. Polymers are very stable with low toxicity. It has been
reported that, because the similarity of polymers with viruses regarding to the size and surface
properties 5, polymers are able to increase the strengths of both B and T cell responses *°.
Additionally, polymers have significant loading capacity for single or multiple antigens and
adjuvants 7. However, the major challenge associated with polymers is that the accumulations
are unexpected 8. There are a range of polymeric materials with disadvantages including poor

biodegradability, bad thermal stability and low degradation speed 4,

Epitope-based chimeric (EBC) vaccine can prevent above mentioned limitations as antigen
display platform '°. EBC vaccine consists of three (3) parts, nanoparticle protein cage (NPC),
linker and epitope (Figure 2.1). NPC is also known as vaccine carrier, which is the key
component needing to be carefully designed to achieve a desirable protein stability. Protein
stability is important because: 1) structural stability of proteins is critical to presentation of

17



antigens on major histocompatibility complex (MHC) to induce potent immune response 22!,

and; 2) stable proteins can be readily expressed and purified 2?°. A stable protein therefore
ensures that EBC vaccine is safe and efficacious. Ferritin and virus-like particle (VLP) are two

well-known examples of NPCs.

AV a VAV N

Epitope

Protein Nanocage (NPC)

Epitope-based
chimeric vaccine

Figure 2.1 Schematic of epitope-based chimeric vaccine consisting of protein nanocage and
epitope in BioRender®©.

Ferritin is mainly investigated in this project to develop an EBC vaccine because of its three
(3) main advantages, 1) well-organised structure to present antigens; 2) robust thermal and
chemical stability; and 3) safety with low toxicity, great biocompatibility and biodegradability.
However, despite an increasing global interest, there has not been a substantial review to assess
the design of ferritin-based EBC vaccine in detail. For example, 1) limited knowledge about
the connection between different insertion sites of ferritin and corresponding protein stability
and therefore vaccine immunogenicity; 2) limited knowledge about design of linker to ensure
ferritin-based EBC vaccine stability; 3) limited knowledge about key residues affecting ferritin
stability; and 4) immunogenicity comparison between ferritin and other NPCs, such as VLP,
as vaccine carrier. Besides that, 5) the design of stable and efficacious vaccine relying on

experiments introduces high failure rates and costs 2*. Molecular dynamics simulation (MDS)
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is a powerful tool to support design of stable and efficacious EBC vaccine. MDS is used to
determine physical movement of three dimensional (3D) particles in a given dynamic
environment and an applied force field. It was developed in the late 1970s to simulate atoms
with biological relevance 2?’. Over time because of parallel developments in high-
performance computing (HPC), large protein molecules can now be investigated in silico using

MDS.

In this chapter, these five (5) needs are addressed and critically evaluated, shown as highlighted
sections in Figure 2.2. To address the first need, concept including ferritin structure and
insertion sites are introduced. Recent studies related to ferritin insertion sites are assessed and
evaluated. The second need refers to linker design. Classification of linkers and key criteria in
flexible linker design are introduced. The third need is addressed by variant study. Recent
ferritin variants studies are summarised and assessed to determine potential key residues in
HFn affecting protein folding and stability. The fourth need is addressed by comparing ferritin
with VLP, such as hepatitis B virus core (HBc), as the vaccine carrier. The benefit and limitation
of HBc are assessed in this section. The last need is addressed by reviewing recent applications
of MDS on predicting EBC vaccine performance through epitope immunogenicity prediction,

protein structure prediction, and protein stability prediction.
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Figure 2.2 Flowchart of Chapter 2 structure. EBC stands for epitope based chimeric; VLPs
stands for virus like particles; HFn stands for human ferritin heavy chain; HBc stands for
hepatitis B virus core; and MDS stands for molecular dynamics simulation.
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2.2 Ferritin-based NPC

2.2.1 NPC

NPCs are self-assembling biological nano cages with uniform size, structure and composition,
There is a broad selection of particle sizes at the nanometre scale (5 to 100 nm) %°, which
ensures optimal interactions with various cells of the immune system '°. NPCs can be produced
via various cost-effective production systems, for example, bacteria, plant, insect and
mammalian cells 8. By both genetic and chemical modification techniques, nanocage is able
to perform unlimited alterations to achieve desirable surface properties 2°. NPCs are highly
repetitive structures with appropriate size to induce immune responses '>?%3°. Ferritins and

virus like particles (VLPs) are two well-known examples of nanoparticle proteins.

2.2.2 Ferritin structure

Ferritin is naturally occurring self-assembling protein nanoparticles, which can be found in
plants, bacteria and animals 3. The main roles of ferritin are storing iron and homeostasis *2.
Mammalian ferritin is a large protein (~ 504 kDa), and it has two encoding genes, namely,
heavy chain ferritin subunit (HFn) and light chain ferritin subunit (LFn) with a molecular
weight of 21 kDa and 19 kDa, respectively 3. HFn plays a role in oxidising Fe?* and Fe**, in
contrast, LFn is responsible for iron nucleation 3. Wild type HFn, comprises 24 identical
subunits, forming a spherical hollow cage structure of 12 nm in diameter *°. The inner
cavitation of the spherical hollow cage structure has a diameters of 8 nm, (Figure 2.3A) 3'.
Every ferritin subunit is made up of five helices, A to E, with a long BC loop and three (3) short

loops (AB, CD and DE) connecting other helices (Figure 2.3B) .
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Figure 2.3 Human ferritin heavy chain mimic visualized with Discovery studio (DS). A) The
native ferritin assembly structure. B) One subunit of ferritin structure made up of five helices

AtoE.

The native structure of ferritin is defined as flip structure (Figure 2.4), which is the most
energetically favourable state. However, if exogenous peptides of heterologous proteins
inserted at C-terminus are too large to be packed inside the ferritin cage, the helix E points
outside creating a flop conformation (Figure 2.4) . It has been approved by Jappelli et al. that
fusion of 10 kDa peptide at C-terminal favoured ferritin into flop structure and the E-helix and
the antigenic epitopes were extruded outside *¢%. Based on the research taken by Luzzago et
al., the yield and stability for ferritin flop structure was similar to the wild type 3". However,
the immunogenicity difference for ferritin vaccine platform with flip or flop conformation is

unknown.

Figure 2.4 Schematic representation of ferritin flip and flop conformations reproduced from
Jappelli et al. ¥, copyright 1992, doi.org/10.1016/0022-2836(92)90905-Y.
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2.2.3 Advantages of HFn as a vaccine platform

There is a significant potential to develop HFn as the vaccine platform because of various
benefits. First, by genetic modifications, ferritin can carry antigens and expose immunogens in

40,41 and

a repetitive and well-organised manner. Ferritin can display exogenous peptides
heterologous proteins, such as the influenza virus hemagglutinin (HA) *? and native-like HIV-
1 envelope glycoprotein trimers.** Both examples have indicated that ferritin-based protein

nanoparticles enhance the potency and breadth of virus immunity 4.

Second, ferritin is a naturally self-assembling nanoparticle with robust thermal and chemical

stability '°, which makes it facile and economical to produce and store.

Third, HFn as one example of ferritin family, is highly safe with low toxicity, great

biocompatibility and biodegradability **.

Last, HFn can strongly bind to T cell immunoglobulin and mucin domain-2 (TIM-2) to regulate
cellular immunity 7. Lee et al. demonstrated that, compared with other nanoparticle proteins
(e.g. Escherichia. coli DNA binding protein, Thermoplasma acidophilum proteasome and HBV
capsid), ferritin vaccine carrier rapidly migrated to lymph nodes (LNs) with a short incubation
time (< 1 min) and the accumulation of HFn in the LNs lasted for an adequately long time (6
days) *. This is presumably caused by the interaction between human ferritin and T
lymphocytes 4’. The prolonged accumulation of HFn ensures that antigens can be sufficiently

exposed to immune cells in LNs *’, which may in turn enhance the immunogenicity of a vaccine

48

These advantages demonstrate that ferritin is applicable to be developed as a vaccine carrier.
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2.2.4 Insertion sites of ferritin

There are 3 insertion sites in ferritin, N-terminus, C-terminus and the flexible loop region
between helix D and E (Figure 2.3B). Table 2.1 summarises the research for inserting peptide
into ferritin at various locations in the past decades. It can be concluded that ferritin
nanoparticle is a robust platform to display peptides at various locations (N-terminus, C-
terminus and flexible loop region). N-terminus insertion is an epitope insertion site in early
research exploring ferritin as a vaccine carrier. For example, research conducted by Kanekiyo
et al. ?, Sliepen et al.** and Wang et al.*° six years ago selected the N-terminus as the insertion
site of epitopes. Other groups frequently selected C-terminus or loop region as the insertion
site when using ferritin as drug delivery carrier #"°%-°3, They often select flexible loop region
between the 4" and 5" helices (D and E) for the insertion sites *%6. Up to date, to see if other
insertions would result in a better dendritic cells (DCs) processing *°, some researchers started

selecting the C-terminus or loop region for epitope insertion 40-1-33-57,

There is still limited knowledge on the relationship between the insertion site and
immunogenicity when using ferritin as vaccine carrier. The research by Wang et al. displayed
different length of epitopes from Enterovirus 71 (EV71) at N- and C-terminus and loop region
(163 position) of ferritins to compare the immune responses “°. They found that peptides
inserted in loop region proceeded stronger immune response than N-terminus and C-terminus
0 The other study demonstrated by Han et al. also used ferritin protein cage as the antigen
carrier for dendritic cell (DC)-based vaccine development 3. They observed that epitopes
inserted at the loop region was not processed as efficiently as the epitopes at the C-terminus. It
can be clearly noticed that the insertion site is significantly important to induce potent immune
response. However, there are still limited studies investigating the potential relationship

between the insertion site and corresponding immunogenicity.
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In this Thesis, N-terminus and C-terminus are two key insertion sites to be investigated,
because they represent two different protein conformations. Epitopes inserted at N-terminus
are presented outside the protein cage, while epitopes inserted at C-terminus are packed inside
the protein cage. The answer to the question ‘if epitopes exposed on the surface of nanoparticle
are processed more efficiently compared with ones hidden inside the nanoparticle’ is still

unknown.
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Table 2.1 Insertion of peptide in ferritin case studies.

Inserting target

Carrier

Insertion site

Treatment

Kanekiyo et al.*?

Sliepen et al.®

Wang et al.1 %

Han et al.®

Wang et al. 258

Kang etal. >

Influenza virus hemagglutinin (HA) trimers

Native-like HIV-1 envelope glycoprotein
trimers (BG505 SOSIP.664)

N. gonorrhoeae peptides

OT-1 and OT-2 peptides from ovalbumin

Enterovirus 71

Thrombin Cleavage peptide
(GGLVPR/GSGAS)

Ferritin from Helicobacter
pylori (GenBank accession no.

NP_223316)

Ferritin from Helicobacter
pylori (GenBank accession no.
NP_223316)

Ferritin from

Helicobacter pylori

Ferritin

Ferritin

Ferritin from Pyrococcus
furiosus (Pf_Fn)

26

N-terminus

N-terminus

N-terminus
Flexible loop between helices A
and B

C-terminus
The 146 position

N-terminus
C-terminus

Loop zone

The 146 position of Pf_Fn, middle
of the flexible loop connecting
helices D and E.

Vaccine

Vaccine

Vaccine

Vaccine

Vaccine

Drug



Kang et al.2 % Fc-binding peptide (FcBP)
(GGGGGGDCAWHLGELVWCTGGGGGA
S)

Jeon et al. ¢ Interleukin-4 receptor (IL-4R)- targeting
peptide, AP-1

Pf-Fn The 146 position of Pf_Fn, middle
of the flexible loop connecting
helices D and E.

Ferritin-L-chain (FTL) The 157 and 158 position in the
exposed loop region between
helices D and E.

Drug

Drug
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2.2.5 Engineered ferritin variants study

Variant study is an efficient tool to understand important structure elements on protein folding
or unfolding *°. Research has shown that substitutions of amino acid residues can affect both

protein stability and protein folding pathway %4,

Shown in Table 2.2, the current studies regarding mutations of ferritin focus on modifications
at the C-terminus of ferritin, because the C-terminal region has been proven to play a major
role in protein stability and assembly . The N-terminal region, BC loop and threefold axis
contribute minimally to ferritin folding and assembly, while the DE loop and C-terminal region
impact more significantly on protein folding and stability. Based on the study demonstrated by
Ingrassia et al., the last six (6) non-helical residues (Figure 2.5) had no obvious effect on ferritin
stability, and the extension of this area slightly reduced the solubility and capacity of assembly
ferritin cages . This research particularly highlighted the importance of Helix E on helical
structure of the molecule along with protein folding. Fan et al. found similar results. They
indicated that the BC Helix in BFR (a protein cage similar to ferritin) was less important than
the Helix E for self-assembly . Removal of Helix E resulted in a destabilized protein ¢,
However, Luzzago ef al. claimed that E helices were not important for human ferritin H-chain
assembly *’, because they found that the mutations of the E helix exhibited similar yield and

stability compared with wild type ferritin. The contradictory results from these studies

highlights the importance of further understanding the role of Helix E on ferritin stability.
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Figure 2.5 Schematic representation of ferritin human heavy chain secondary structure by
EMBL-EBI. Residues within alpha helices are blue-bold shown in sequence.
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Table 2.2 Variant study summary for human ferritin heavy chain.

Region

Variants

Results

Reference

N-terminus

BC loop

DE loop

Threefold axis

C-terminus

Deletion of first 13 amino acid residues

Deletions of single amino acid residue (hydrophobic patch: L% or I* or
P88)

Duplication (P¥-L!%+D'D% to NV)
Deletion of A'% to S!63
Replace G'*, A'0 or P!¢! with positively charged residues
Human ferritin H chain: replacement of D! and E'** by H and A
Replacement of last 10 residues with L chain

Fusion a-peptide of f-galactosidase at E helix; Random variants at E o-
helix

Deletions of last 7 amino acid residues

Deletions of last 22 amino acid residues

Deletions of last 28 amino acid residues
Deletions of amino acid residues (G'%* to H'"?)

Deletions if last four amino acids in D helix (L'>° to M!%%)

Assembly
e Disassembly (Delete L% or I%): shift polar residues into apolar ones
e Assembly (Delete P®®): no shift the frame of hydrophobic interaction

Assembly: stability conserved
Disassembly: DE loop is required for protein folding and stability
Assemble into native protein shell and form insoluble aggregate
Assembly: no major effect
Assembly: Improve stability

Assembly: reduce thermostability; interactions around E a-helix were
eliminated

Assembly
Assembly
Disassembly
Assembly

Disassembly

68

69

38

69

69

37

37
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2.3 VLP based NPC

VLPs are composed of viral capsid proteins and self-assemble to produce hollow nanocage
with the lack of infectious nucleic acids 27, Most VLPs are in size range of 20 to 100 nm in
diameter ", which ensure them to freely enter the lymphatic vessels and optimal uptake by
antigen presenting cells (APCs) 2. VLPs are significantly applicable as vaccine platforms
because they display antigenic epitopes in a multi-meric, repetitive, and highly spatially
organized conformation, and demonstrate high epitope density 3. This special property ensures

VLPs induce potent humoral and cell-mediated immune responses 1287476,

One of the most well characterized VLPs is the hepatitis B virus core protein (HBc). HBc is
made up of 180 equal subunits (T=3) with outer diameters of 27-31 nm 27, There is also a
proportion of HBc comprising 240 equal subunits (T=4) with an external diameter of 35 nm 8,
The molecular weight for each subunit is approximately 21 kDa. Because of its strong
immunogenicity and extraordinary flexibility allowing insertion of up to 300 amino acids
without affecting its ability to self-assemble into VLP structures "*#!, HBc has potential to
develop as a vaccine carrier. Moreover, VLPs can be engineered to express foreign proteins by
fusion or conjugation 88, As a result, VLPs can protect against both virus and heterologous

antigens 8.

However, there are four (4) main challenges involved with VLPs as vaccine carriers. First 1),
owing to VLP structural complexibility, it appears to have limitations on expression systems.
E. coli is a common cost-effective expression system as a primary laboratory workhorse

bacterium. It is often preferred for expressing small proteins (usually < 100 amino acids long),
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while for larger proteins (~ 27000 amino acids) with complex structures like VLPs, a more
complex expression system such as mammalian cell, is used . It has been reported that
applying bacteria, yeast or insect cells expression systems may reduce soluble VLPs expression
and form inclusion bodies . Other complex expression systems such as mammalian cells, the
successful rate for soluble proteins expression may be increased, however, a very high
production cost will be involved. Second 2), the solvent conditions for VLPs are critical to
maintain structure stability &. The lack of the viral genome reduces the stability of VLPs when
the conditions are changed during purification 8. VVLPs are highly sensitive to pH conditions
and salt 8. Third 3), VLPs are very easy to aggregate 8. At higher protein concentrations, VLPs
may form insoluble precipitate . Last 4), numerous impurities from host cells such as cell
debris, host cell proteins (HCPs), DNA and lipids 8, are considerably difficult to be removed

from VLPs during purification, which reduce VLP antigenicity significantly.
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2.4 Linkers

The linker is a key component in design of EBC vaccine. Linkers are essential to provide
separation distance between NPCs and epitopes to maintain individual functionality. A lack of
appropriate linker therefore leads to problems, for example, protein misfolding ¥, low yield

88.90 and/or impaired bioactivity ¥°1°2, Additionally, the immunogenicity

in protein production
of antigens presented on a nanoparticle protein cage is impacted by length and rigidity of the

linker 3. The selection of linker therefore directly affects protein stability 3% *4. Therefore, the

linker is important in design for stable epitope-based chimeric vaccine.

There are three groups of linkers, flexible, rigid and cleavable *° (Figure 2.6). Flexible linkers
are designed for protein cages that require a particular degree of movement, or interaction ®,
Compared with flexible linkers, rigid linkers, such as polypro line motifs °® and a-helical linker
97 separate protein cage and epitopes more efficiently in rigid structures 3%. Rigid linkers have
the potential to interfere with protein folding *®. Cleavable linkers are used for releasing free

functional domains in vivo 8.

Protein nanocage

Epitope

Epitope

) Cleavable linker /\Epitope

Figure 2.6 Schematic of the three (3) linker types by using software Discovery Studio 2021.
Human ferritin heavy chain is used as example for the protein nanocage and is marked in blue-
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colour. Epitope is marked red. Linkers are marked black. 1) Flexible link provides flexible
distance between epitope and protein nanocage; 2) Rigid linker gives fixed distance between
epitope and protein cage, and; 3) Cleavable linker releases epitope from protein nanocage.

Flexible linkers are the most commonly applied in epitope-based chimeric vaccine, because
these: 1) can be readily designed with negligible changes on conformational stability of the
protein nanocage, and; 2) provide significant distance between epitope and protein nanocage

to function independently #>488,

Amino acid composition and length of flexible linker are two (2) key design parameters.
Flexible linkers are synthesised by small non-charged residues *°. Gly and Ser residues, known
as ‘GS linker’, are widely applied in fusion proteins because of good solubility and flexibility
8 The property of a GS linker is altered by adjusting glycine content. Gly-rich linkers are
highly significantly flexible '®°. Sabourin et al. designed a flexible linker (Gly)s between the
open reading frame of yeast gene and nine (9) Myc epitopes '°!. This type of linker increases
accessibility of an epitope to antibodies and/or to improving protein folding %%, %!, Rosmalen
et al. reported that Forster resonance energy transfer (FRET) efficiency was overall lower for
linkers with less glycine ®. This finding explains that stiffness of polypeptide linkers increases
with decreasing glycine content. The minimum and maximum linker length, based on recent
reports, is between 2 and 31 amino acids. Linker length is commonly selected from 5 to 11
residues '%. This length needs to be optimal to maintain protein folding and stability. Changes

in linker length and composition make a significant difference to protein folding kinetics 1°2.

There is however a present lack of understanding on the impact of flexible linker length on
protein stability. Robinson et al. pointed out that the linker with 19 residues synthesised the
most stable protein 1°2. The adding or deleting of amino acids decreased protein stability. Nagi

et al. demonstrated that that there is an inverse correlation between linker length and protein
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stability 1%, Rop protein was used as a model system, and a series of flexible linkers with 1 to
10 Gly residues was applied. They reported that all variants maintained functionality. Stability
against thermal and chemical denaturation was reduced with increasing flexible linker length.
However, experimental results reported by Chen et al. were contentious. This is because it was
claimed that longer flexible linker improves activity and stability of displayed esterase over
shorter flexible linker 1%. The mechanism of impact of linker length on protein folding and
stability is not understood. These studies however underscored that the length of flexible linker

is significant to design and expression of stable folded fusion protein.
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2.5 Model epitope Epstein-Barr nuclear antigen 1 (EBNAL)

Epstein-Barr Virus (EBV), belonging to the human herpesviruses family %, infects B
lymphocytes and some epithelial cells, which results in various disease counting with Burkitt’s
lymphoma, Hodgkin’s disease, lymphomas and lymphoproliferative diseases 1. There are
more than ninety percent of human adult populations infected by EBV and approximately 1.5%
of all cancers in the world associated with EBV 1%, The percentage causing cancers may
increase for co-infection of EBV and other oncogenic viruses. EBV and human papillomavirus
(HPV) are linked to 38 % of all virus-associated cancers %1% inclusive of cervical cancer,

breast cancer, prostate cancer and lung cancer 1%’.

There is limited therapies for prevention of EBV-associated disease and no licensed vaccine
available for EBV 1%, EBNAL is selected to be the target, because it is expressed in all EBV-
associated tumours to persist the viral genome in the cells when they multiply 1°. In addition,
EBNAL1 is preferentially recognized amongst latent EBV antigens simulating CD4* T cells 1.
It is also suggested by Miinz et al. that EBNAZ1-specific CD4" T cell immunity should be
enhanced to prevent and treat EBV-associated diseases '°. Research demonstrated by Destro
et al. confirmed that cytotoxic T lymphocytes (CTLs) specific for the HLA-B35/B53-presented
cut EBNAL epitope (amino acids 407-417: HPVGEADYFEY) was detectable in most HLA-
B35 individuals and recognized EBV-transformed B lymphocytes 1°. The development of

EBNAL1 vaccine potentially prevent EBV infection and EBV related cancer.

In this Thesis, the linear epitope (HPVGEADYFEY) was truncated off from EBNAI

comprising aa 407 to aa 417, which is the main immunogenic domain of EBNA1 '1°.
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2.6 Molecular dynamics simulation (MDS)

2.6.1 Background of MDS in EBC vaccine design

There are however significant practical challenges to development of EBC vaccines!®11-113,
Development includes but is not limited to: 1) molecular design/selection of epitopes; 2) design
of energy-minimized fusion protein structures; 3) protein expression by host cell lines; 4)

protein purification, and; 5) in vitro and in vivo testing.

Significant time-consuming and costly experiments are needed to develop desirable vaccine
candidates. This is because there are many unknown factors, including epitope immunogenicity

and protein stability. The result is often a low rate of successful vaccine production 4.

Molecular dynamics simulation (MDS) is an emerging design tool that appears to reduce the
need for experimental testing and has potential to increase the likely success rate in vaccine
development. MDS is used to determine physical movement of three-dimensional (3D)
particles in a given dynamic environment and an applied force field. It was developed in the
late 1970s to simulate atoms with biological relevance 2>?7. Over time because of parallel
developments in high-performance computing (HPC), large protein molecules can now be

investigated in silico using MDS.

A schematic showing how MDS is used to design and predict performance of proposed
nanoparticle protein-based vaccines is given as Figure 2.7. It is seen from the figure there are
three (3) serial steps, namely, prediction of: 1) epitope immunogenicity (Figure 2.7, M1); 2)

protein structure (M2), and; 3) protein stability (M3), via in silico analyses.
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Prediction of epitope immunogenicity by MDS (Figure 2.7, M1) filters the suitable epitope
which is, most, 1) specific to a target disease, and; 2) efficacious. Epitopes in silico that show
the strongest binding with receptors and greatest stability are the most likely to induce
significant immune response 4. Step M1 significantly improves success rates in later
experimental immunological studies (Figure 2.7, E3) 4. Step M2 is achieved via construction
of energy-minimized molecular-structure for nanoparticle proteins (NPs) inserted with
epitopes. If the NPCs have registered structural information in the Protein Data Bank (PDB)

115 'M2 can be readily applied following assessing of structural stability data.

However where NPCs have not been registered, and limited molecular structural information
is available, MDS becomes a critical tool to simulate protein folding and to predict energy-
minimized protein structure with insertion of the epitopes 6. Step M2 ensures protein

structural resonance to support an optimal vaccine production (Figure 2.7, E1).

Step 3, M3 stability studies in MDS, have been found to be highly consistent with experimental
data. This consistency between MDS prediction and experiment is advantageous to design the
most stable vaccine with reduced time and cost. For example, protein thermal stability in silico
agreed well with experimentally determined protein melting temperature using differential
scanning calorimetry (DSC) !'"1'8 MDS can provide protein secondary structure in silico
information ''*!2°, This is advantageous as it can replace experiment using circular dichroism
(CD) 21122 Protein stability studies via MDS achieves the same purpose, and it gives the most
stable structures for experiment (E2) with both optimized time and cost. It is clear that there is
therefore practical benefit in using MDS to predict performance of nanoparticle protein-based

vaccine. Despite this however it has not been reviewed in detail.
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Figure 2.7 Schematic of Molecular Dynamics Simulation (MDS) for monitoring performance
of nanoparticle protein-based vaccines in which DSC = Differential Scanning Calorimetry and
CD = Circular Dichroism. Protein structures were created in UCSF Chimera. Cartoons of

equipment prepared in BioRender®.
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2.6.2 Prediction of epitope immunogenicity by MDS

It is most important in vaccination to achieve high immunogenicity by inducing potent immune

responses. Therefore selection, optimization and validation of suitable epitopes is important to

ensure efficacy and safety.

A flowchart for the method to epitope design and immunogenicity prediction via computation

is presented as Figure 2.8 123127 This shows serial steps including: 1) viral strain selection, 2)
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protein sequence preparation, 3) epitope prediction, 4) vaccine structure construction, 5)
allergenicity and toxicity, 6) population convergence analysis, 7) molecular docking analysis,

and; 8) MDS.

Steps prior to molecular docking analyses, are performed based on particular case-to-case using
a number of prediction tools including, IEDB 28, SYEPEITHI*?® and ProPred1%%, However,
they are all designed to achieve the structure of the most potent selected epitopes 231%’. The
immunogenicity for specific epitopes is then predicted by considering interactions between

epitopes and viral strains.

Together, molecular docking analysis and MDS, are of particular interest in this Review. This

is because molecular docking and MDS quantify interaction between epitope and alleles i.e.

Molecular docking is the step prior to MDS to prepare a ‘ligand-receptor’ complex 3.
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Figure 2.8 Flowchart for prediction of epitope immunogenicity.

Epitopes, or antigens, are identified as ‘ligands’, whilst different alleles and immune receptors
are treated as ‘receptors’, Figure 2.9. The docking analysis scores these complexes based on
binding affinities. The complex with the most negative value for binding affinity is transferred

to MDS to validate the binding interaction *?*, and determine stability 23,
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Figure 2.9 Schematic of antigen-immune receptors interaction in BioRender©. The antigen is
considered as ‘ligand’ and immune receptor as ‘receptor’.

2.6.2.1 Application of MDS in epitope immunogenicity prediction

Hasan et al. conducted research to develop vaccine against Marburg virus 123, Through epitope
prediction tool PEP-FOLD3, they obtained twelve (12) T-cell epitopes, six (6) from envelope
glycoprotein and six (6) from matrix protein VVP40. All selected epitopes were confirmed by
performing docking analysis with Human leukocyte antigen (HLA) molecules, named,

respectively, HLA-A*11:01 and HLA-DRB1*04:01.

It was found that the epitope with sequence VQEDDLAAGLSWIPF from envelope
glycoprotein was bound by HLA-DRB1*04:01 (-7.8 kcal mol™?), and the epitope with sequence
VPAWLPLGIMSNFEY from matrix protein VP40 demonstrated binding energy of -7.0 kcal
mol™?) 12, VP1-epitope ‘APIDFDPVP’ was found to interact with HLA-A*11:01 most strongly

in terms of the least free binding energy (-9.5 kcal mol™t) 12,
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These authors focused on MDS to investigate stability and mobility of proteins with selected
epitopes in terms of deformability, eigenvalues, B-factors and covariance 23, Deformability
determines the degree to which applying a force can make a given molecule change its shape.
Lower deformability means less structural stability. Eigenvalue is related to the notion of

stiffness.

The less the eigenvalue, the more readily likely the deformation 2. The eigenvalue for the
complex V1-TLR3 with highly immunogenic epitopes, such as VP1, was 1.02e%. This value
was considered as significantly low, therefore findings showed deformability for each residue
was unlikely to occur. Therefore, it was concluded the filtered epitope was satisfactory for
further processing (Figure 2.8). This work by Hasan et al. focused on using molecular docking
analysis to determine immunogenicity of listed epitopes based on binding affinity. Importantly

however, there was a lack of MDS to validate complex stability.

Docking analysis is actually weak in analysing interactions between epitopes and immune
receptors. MDS will be more accurate in predicting binding interactions if a dynamic system
is considered at the atomic level 3313 MDS docking analysis followed by MDS determine

both binding interaction and complex stability 124125127139,

Gupta et al. investigated applying docking analysis to develop vaccines against
carcinoembryonic antigen-related cell adhesion (CEACAM). It has a highly conserved region
in cancers 124, Seven (7) predicted epitopes were docked to HLA allele. The complexes formed

were confirmed using ligand interaction study in MDS.
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These authors compared the stability of the epitope-HLA complexes to that of original HLA
complex structures. The free binding energy was computed to predict immunogenicity of
varied epitopes. Findings showed the designed vaccine was highly likely to be efficacious. This
was because the: 1) epitopes bound strongly to the major histocompatibility complex (MHC)
molecules were screened, and; 2) stability of complex with selected epitope over time has been

validated.

2.6.2.2 Parameters to be determined

Lessons from the case studies above have underscored that the common parameters to predict
epitope immunogenicity include: 1) molecular mechanical (MM) Poisson-Boltzmann surface
area (PBSA) 4. 2) root-mean-square deviation (RMSD); 3) root-mean-square fluctuation

(RMSF), and; 4) radius of gyration (Rg) 124125127.139.141-134 ' Definjtions are given in Table 2.3.

Predictions of epitope immunogenicity are demonstrated through computation of these
parameters and have been found to be consistent with experimental immune results. For
example, Deng et al. developed a multivalent enterovirus subunit vaccine for the prevention of
HFMD (hand, foot and mouth disease) 4. By showing strong binding energy via the PBSA
tool and high stability of formed complex via RMSD and RMSF, the designed multivalent
enterovirus vaccine was then able to be expressed and purified. Test results in vivo

demonstrated significant humoral and cell-mediated immune responses.

Recently, additional parameters have been identified through MDS to predict epitope
immunogenicity. For example, two (2) constructs designed as potential vaccine for multiple
sclerosis disease, namely, Construct 1 and Construct 2, can be considered, Figure 2.10. By

showing that the surface area of myelin oligodendrocyte glycoprotein (MOG) antigen in
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Construct 1 was similar to antigenic domain in Construct 2, and surface area of myelin basic

protein (MBP) in Construct 1 was greater than for Construct 2. Construct 1 was concluded to

carry antigenic property for vaccination *°. This is because the construct with greater antigenic

domain area is more likely to induce stronger immune response in the body.

Table 2.3 Common parameters determined in Molecular Dynamics Simulation (MDS) to

study protein stability.

Parameter

Role

Root-mean-square (RMSD) deviation

Radius of gyration (Rg)

Root-mean-square fluctuation (RMSF)

Native contacts (Q)

Hydrogen bonds (HBs)

Solvent-accessible-surface-area (SASA)

Secondary structure analysis

Ramachandran Plot

Characterization of conformational change in
proteins.

Basic measurement of overall size of a chain
molecule and indication of conformational change in
protein rigidity.

Determination of flexibility differences amongst
residues.

Indication of native contacts preserved under
conditions such as hyperthermal or with existence of
chemical denaturants (urea).
Maintenance of overall stability of the protein
structure.

Examination of unfolding of proteins exposing
buried hydrophobic residues to water.
Description of conformational change by
determination of secondary structure elements
change, such as, helical content. Most common
element is a-helices.

A phase diagram of two (2) torsion angles ¢ and y
showing if residues are in permitted regions of

residue conformations.
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MOG: 99- BamHIl |Enterokinase| MBP: 84- BamHI C terminal
107 cleavage (EK) linker 104 cleavage of IL16
Isoform 1 site Isoform site Isoform 1
18.5 KD

Peptide Sequence
MFFRDHSYQEGSG DDDDKG[N PVVHFFKNIVTP RTPPPSQGkESM PDLNSSTDSAASASAASDVSV
ESTAEATVCTVTLEKMSAGLGFSLEGGKGSLHGDKPLTINRIFKGAASEQSETVQPGDEILQLGTAMQ
GLTRFEAWNIIKALPDGPDGPVTIVIRRKSLQSKETTAAGDS

MOG: 99- BamHIl |Enterokinase| MBP: 84- BamHI C terminal
107 cleavage (EK) linker 104 cleavage of IL16
Isoform 1 site Isoform site Isoform 1
18.5 KD

Peptide Sequence
MFFRDHSYQEGSGDDDDKGYGSLPQKSHGRTQDENPVVHFGSMPDLNSSTDSAASASAASDVSY
ESTAEATVCTVTLEKMSAGLGFSLEGGKGSLHGDKPLTINRIFKGAASEQSETVQPGDEILQLGTAMQ
GLTRFEAWNIIKALPDGPDGPVTIVIRRKSLQSKETTAAGDS

Figure 2.10 Peptide sequence for Construct 1 and Construct 2 reproduced from Banisharif-
Dehkordi et al. *+* Copyright 2019, with permission from PMC, 10.4103/1735-5362.251849.
Additionally, a case study on COVID-19 by Kumar et al. employed MDS to assess the potency

and specificity of the vaccine with target receptors 146148,

Rather than computing RMSD, RMSF or Rg, they used a Normal Node Algorithm (NNA) to
show that there were few atomic fluctuations in the complex system (vaccine and virus specific

membrane receptor TLR-2) 3, This finding implied low system deformations 6.

An Eigen score was computed of 3 x 10, Figure 2.11A, that confirmed the rigidity of the
motion of the complex 6. A low Eigen score identifies less stability and easy deformation of
the atomics coordinates 4°. However, this is not sufficient to draw any conclusions. This is

because Kumar et al. did not report comparison of Eigen scores with controls. Through
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confirming a low deformation index of 0.1 to 1.0 A, Figure 2.11B, they concluded that the

complex was rigid and stable.

It is concluded that epitope immunogenicity prediction using MDS is therefore critical to

understand each parameter, therefore, to predict experimental results.
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Figure 2.11 MDS analysis of vaccine construct with TLR-2 (A) Eigen value, (B) Deformability
reproduced from Kumar et al.32 Copyright 2020, with permission from the Royal Society of
Chemistry, 10.1039/DORA06849G.

2.6.2.3 Computational limitations and experiments

It is not uncommon to observe weak connection, or even no connection, between simulation

predictions and later experimental data. This is because of limitations in computing.

These derive from two (2) sources: 1) MDS uses shorter time-scales compared with actual
biological processes *. This can be obviated at some level with development of parallel
algorithms, software and hardware (supercomputer) %1% and; 2) selection of empirical force

fields limiting approaches to actual biological systems. There are limited selections of force
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fields suitable for modelling actual biological system 15015515 Ag s stated by Flower et al.,
‘There is a tension between what we would wish for and what is available to us’ **°. This
statement appears practically true when considering the gap between computational systems
and actual biology; biological systems for the present are more complex than computational
code. For example, existing methods to predict MHC binding typically rely on large-sets of
experimentally-measured binding affinities **’. The quality of these methods is highly
dependent on the available experimental data 8. In addition, MHC binding data are only
available for a limited subset of alleles, whereas there are thousands of different MHC alleles
in the human population . Approaches predicting MHC binding are trying to close this gap,

but with mixed success °,

We conclude however that these case studies highlight the significant practical potential of
MDS for predicting epitope immunogenicity, compared with direct testing of immunogenicity
of a vaccine via experiment. MDS can be reliably used to predict potency and specificity of

selected epitopes through addressing complex binding energy and stability.

Despite some limitations, ‘MDS predictions should be used before taking action’. This is
because development time and costs for new vaccines are reduced, together with boosted

success rates for efficacious vaccines.

2.6.3 Prediction of protein structure by MDS

Following careful selection of epitopes with strong immunogenicity, prediction of the structure
of epitope-based chimeric vaccine is the MDS following step. Step M2 (Figure 2.7) is

considered an essential preparation before step M3, Protein Stability Study. Without an
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accurate predicted fusion protein structure, vaccine stability predicted by MDS will not match

with experimental data.

2.6.3.1 Prediction methods for protein structure
There are two (2) protein structure prediction methods, namely, 1) template-based modeling

(TBM), and; 2) template-free modelling (TFM), as is shown schematically in Figure 2.12.

TBM searches all protein structures determined from prior experiment from the Protein Data
Bank (PDB), RCSB %16 Comparative modelling (also called homology modelling) and
threading are two (2) usual TBM methods %!, Homology modelling is performed by
assuming that two (2) homologous proteins share similar structures. The accuracy of the model

is determined by the degree of similarity of the sequences 162164,

As is seen from Figure 2.12, the black-coloured structure represents existing template with
known protein information, and the red-coloured structure represents the predicted part. The
red-coloured structure is formed by matching the sequence of black structure and proceeding
template alignment. Threading is particularly used for fold recognition. By using certain parts
of the target sequence giving high homology, the correct fold can be reliably selected, Figure

212 165,166_

TFM is more computationally challenging compared with TBM. This is because it predicts
protein tertiary structure based on primary amino acid sequence without sufficient structural
information (Figure 2.12) 11%167168 De novo, or ab initio, is TFM modelling that builds 3D
protein models based on first principles 6716170 The more successful are usually based on

assembly of known structure fragments with potential energy scoring *°, such as Rosetta'’**"
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and QUARK 173, Because it requires highly significant computational resources to maintain
time-scales, time-length and significant number of interactions for construction of energy
function, this predictor is found to work only for small proteins with length up to 120 amino
acids 1417, such as chignolin (10 residues, PDB ID: 1UAO) and Crambin (46 residues; PDB
ID: 1CRN) " The design of a fusion protein can be computationally demanding due to greater

risks with mis-folding than with single-domain proteins.

Therefore, correct folding, stability and interaction between domains have to be considered 8.

Two (2) cases are presented here to predict fusion protein structure.

Case-1 is applied when the structure of NPC is known. The construction of NPC inserted with
epitopes focused on TEM homology modelling of similar protein structures, and introduction
of linkers depends on design purposes. For NPCs that are not available in the PDB, Case-2 is
applied to predict NPC, followed by prediction of NPC-epitopes structure. Case-2 therefore

requires additional steps compared with Case-1.

In the following, there is therefore a selected focus on Case-2 type studies.
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A Template-based modelling B Template-free modelling
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Figure 2.12 Two example methods for prediction of protein structure. (A) Template-based
modelling (TBM). For TBM, for comparative modelling, black-colour represents existing
structure in Protein Data Bank (PDB), whilst red is predicted structure. For threading, black
represents recognised region, and red, predicted region. B) Template-free modelling (TFM).
For TFM, protein primary information, amino acid sequence, is the only available information.
By performing ab initio, or de novo, protein tertiary structure (3D) is predicted.

2.6.3.2 Case-2 type protein structure prediction

Shamriz et al. confirmed the advantages of MDS to predict initially unknown structures '7°.
This study aimed to design and predict structure for a fusion protein consisting of Plasmodium
falciparum cell-traversal protein (PfCelTOS), inserted with human interleukin-2 (IL-2) as

adjuvant and M cell-specific peptide ligand (Col) as antigen. This fusion protein was

developed as vaccine for prevention of malaria infection.

Via molecular modelling study of PfCelTOS and designed fusion proteins using iterative-
threading assembly refinement (I-TASSER), 3D structures were generated. These structures
were confirmed in PyMOL by showing majority of residues located on the permitted region of
Ramachandran Plot. MDS at usual condition (300 K) were then carried out for analysis of
energy (total, kinetic and potential) and structure stability (RMSD, Ry and H bond

formation/deformation).

Designed fusion protein structures before and following MDS were critically compared. The
desirable energy trend is for constant total energy, constant or decreasing kinetic energy,
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together with constant or increasing potential energy. An increasing kinetic energy level reflects

breakdown of folded protein structures '7¢177

, whilst decreasing potential energy instability of
designed protein structures !’®. The authors reported stable designed structures based on low

values of RMSD and Rg. A constant number for H bonds confirmed the accuracy of designed

fusion protein structures.

Sometimes, there exists limited structural information for NP. A combined study is then applied
to predict protein structure. For example, Mobini et al. designed a VLP-based vaccine using
hepatitis B core antigen (HBcAg) as the carrier, with inserted Myrcludex and hepatitis B
surface antigen (HbsAg) !”®. Homologous structures for HBcAg and HBsAg were searched for
prediction of protein tertiary structures. It was found that HBcAg was 94 % identical to the
template (PDB ID: 1QGT) for domain of the protein in the N-terminal (residues 1-140). The
template for the nanopeptides (residues 141-149) and C-terminal domain (150-183) was
unknown. A combined homology modelling and ab initio was applied to predict structure for

HBcAg proteins.

A total of 10* models were scored based on the discrete optimized potential energy (DOPE)
and the top 10 with the lowest DOPE score were readied for conformational analysis. For
HBsAg, ab initio was performed. The quality of the final model was evaluated by Z-score in
comparison with experimentally validated structure of proteins. The conformational behaviour

of the designed vaccine was validated via a low value RMSD and Rg.

2.6.3.3 Current challenges and innovative MDS
In practice, using MDS to predict large protein structure can be a practical challenge. At present

de novo predictors are difficult for large proteins 167179180,
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A number of de novo approaches rely on assembling proteins from short peptide fragments.
These are suitable for small proteins containing less than 1000 amino acids 31182 A certain
time-length is required to perform umbrella-sampling and proceed to protein folding '*3.
Current computer resources are limited for microsecond-based simulations %%, However,

protein folding can take microseconds to tens-of-minutes to complete.

Therefore some slow-folding protein simulations are likely to fail in protein correct folding '°.
However, innovations in MDS are expected to improve accuracy and performance on protein

structure prediction.

Cheung ef al. applied a method titled NiDelta with ultra-fast MDS to predict 18 large proteins,
with more than 100 residues from sequence to tertiary structures '®’. This is shown
schematically as Figure 2.13. It is seen in the figure that three (3) steps were involved in this
method, Data Processing (Figure 2.13A), Prediction (Figure 2.13B), and Simulation (Figure

2.130).
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Figure 2.13 Schematic for innovative approach to predict protein tertiary structure following
three (3) steps. (A) Step 1, Data Process (sic). MSA stands for multiple sequence alignment.
(B) Step 2, Prediction using Phsior and pImDCA. (C) Step 3, Simulation. By performing
CGMD, protein tertiary structure with highest resolution is refined and filtered. This figure is
reprinted from Cheung et al. %" Copyright 2018, with permission from PIOS ONE,
10.1371/journal.pone.0205819.9g001.

NiDelta has two (2) restraints, namely, 1) predicted torsion angle, and; 2) residue-contacts for
performing a coarse-grained molecular dynamics (CGMD)-Upside '%7. There are two (2) stages
involved to process a given target sequence: Stage-1 is to build Phsior by constructing a ‘non-
redundant sequence’ set of data from the PDB library and filter it through PISCES !%¢  and;

Stage-2 is to predict residue-contacts via sequence alignments. Additional detail was provided

167

An ultra-fast MDS simulation was accomplished with Upside in which each model was
displayed by a reduced chain representation, but with sufficient structural information, such as,
backbone, Ca and C atoms. For each of 18 large proteins, 500 Upside simulations were carried

out beginning with an unfolded structure. Each was folded in several CPU h. Nine (9)
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representative residue contacts were compared with native ones by computing Ca-RMSD and

TM-score based on experimental reference structures.

It was found that many protein structures were predicted sufficiently, despite ‘noises’ from
incorrect predictions caused by false positive inferences (Figure 2.14 below is an example of
noises). For example, protein C-H-RAS P21 (PDB ID: 5P21) was sufficiently predicted with

lowest Ca-RMSD of 3 A and the same fold with TM-score of 0.76.

These findings gave confidence for practical potential of this innovative approach of Upside to

predict large protein structures.

This study highlighted however a number of important limitations. These included: 1) Residue-
residue contacts were not able to be predicted without sufficient multiple sequences in an
alignment of a protein family; 2) Despite sufficient sequences, there were failed predictions;
false positive prediction in the pairwise contacts caused incorrect building of protein 3D

structure, and; 3) It was difficult to accurately predict torsion angles.

It is concluded that overall however this study can be reasonably regarded as a successful

demonstration of innovative MDS to predict large protein structures.
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Figure 2.14 Examples of noises from false positive inferences. Noises are denoted as blue-
colour dots in green circle. This figure is reprinted from Cheung et al. ¢7. Copyright 2018, with

permission from PIOS ONE, 10.1371/journal.pone.0205819.

Recent innovative MDS considers implications of suitable force fields on studying protein
folding or mis-folding. There is a special group of NPs called repeat proteins. The simulation
for repeat proteins folding is practically difficult to achieve. Zheng et al. applied a coarse-
grained protein force field, AWSEM (Associative Memory, Water-mediated, Structure and
Energy Model), into MDS to investigate the folding of fused dimers of SH3 domains and Ig

domains from human titin '*’. They reported that the frequency of mis-folding was reduced by
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decreasing the sequence identity between monomers in the fused dimer. This is supported by
the hypothesis that evolution favoured low sequence identity between neighbouring domains

in repeat proteins %8,

This finding is practically useful for future epitope-based chimeric vaccine design. For
repeating proteins, by altering epitope sequence or length, each monomer can have unequal
sequence identity. This is desirable for protein folding and readier downstream processing

development.

These studies have shown that overall, MDS has been successfully applied to predict protein
structure. A detailed picture of protein folding, which is practically difficult to ascertain from
experiment, is gained through simulations. However, contrary to small protein structure

prediction, there are additional difficulties involved for large protein application of MDS.

There is a number of recently released, advanced software that apply deep machine learning
artificial intelligence (AI) to predict protein structure, with reported high accuracy.
DeepMind™ released an open-source version of a deep-learning neural network,
AlphaFold2'®. This was developed for prediction of accurate protein structure when there are
no homologous structures available. The key input is protein primary amino acid sequence, and
aligned sequences of homologues (multiple sequence alignments and pairwise features). These
are processed by the trunk of the network called Evoformer. The detailed procedure is reported
by Jumper et al. '®. AlphaFold has demonstrated a near-experimental accuracy in predicting
protein 3D structures. For example, accuracy was comparable with other computing methods
with a median backbone accuracy confirmed 0.96 A RMSD for Co (compared with another

‘best method’ of RMSD for Ca of 2.8 A).
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Another method called RoseTTA fold was developed by Baek et al., and can obtain accurate
models of protein-protein complexes '°°. The authors applied to a three-track network to
process sequence, distance and coordinate information concurrently to rapidly generate protein
structures which is similar to that from DeepMind. This software advantageously speeds up

generation of accurate models for protein structures in MDS.

2.6.4 Prediction of protein stability by MDS

A desirable protein stability is mandatory in epitope-based chimeric vaccine development.
Stable proteins ensure the functionality and integrity of vaccines, and avert negative reactions

due to aggregates.

Unstable proteins result in protein degradation with loss of function, or aggregation. This

reduces biological activity '°*. MDS can be used to predict protein dynamics, structures, and

functions at an atomistic level 192194,
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2.6.4.1 Parameters for computation

Parameters commonly computed for determination of protein stability are summarised in Table
2.3. It is required to make connections between these and experimental data. RMSD is widely
used to reveal protein structural stability via determining conformational stability changes in
proteins %1% RMSD varies significantly in the initial timeframes in simulation, and reaches
steady-state when the simulation system is stable. Comparing RMSD values at steady-state is
important so as to present an accurate estimation of protein conformation stability. The greater

the RMSD, the less stable the protein structure is in MDS 191:194.197-200

Ry is regarded as the fundamental measurement of protein overall size. This serves to show
protein structure change in MDS %21, Ry depends on both original protein size, and protein
stability change in time. A low Rq value indicates a compacted protein structure that results in

a greater stability 198199202203

RMSF is a basic parameter commonly computed to specify the flexibility of individual
residues. It is associated with RMSD and Ry. The greater RMSF value, the more flexible
movement 290204205 RMSF is related to protein stability. Low average RMSF values indicate
individual amino acid residues that help preserve protein stability during MDS 2%, High RMSF
values confirm flexible regions on proteins. Therefore, RMSF is a practically useful parameter

for variant designs with stabilized flexible regions 2°7:208,

The general use of these parameters appears to work well for natural conditions. However, to

ensure a detailed study of protein stability at molecular level, it is necessary to run MDS under

conditions including, elevated temperature, range of pH, and/or chemical denaturants. The
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reason for doing this is to understand the mechanism by which proteins unfold from native

structure.

The fraction of exhibited native contacts, Q, indicates the stability of proteins under these more-
extreme conditions, such as hyperthermal, or in the presence of chemical denaturants.®* Less
stable proteins normally unfold rapidly, resulting in a reduction of native contacts compared
with stable proteins over the same simulation time.*®+2%%-211 Hydrophobic interactions between
each residue of the protein and water are quantified by native contacts and hydrogen bond
(HB). HB contributes favourably to protein stability 212213, especially, maintaining secondary

structure (o-helices).?%? The fewer number of HBs in proteins leads to relatively low stabilities

194,200

Another parameter closely related to hydrophobic interactions is solvent accessible surface area
(SASA). SASA shows the changes in accessibility of protein to solvent 1%42% |t is related to
protein stability. Lower SASA generally represents higher thermodynamic stability of protein
170,214-216 'Unfolding of proteins caused by denaturation results in the hydrophobic core being

exposed to solution, leading to increasing SASA.

Zhang et al. reported that SASA for apoMb, and its variants E109G and E109A, increased in
the presence of urea as unfolding proceeded **. E109G exhibited a steeper increase in SASA
than wild-type apoMb, whilst EL09A showed a reduced increase. Based on this finding, it was
concluded that E109A improved the stability of wild-type apoMb and E109G had a

destabilizing impact.
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The connection between SASA and protein stability however may not be significantly obvious
without more-extreme conditions. For example, Kumar et al. deduced a contrary conclusion
200 They assessed SASA for wild-type and variant PMP22 structures. They illustrated a greater
SASA for the variant protein structure than for the wild-type protein, making the variant
structure more stable 2°%217, However based on SASAs, the difference between wild-type and
variant was not significant. It is difficult therefore to draw an estimate of protein stability from

these SASA data.

Muneeswaran et al. computed both RMSD and SASA for wild-type cytochrome (Cyt) ¢ and
its variants (Y67E, K72W) 18, Low RMSD values for both backbone and Co showed wild-
type Cyt ¢ was the more stable compared to its variants. However, the value for SASA was
greatest amongst these three. It is not possible to confidently link protein stability with
computed SASA from native MDS. This however can be more confidently made for more-

extreme conditions.

MDS analysis of secondary structure is gaining momentum in studying protein stability. To
address why it is necessary to analyse protein secondary structures, it is important to understand

the limitation(s) of MDS.

For large protein molecules there are computational time limitations. Experiments, including
heating of proteins until denaturation, requires a significant time (min). This is not ideal given
the maximum simulation time is ps. Therefore, changes of protein tertiary structure caused by
denaturants without sufficient treatment time are not obvious in MDS, whilst protein secondary

structure changes are more visible in given MDS-time length. By analysing key secondary
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structure elements (e.g. o helix, B sheet, coil, bend and turn) 120:168199.219.220 "nrotein stability

can be estimated.

For example, Amir et al. analysed the changes in secondary structure in wild-type STN1
protein and its variants R13T and D157. It was found that D157Y variant resulted in a
significant decrease in secondary structure in comparison with R135T, where there was no
significant change.'?® This finding evidenced that D157 mutation impacted conformational
stability of STN1. Another study by Schaller et al. focused on change in a-helical content in
analysing thermal stability of biosurfactant DAMP4 17, By comparing initial helix content (%)
and end-point helix content (%) of all variants, loss of secondary structure was identified and

stability was assessed. A significant loss of helix content underscored an instability of protein.

The Ramachandran plot is closely related to protein secondary structure analyses.
Ramachandran plot is a phase diagram, made by two (2) torsion angles ¢ and y for each amino
acid residue. It is used to identify whether the conformation of amino acids are in permitted
regions 292221-228 . An example of a Ramachandran plot is presented as Figure 2.15. Most
residues marked as black-colour in the figure, were concentrated in the preferred regions

(marked in red-colour) 2%2. This finding evidenced a stable secondary structure conformation.
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Figure 2.15 Example Ramachandran plot for Rop protein. Red-colour represents most
preferred regions; transition of yellow from dark to light represents most to least favourable
conformations. This figure is reprinted from Arnittali et al. 2. Copyright 2019, with permission
from Elsevier, 10.1016/j.procs.2019.08.181.
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2.6.4.2 MDS steps for protein stability

Present application of MDS for determining protein stability involves the three (3) steps: 1)
simulation for native/non-native environments, 2) designs via analysing dynamics of unstable
residues, and; 3) simulation of designs to determine impact of mutations to improve protein

stability. Figure 2.16 shows schematically the connections between these steps.

The focus in the following is on simulation under more-extreme conditions, including elevated

temperature, varying pH and the presence of chemical denaturants.

Modelling of protein structure at elevated temperature is used to determine thermal stability.
For example, Manjunath et al. simulated five (5) functional SAICAR synthetase ligates from
different organisms including, mesophilic, thermophilic and hyperthermophilic, at three (3)
temperature values of 300, 333 and 363 K % To establish stability differences, they
determined RMSD, RMSF, Rq, SASA, HB and salt bridges (SBs). SBs are defined as ion-ion
interactions between charged residues, which are important to maintain conformational

stability of proteins 22422°,

It was found that mesophilic structures appeared unstable at 363 K. They showed significantly
increased RMSD, fluctuating RMSF and Rq at 363 K compared with other groups. There was
a gradual collapse of the structure and instability at 363 K for the mesophilic group.
Additionally, the hydrophobic SASA more rapidly increased relative to the mesophiles,
compared with hyper-thermophiles. In mesophiles, a comparatively higher number of long-
lived (with higher percentage existence time) contacts are lost due to increased protein

flexibility.
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A comparatively greater number of hydrogen bonds are found in the mesophilic proteins at 363
K, compared with that at 300 K, whilst other protein groups remained unchanged. The number

of SBs in the mesophilic proteins decreased in comparison with the other groups at 363 K.

These findings led these authors to conclude that mesophilic proteins were not stable at 363 K

when compared with other groups.

It is important to note that this research was based on only simulations. Findings from each
parameter were supporting each other however. This confirmed the accuracy of the
methodology dependent on MDS. This study therefore highlighted the advantages of MDS in
investigating protein stability. Experiments are not necessary therefore to be conducted when

sufficient self-reinforcing information has been generated from MDS.

Experiments

1. Characterize original protein
stability in native/non-native
environment

- MD SIMULATION

g R
2. Identify and 3. Improve design
analyze unstable | by introducing
regions mutations
J J

Figure 2.16 MSD flowchart for protein stability.
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There is also potential to study stability using both simulation and experiment. This combined

technique sometimes is advantageous because it involves validation of simulation.

A case study reported by Bekker et al. for example predicted relative thermal stability of single-
domain antibodies (sdAbs) using high temperature MDS and validated the results with melting
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temperature (Tm) obtained from experiments Melting temperature measures the

temperature where half of a protein is folded and the other half is un-folded.

High-temperature MDS at temperature representing 400 and 500 K were performed using 300
K as a control. The methodology was that high temperature MDS which gave valuable
information on protein design. However, they reported that RMSD did not correspond well
with Tm. There was no significant difference in RMSD between antibodies at the different
temperatures. The fraction of native atomic contacts (Q) showed closer estimation to
experiment. This Q value determines the fluctuation of the protein corresponding to the

atomistic interactions.

It was reported that MDS at 400 K combined with Q gave an accurate measure of thermal
stability of sdAbs. This was because there was a good correlation between Q value at 400 K

and experimental Tp.

Importantly, this study highlighted a challenge with MDS. This is that the connection between

simulation and experimental data needs to be carefully interpreted.

Buffer pH is important to protein stability. Thermal stability is closely related to varied pH of

solution. Residue charges are determined based on the solution pH. These are involved in both
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intra- and inter-molecular noncovalent interaction. This results in increasing, or decreasing

protein stability.

For example, Sviben et al. reported that thermal stability of ovalbumin was dependent on pH.
This was confirmed both in MDS and with experiment °%. Ten (10) simulations were
conducted for two (2) pH conditions (acidic and alkaline) at five (5) temperatures of 37, 42,
57, 74 and 85 °C. It was found that for both acidic and alkaline environment, at temperatures

of 37 and 42 °C more stable systems are achieved than at higher temperatures of 74 and 85 °C.

Additionally, instability in the acidic system was more pronounced than that for the alkaline.
These findings were consistent with findings from experiment. The key difference between
these two (2) systems was the interaction of arginine 50 and arginine 58, with surrounding
residues. The alkaline system was found to have stronger and more persistent interactions for

both Arg50 and Arg58 compared with the acidic system 9%,

In addition to simulation for different temperature and solution pH, the solvent environment
with chemical denaturants can be used to provide more information on differences in protein

stability.

Zhang et al. applied MDS to investigate the stability of four (4) apomyoglobin (apoMb)
variants, namely, wild-type, EI09A, E109G and G65A/G73A, in explicit urea solution.'®* The
2 M urea solution at pH 4.2 acted as a denaturant to drive unfolding of the apoMb variants.
Through analyses of RMSD, native contacts and SASA, E109A showed greatest stability, and

E109G showed least stability in urea solution.
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It was found that the greatest change in conformation was related to destabilization of E109G.
In the presence of denaturants, less stable proteins unfold more rapidly than others. This results
in significant loss of native contacts against simulation time. Based on RMSD, E109G
exhibited greatest drop in native contacts, whilst ELO9A preserved greatest percentage of native

contacts. This led to the most stable structure 1%,

These findings were highly consistent with experimental results 22, This study highlighted
therefore that MDS can be used to achieve experiment-matched results for proteins in solvent
with denaturant present. This application therefore saved significant time and costs involved

with experiment.

With desirable stability results from application of MDS, proteins are ready to be tested in
experiment to validate stability and, to check vaccine immunogenicity. However, this model

situation does not always occur.

The advantage of MDS compared with experiments is that it computes protein stability, and

provides molecular level information to explain any resulting stability difference.

The second-related step in using MDS is to find unstable regions of proteins, Figure 2.16.
However, the second- and the third-related steps using MDS for protein stability are normally
bound together. This is shown in Figure 2.16. Following identification and analyses of flexible
regions using MDS, further mutations are investigated with the aim to improve protein stability.

Recent studies focus on improving protein thermal stability.
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There are a number of methods to improve protein thermal stability, including: introducing
disulphide bonds 1%7:198227.228 jncreasing the number of salt bridges °7:22%-232; optimizing
electrostatic interactions 197228233234 compacting hydrophobic core 197198235237 enhancing
hydrogen bonding 23242, and; stabilizing o-helices 2. However it is not necessary to determine

all related properties in a given stable protein.

Combination of one or more of these can significantly impact protein thermal stability 192%,
Relying on experiment to explore possible combinations is practically time consuming to
complete, with at most, likely only mixed success. MDS can therefore be used to speed

development via judicious simulation.

Pikkemaat et al. used haloalkane dehalogenase (DhlA) as a model to explore potential of MDS
to identify flexible regions in proteins to boost thermal stability **°. These authors focused on
RMSD of the molecule relative to the X-ray structure. They also determined the effect of
thermal denaturants on secondary structure of the molecule. They reported that most of the
mean square displacement was concentrated in the region between residues 180 and 210. The
secondary structure elements analysis highlighted that this region was highly stable, and that
the significant RMSD was not caused by unfolding of the structure. Therefore, they concluded

that relatively large motions occurred in the cap domain of DhIA.

It was concluded from the MDS, that DhIA had high mobility in helix-loop-helix region

involving residues 185-211.
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The authors reported introducing a disulphide cross-link between residue 201 of this flexible
region and residue 16 of the main domain. The mutated enzyme exhibited increasing transition

temperature from 47.5 to 52.5 °C. Urea denaturation exhibited a similar trend to experiment.

It is concluded that this work demonstrates the advantageous use of MDS to identify mobile

protein domains to boost stability.

Gill et al. conducted all-atom explicit-solvent MDS for human procarboxypeptidase A2
(AYEwt) with three (3) designed variants, namely, AYEdes, AYEwt-4mut and AYEwt-5mut,
at both 25 and 100 °C 7, MDS findings highlighted potential stabilizing factors at atomic-

level in a set of engineered proteins.

Through analyses of RMSD, RMSF and SASA, protein stability was determined and
compared. It was predicted that Phel8 and Ala23 from AYEdes would stabilize ol of AYEwt-
3mut. The authors therefore further designed AYEwt-F58M and AYEdes-M58F with the aim

to validate this prediction.

They observed that al of AYEwt-3mut was stabilized and that phenylalanine had a minor but

meaningful stabilizing impact over methionine at position 58.

Importantly, there are a number of examples using MDS to show that mutated structures

decrease overall thermal stability.

Meharenna et al. investigated the regions of Cytochromes P450 related to thermal stability via

high temperature MDS 24, CYP119 was the most stable P450 compared with P450cam and
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P450cin 24, By comparing trajectories at 500 K, the Cys ligand loop was hypothesized as an
important region for improving thermal stability. This region in CYP119 was stabilized by
rigid, nonpolar interactions between Tyr26 and Leu308. The authors generated Y26A/L308A
CYP119 by replacing these two (2) amino acids in P450cam with, respectively, Gly and Thr.
However, the resulting stability was less than that for the wild-type CYP119. The Cys ligand

loop unfolded similarly to P450cam.

The melting temperature from experiment exhibited a similar trend for mutated P450cam at 16
°C less than for wild-type CYP119. MDS therefore predicted the Cys ligand loop as a ‘hot

spot’ critically impacting stability.

It is possible to use MDS to predict which variants boost stability, however, it is practically
challenging to mimic exact interactions amongst alternated residues. To model similar
interaction between Tyr26 and Leu397 in CYP119, larger nonpolar residues are hypothesized

as being replaced in P450cam.

Meharenna et al. introduced a disulphide bond, however, this variant failed to improve stability.
One reason is that disulphide bonds are unlikely to mimic non-bonded intramolecular
interactions, and unfavourable packing problems likely occur. In a similar investigation. Bae
et al. reported that introducing a salt bridge improved stability of mesophilic protein.?* It is
possible therefore to mimic non-bonded intramolecular interactions via introducing salt

bridges.

MDS has been used to investigate protein stability and to predict likely vaccine efficacy. It is

advantageous to: 1) characterize fusion protein stability as impacted by thermal-, pH- and
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chemical denaturant factors, 2) give practical feedback to identify flexible regions, and; 3)
investigate the likely impact of mutations designed to improve stability. It is concluded that
MDS simulations significantly improve vaccine success rates by filtering and/or building

highly stable epitope-based chimeric vaccines.
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2.7 Characterization of EBC vaccines

To justify if the designed vaccine candidate is safe and efficacious, physical characterizations
and functional analysis by experiments are required. Table 2.4 summarizes some examples of

techniques that are commonly applied to analyse EBC vaccines.

Basic physical characterizations aim to generate structural information of nanoparticles, such
as molecular weight and size. Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) separates protein subunits by molecular weight, which can also indicate the
purity level of eluate pool 246248, Sjze exclusion chromatography (SEC) and dynamic light
scattering (DLS) are techniques to analyse molecular weight and particle size of samples 24°2%,
Aggregates level can also be determined by a separate peak from the main peak of single-
particle proteins. This is extremely important to consider for EBC vaccines, because aggregates
can induce immune responses and affect the efficacy of vaccines 2°!. Protein stability is also
important to analyse in addition to basic physical characterizations. Circular dichroism (CD)??2
and fluorescence spectrometer 2 are other two techniques to analyse protein secondary and
tertiary structural changes against thermal or chemical denaturants. Differential scanning
calorimetry (DSC) is another efficient technique to determine the denaturing temperature of
proteins (Tm). DSC characterizes protein thermal stability, conformational change and domain
folding integrity via determination of heat capacity as a function of temperature %%, A

decrease in Tm underscores a destabilizing impact on protein structure. Proteins with greater

Tm have stronger thermal stability.

After confirming protein structure and stability, functional analyses of EBC vaccine aim to
ensure they are efficacious. Impurities such as host cell proteins and endotoxins are expected

to be quantified as a part of functional analyses prior to immunology assay for safety concern®s
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7. Shown by Table 2.4, other assays such as antigen-specific antibody titers, T-cell
proliferation, memory lymphocyte activation and virus neutralisation are commonly used as
preliminary immunology-studies of vaccines %%, These assays can be used as a proof-of-
concept to suggest if designed vaccines are able to induce potent humoral and cell-mediated

immune responses before conducting clinical studies.
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Table 2.4 Examples of techniques to analyse EBC vaccines

Technique

Role

References number for studies to

analyse vaccines

Sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE)
Western blot
Dynamic light scattering (DLS)

Size exclusion chromatography (SEC)

Transmission electron microscopy (TEM)
Differential scanning calorimetry (DSC)
Circular dichroism (CD)

Fluorescence spectrometry

Host cell protein assay
Endotoxin assay

Antigen-specific antibodies titers

Physical characterization
To separate protein subunits by mass in order to observe purity
level
To detect specific proteins in a sample
To characterize protein particle size
To characterize levels of aggregates and single particles by
separating them by molecular weight
To capture images of protein particles
To determine the denaturing temperature of proteins
To determine protein secondary structure changes
To determine protein tertiary structure changes
Functional analysis
To determine level of host cell proteins in vaccines
To determine endotoxin level in vaccines

To determine humoral immune responses induced by vaccines
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258

262

249,250

263,264

265

252

253

255,256

257

259



T-cell proliferation assay

Memory lymphocyte T cells differentiation

Virus neutralisation

To compare the strength of humoral with cell-mediated immune
responses induced by vaccines
To test the ability of vaccines to confer long-term protection

To determine the ability to neutralise viruses

260

261

258
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2.8 Future direction: messenger RNA (mMRNA) vaccines
Messenger RNA (mRNA) vaccines are treated as the third-generation nucleic acid vaccine on
the basis of first-generation traditional vaccines and second-generation subunit vaccines 2%,

Recent COVID pandemic speeds up the progress of mRNA-based vaccines. Several mRNA-

based COVID vaccines (Moderna, Pfizer/BioNTech) are currently supplied in Australia.

The mRNA consists of a 5 cap, 5 UTRs, an open reading frame (ORF), 3° UTRs and a poly
(A) tail. The mRNA vaccine is produced by inserting the encoded antigen in a DNA template
from where the mRNA can be transcribed in vitro 27. The mRNA vaccine works by reaching
the cytosol of cells and induces target proteins that can trigger immune responses. mRNA
vaccines display a number of advantages compared to traditional vaccines. mRNA vaccines: 1)
are considerably safe without involving infectious elements or risks of stable integration to host
cell genome and therefore well-tolerated by healthy individuals 2%; 2) induce potent efficacy

and immunogenicity 2°*27%; and 3) are cost-effective and can be produced considerably rapidly

271 The generation of mRNA vaccine at clinical scale can be completed within weeks 6%,

There are currently two pathways for the delivery of mRNA vaccines. The first pathway is
loading mRNA into DCs ex vivo, followed by re-infusion of transfected cells 267272, This
pathway is able to control the cellular target and transfection efficiency. However, it is
expensive and time-consuming process. The second pathway is direct injection of mRNA
with/without a carrier, which is significantly cost-effective and can be produced fast. However,
it is challenging to precise control the efficiency of cell-specific delivery. In addition, naked

mRNA is easily degradable, which is difficult for clinical applications 2%

Recent progress of mRNA vaccines focuses on improving stability by a rational molecular
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design. The stability of mRNA is closely related to the 5 cap 2*°. By specific design of 5 cap,
the stability and translation efficiency of mRNA can be improved 27°. In addition, lipid
nanoparticles have been successfully introduced to delivery mRNA in clinic 2. Numerous
studies have proven that rapid mixing of lipid nanoparticles and mRNA shows a stable
nanostructure 2’>2”7. For instance, the mRNA can be captured inside the core of lipid
nanoparticles via electrostatic interactions with lipids, which effectively protects mRNA from
nuclease degradation and enhances the stability of nanoparticles 2’2278, The delivery efficacy
of mRNA can also be achieved by modifications of lipid. For example, by adjusting head
groups and hydrophobic tails of lipid nanoparticles, cellular uptake of mRNA can be enhanced
274279280 Fyrthermore, by adjusting the proportions of lipid components, lipid nanoparticle-
mRNA can achieve organ selectivity *8!*82. Overall, mRNA vaccines can be another solution

to combat infectious diseases.
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2.9 Chapter summary

Based on the review of relevant literature in this chapter, key findings are summarised:

1. Human ferritin heavy chain (HFn), as an example of NPC, comprises 24 identical subunits,
forming a spherical hollow cage structure of 12 nm in diameter. Every HFn subunit is made
up of five (5) helices, A to E.

2. HFn s beneficial to be developed as EBC vaccine because it exhibits: 1) display of antigens
and exposure of immunogens in a repetitive and well-organised manner; 2) robust thermal
and chemical stability; 3) high safety with low toxicity, great biocompatibility and
biodegradability; and 4) strong binding to T cell immunoglobulin and TIM-2 to regulate
cellular immunity.

3. There are three (3) promising insertion sites on HFn, N-terminus, C-terminus and flexible
loop region. There are controversial claims about comparisons amongst these insertions
sites about corresponding protein stability and vaccine immunogenicity.

4. Helix E in HFn plays a significant role in maintaining HFn stability. However, there are
lack of studies investigating the potential mechanism on how helix E affecting protein
stability.

5. VLP-based EBC vaccine induces strong immunogenicity because of highly mimic
structures to virus, however, it introduces four (4) main limitations: 1) difficulty of
expression by cost-effective expression systems (E. coli); 2) instable protein structures after
removal of virus genomes; 3) easy aggregation; and 4) difficulty of removal of impurities
(HCPs, DNA and lipid).

6. Flexible linker length is critical to be designed to boost protein stability, however, there is
lack of study on investigating this topic.

7. MDS is an emerging alternative for EBC vaccine and has significant advantages. These

include prediction of: 1) performance of EBC vaccines 2) fusion protein structure via
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considering protein folding and resulting structure stability, and; 3) protein stability. MDS
judiciously used, can filter and establish the most stable vaccine for later validation via

experiment with reduced time and cost.

To address these current research gaps, in this PhD Thesis, HFn is developed as a vaccine
carrier (NPC) by critically designing insertion sites and flexible linker through MDS and
experiments. First, MDS is performed to molecularly design HFn-based EBC vaccine by
predicting protein stability at two (2) different insertion sites (N- and C-terminus), flexible
linker length (3- and 15-residues), and variant study to investigate key residues affecting
protein stability. Second, HFn-based vaccine is purified, produced and stability-characterized
by experiments to validate simulation results and to prepare for last step. Immunology study is
conducted in the last step to compare the immunogenicity of N- and C-insertion site, and to
compare the immunogenicity of HFn and HBc with same model epitope and same insertion

site.
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Abstract

Human ferritin is regarded as an attractive and promising vaccine platform because of its
uniform structure, good plasticity and desirable thermal and chemical stabilities. Besides, it is
biocompatible and presumed safe when used as a vaccine carrier. However, there is a lack of
knowledge of how different antigen insertion sites on the ferritin nanocage affects the resulting
protein stability and performance. To address this question, Epstein-Barr nuclear antigen 1
(EBNA1) was selected as a model epitope and fused it at the DNA level with different insertion
sites, namely the N- and C-termini of ferritin, to engineer proteins E1F1 and F1E1, respectively.
Protein properties including hydrophobicity, thermal-, pH- and chemical-stability were
investigated both by molecular dynamics (MD) simulation and by experiment. Both methods
demonstrate that the insertion site plays an important role on protein properties. The C-terminus
insertion (F1E1) leads to a less hydrophobic surface and more tolerance to the external
influence of high temperature, pH and high concentration of chemical denaturants compared
to N-terminus insertion (E1F1). Simulated protein hydrophobicity and thermal stability by MD
were in high accordance with experimental results. Therefore, MD simulation can be used as a
valuable tool to engineer nano-vaccine candidates, cutting down costs by reducing

experimental effort and accelerating vaccine design.

KEYWORDS: ferritin, thermal stability, pH stability, chemical stability, antigen delivery,
molecular dynamics simulation
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3.1 Introduction

To replace traditional live attenuated strains of pathogens and inactivated killed pathogen
vaccines thereby reducing safety risks, there has been a rapid development in advanced vaccine
carriers, such as polymers, liposomes and nanoparticle proteins . Wild-type heavy-chain
ferritin comprises 24 identical subunits, each 21 kDa in size, forming a spherical hollow cage
structure 12 nm in diameter 7. The inner cavity of the spherical hollow cage structure has
diameter 8 nm (Figure 3.1A, Figure 3.1B) ®. Every ferritin subunit is made up of five helices,
A to E, with a long BC loop and three short loops (AB, CD and DE) connecting other helices

(Figure 3.1A) °.
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Figure 3.1 Human ferritin heavy chain mimic visualized with Discovery studio 2019 (DS). A)
The native ferritin assembly structure and a monomer of native ferritin. Three insertion sites
are indicated by different colours (Red: N-terminus; Green: C-terminus; Blue: flexible loop
region). B) Ferritin hollow cage viewed by different angles.

Ferritin has considerable potential as a nano vaccine carrier because of its numerous advantages.
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First and foremost, by genetic modification, ferritin can carry antigens and expose immunogens

10,11

in a repetitive and well-organized manner. Ferritin can display exogenous peptides and

heterologous proteins, such as the influenza virus hemagglutinin (HA)'? and native-like HIV-

1 envelope glycoprotein trimers '3

. Both examples indicate that ferritin-based protein
nanoparticles enhance the potency and breadth of virus vaccine immunity '°!%. Secondly,
ferritin is extremely thermally and chemically stable °, and can be engineered for enhanced

physicochemical and biological properties '“. Lastly, due to its human source, human ferritin is

considered safe with low toxicity, high biocompatibility and good biodegradability *°.

As a vaccine carrier displaying epitope candidates, ferritin has been investigated with three
potential insertion sites, namely, the N-terminus, C-terminus and the DE loop region. The N-
terminus of ferritin is connected to helix A and is located on the outside of the protein shell,
whereas the C-terminus is located at the fifth short a-helix E on the inside of the hollow cage
(Figure 3.1A) °. The native structure of ferritin is defined as a flip structure. However, if the
exogenous peptide of a heterologous protein inserted at the C-terminus is very large and unable
to be packed inside the ferritin cage, the helix E points outside creating a flop conformation !¢,
It has been found that the volume inside the ferritin cage is approximately 2.1 x 10° A3 16, By
assuming each amino acid has average volume of 150 A3, the ferritin could potentially contain
a total of 1400 amino acids inside the ferritin hollow cage by inserting them at C-terminus. If
there are more than 1400 amino acids are inserted at C-terminus, ferritin tends to become a flop
structure. In this case, the inserted epitopes at C-terminus are presented outside. Otherwise, if
the inserted epitope with less than 1400 amino acids at C-terminus, ferritin intends to be flip
structure to present epitope inside of the ferritin cage. The flip or flop structure, may in turn

play an important role in defining the quality and extent of the immune response.
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There is limited knowledge about the connection between the different insertion sites and the
corresponding protein properties. A recent study undertaken by Wang et al. displayed different
lengths of epitopes from Enterovirus 71 (EV71) at the N- and C-termini and DE loop region
(163 position) of ferritin to compare immune responses '°. They found that peptides inserted
into the DE loop region invoked a stronger immune response than at the N-terminus and C-
terminus '°. However, there are still knowledge gaps when comparing protein properties
following N-terminus and C-terminus insertion, such as effects of hydrophobicity, thermal, pH-

and chemical- stability.

The first important aspect to consider is protein hydrophobicity, which contributes significantly
to protein folding and the stability of the structure !”. A strategy to increase the stability of
proteins is to decrease the hydrophobic solvent accessible surface area (SASA) '8. The
interaction of nonpolar residues with water causes the side chain to be more exposed to solvents
for proteins with larger hydrophobic SASAs, hence this effect results in reduced stability '®,
Secondly, thermal stability is indispensable when developing a vaccine platform to ensure the
bioactivity of the nanoparticle proteins. Most proteins are restricted to an allowed temperature
range (4 °C - 60 °C ) to maintain structural integrity '°. One consequence of a temperature
excursion out of this allowed range is the loss of protein function. By determining the thermal
stability for ferritin and engineered ferritin with different insertion sites, our knowledge of
structural diversity is conceivably expanded. Lastly, pH- and chemical stability are two other
protein properties important to consider. The isoelectric point (pI), which is related to the pH
stability, is the pH value at which the protein’s net charge is zero. At the pl, protein solubility
and electrical repulsion are lowest, resulting in highest tendency to aggregation and
precipitation 2°. pH is also a key factor because it can cause the alterations in the structure of a

protein, which affects bioactivity. Protein stability against chemical denaturants, such as
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guanidinium chloride (GdnHCL), is helpful to understand protein structure differences 2!.

GdnHCL acts as an ionic denaturant and is commonly used to probe the folding properties of
proteins 22. Accordingly, hydrophobicity, thermal-, pH- and chemical stability are deterministic

of overall protein properties.

The experimental investigation of protein properties is a time-consuming process, especially
when dealing with large numbers of samples during early vaccine development. Recently,
molecular dynamics (MD) simulation has been widely applied to investigate important
parameters related to protein stability 23, The key factors related to protein stability include
the hydrophobic SASA 27?8 root mean square deviation (RMSD) and radius of gyration (Ry).
SASA could directly show the changes in the accessibility of protein to solvent 2*2°, and it is
related to protein stability as well. Lower SASA generally represents higher thermodynamic
stability of protein 3!*. RMSD, R, and alpha helix content are factors to predict protein
structure changes related to thermal change, along with presenting in-depth explanation for the
transition 2!-*°2¢, RMSD is commonly used to reveal protein structural stability 3”**. The higher
RMSD is, the less stable the protein structure is suggested 2%2%3°42 R, can be regarded as the
basic measurement of protein overall size 3. A smaller R, value indicates a more compacted
protein structure and may result in high stability. Alpha helix content indicates protein
secondary structure change at high temperatures. The helical content of proteins increases with
increasing thermal stability **3. MD simulation can provide reliable prediction of protein
thermal related properties and stability, which is able to be applied in the design of vaccine

candidates, to significantly reduce experiment related costs, timeframes and failure.

In this study, Epstein-Barr nuclear antigen 1 (EBNA1) was selected as the model epitope, as it

shows high potential as a vaccine candidate against Epstein-Barr Virus (EBV). EBV is

114



responsible for many human diseases such as lymphoma and gastric cancer, and might enhance
the development of several auto immune diseases *°. EBNAI is expressed in all EBV-
associated tumours and it is an essential protein for EBV maintenance and expression. There
are limited therapies for the prevention of EBV-associated diseases and no licensed vaccine is
available to combat EBV infection *. EBNA1 determines the replication and partitioning of
viral genomic DNA at latent viral infection. It is also the only viral protein found in all EBV-
related malignancies *’. Hence, EBNA 1-associated vaccines will potentially act as prophylactic

vaccines against all EBV strains.

By inserting the EBNAT1 epitope at the N-terminus and the C-terminus of ferritin with fifteen
residues of linkers between the epitope and the ferritin, this paper aimed to investigate the
stability related properties of engineered ferritins. The four main properties we took into
account were hydrophobicity, thermal stability, pH stability and chemical stability. We
developed a new approach that combined the results from molecular dynamic simulation and
experiments to improve stability predictions and the underlying mechanisms of designing

ferritin-EBNAI1 as an engineered nano vaccine.
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3.2 Materials and methods

3.2.1 Protein Data Bank (PDB) file build-up

The PDB files of the Human heavy chain ferritin (PDB ID: 2FHA) and the Epstein-Barr virus
nuclear antigen-1 (EBNA1) (PDB ID: 2FZ3) were generated from the RCSB Protein Databank.
Discovery Studio (DS) was used to edit the epitope sequence for EBNA1. The model epitope
was truncated off from EBNA1 comprising aa 407 to aa 417. A set of ferritin subunit structures
without inserted epitope, ferritin monomer (F1), ferritin trimer (F3) and ferritin bioassembly
structure (F24), were prepared as the reference. By inserting one EBNA1 epitope at the N-
terminus of the ferritin monomer structure with the linker, the PDB file named E1F1 monomer
was prepared. The length of the linker between the ferritin and EBNA1 was assumed as 3
residues rather than 15 residues, as the longer linkers created complexity in computational
simulation and resulted in a highly unstable system. For example, in Figure S3.1 (Supporting
Information), E1F1 monomer with 3 residues of linker showed the most stable structure with
lowest RMSD compared to 5 and 15 residues of linkers. In the same manner, a set of PDB files
for ferritin with inserted EBNA1 epitope at C-terminus with 3 residues of linker were prepared
as shown in Table S3.1. Based on theoretical calculation, epitopes and linkers with a total of
624 amino acids, could fit the ferritin cage completely. Hence, FIE1 (C-terminus insertion)
was assumed to have ferritin f/ip structure, where the inserted epitopes were contained inside

of the protein cage, shown in Figure 3.2.
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Figure 3.2 Engineered ferritins E1F1 and F1E1 mimic diagrams using DS 2019. Inserted
epitopes are highlighted in red and linkers are highlighted in blue. A) Assembly structures of
E1F1 and F1E1. A monomer of E1F1 and F1E1 are denoted as green. B) Monomer structure
of E1F1 and F1E1. The epitope (red) and linker (blue) are inserted at N-terminus of ferritin
monomer for E1F1, while they are inserted at C-terminus of ferritin monomer for F1EL.

3.2.2 Molecular Dynamics (MD) Simulation of ferritin structures and
ferritin-EBNAL structures

GROMACS 2018.3 was used to perform MD simulations of the ferritin subunit structures and
ferritin-EBNA1 structures in a water environment **%°. The OPLS-AA/L all-atom force field
was used to generate topology files *°. Each protein structure was solvated in a cubic box using
the TIP3P water model by specifying spc216.gro in GRAOMCS *°. The dimensions of the
cubic box for each structure are summarised in Table S3.2. The minimum distance between the

protein and the wall of the unit cell was set to be 1.0 nm. The protein/ion/water system was
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first energy minimized and then equilibrated in a 100-picosecond MD simulation with
positional restraints on the heavy atoms of the protein. The equilibration was performed at a
temperature of 300 K and a pressure of 1 bar by coupling to an external heat source and an
isotropic pressure bath. The position restraints were then released and the MD simulation was
produced in 200 nanoseconds and the snapshots were stored per 100 picoseconds for the MD

trajectory analysis.

For hydrophobicity study by simulation, bovine serum albumin (BSA) (PDB ID: 3V03) was
simulated at the same condition. Hydrophobic SASA was determined by using the gmx sasa
tool from GROMACS based on the completed MD simulation results for BSA, ferritin, E1F1
(N-terminus insertion) and F1E1 (C-terminus insertion) in water at 25 °C. The Error analysis

on hydrophobic SASA was calculated using block averaging (gmx analyze —ee).

Thermal stability studies for the monomer and trimer structures of ferritin, EBNA1-ferritin and
ferritin-EBNA1 followed similar procedures as above but the MD simulation was produced in
100 nanoseconds over a temperature range from 25 to 90 °C. The snapshots were stored per 50
picosecond for the MD trajectory analysis. RMSD and R; of C, were determined using gmx
rmsd tool and gmx gyrate tool from GROMACS. Helix content was calculated using the gmx
dssp tool from GROMACS. For bio-assembly structures of E1F1 and F1E1, MD simulations
were produced in 200 nanoseconds at 150 °C. The snapshots were stored per 100 picoseconds

for the MD trajectory analysis. RMSD and helix content were determined.
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3.2.3 Plasmid construction of recombinant ferritin complexes

PET 30a vector was used to construct plasmids harbouring genes of two types of Epstein-Barr
virus nuclear antigen-1 (EBNA1) fused ferritins (ferritin-EBNA1 and EBNA 1-ferritin) and the
control ferritin. Target genes were inserted between BamHI and Xhol restriction sites. The
epitope, EBNA1 (HPVGEADYFEY), in two ferritin complexes, is the main immunogenic
domain of EBNA.*!' This linear epitope is known to be potent natural targets for cytotoxic T
lymphocytes (CTLs) 3>, A fifteen-residue linker (GGSGGGGSGGGGSGG) was inserted
between the epitope and ferritin in both ferritin complexes. The amino acid sequences

information for ferritin and recombinant proteins ferritin-EBNAT are shown in Table S3.3.

3.2.4 Protein expression and purification

The plasmids were transformed into E. coli BL21 (DE3). The expression process of the vector
ferritin and the two engineered ferritins were the same. A single bacterial colony expressing
each protein, namely, ferritin, EBNA1-ferritin (E1F1) and ferritin-EBNA1 (F1E1), was
inoculated in 50 mL LB medium supplemented with kanamycin (100 pg mL!), and incubated
overnight at 37 °C in an orbital mixer incubator (Ratek), shaken at 180 rpm. 10 mL of bacterial
suspension was then transferred to 500 mL LB with kanamycin (100 pg/ml) medium. The
culture was grown at 37 °C and shaken at 200 rpm until ODgoo reached 0.8, followed by
induction with 1 mM IPTG at 37 °C, 200 rpm for 4 h. Cells were collected after centrifugation
at 13,751 xg. Cell pellets were resuspended in lysis buffer and disrupted by sonication (Scientx
sonicator at 360 W: 4 seconds on and 6 seconds off for 10 min) with lysis buffer (20 mM PB,
2 mM EDTA, pH 7.0). Bacterial lysate was centrifuged at 13,751 xg for 30 min at 4 °C to

remove cell debris and supernatant was harvested for further protein purification.

The protein purification processes for ferritin, EBNA1-ferritin and ferritin-EBNA1 were the
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same, except they differed in the used chromatographic resin. First, clarified supernatant was
diluted with Milli-Q water to a final protein concentration of 4 mg mL™!. NaCl and NaAc-HAc
were added to a final concentration of 1 M and 100mM respectively and the pH was adjusted
to 5.0 and mixtures then underwent thermal precipitation at 60 °C for 10 min. Centrifugation
(19,802 xg at 4 °C for 10 min) was conducted to remove precipitated impurities. Subsequently,
resultant supernatant pH was adjusted to 6.5 by using 1 M Phosphate buffer, pH 8.0, and 1 M
Ammonium Sulfate (AS) was added for the following hydrophobic interaction chromatography
(HIC). In HIC, a HiTrap Octyl FF column (GE Healthcare, USA) was used for ferritin and
E1F1; a HiTrap Butyl FF column (GE Healthcare, USA) was used for F1E1. The equilibrated
buffer was 100 mM Phosphate buffer, 1 M AS, pH 6.5. The eluted buffer was 20 mM Phosphate
buffer, pH 6.5. HIC was performed on an AKTA pure (GE Healthcare, USA). Briefly, samples
were loaded onto columns equilibrated with equilibration buffer. After washing the column for
5 CV with loading buffer, a linear gradient elution of 0 to 100 % elution buffer in 3 column
volumes was conducted and eluted peaks were pooled together. Absorbance at 280 and 260 nm
were recorded throughout chromatography. Finally, collected fractions from HIC were buffer
exchanged to 20 mM PB, pH 7 using a HiTrap Desalting column (GE Healthcare, USA).

Protein expression and purities were analysed by SDS-PAGE.

3.2.5 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE)

Protein expression and purification were performed with 12 % (w/v) SDS separation gel having
a5 % (w/v) SDS stacking layer. Samples were prepared with 5% loading buffer (containing 6 %
(v/v) 1 M Tris-HCL at pH 6.8, 25 % (v/v) glycerol, 1 mg mL™ bromophenol blue, 2 % (v/v)
SDS and 5 %v/v B-mercaptoethanol). Treated samples were heated at 100 °C for 10 min and

loaded into the loading wells. Separation was conducted at 200V for 60min. The gel was
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stained with 0.25 % (w/v) Coomassie R-250 for 60 min and the background was washed using

a washing buffer (10 % (v/v) ethanol and 10 % (v/v) acetic acid) for 270 min.

3.2.6 Transmission electron microscopy (TEM)

Purified ferritin and engineered ferritins were diluted to a protein concentration of 0.1 mg mL"
!, Carbon-coated copper grids were incubated face down on 10 pL of the sample for 10 min.
The grid was washed 3% in droplets of Milli-Q water, and then negatively stained in 2 % (v/v)
uranyl acetate for 2 min. Excess liquid was removed with filter paper. Grids were analysed with
a Philips CM 100 transmission electron microscope operated at 100 kV (Field Electron and Ion

Company, USA).

3.2.7 Size exclusion chromatography coupled with multiple- angle laser
light scattering (SEC-MALYS)

SEC-MALS was performed to determine hydrodynamic radius and molecular weight of
purified and engineered ferritins. Superose 6 10/300 GL (GE Healthcare, USA) was connected
to High Performance Liquid Chromatography (HPLC) (Shimazdu, Japan) coupled with Wyatt
Optilab refractive index (RI) and Wyatt DAWN MALLS detector (USA). The equilibrated
buffer was 20 mM Phosphate buffer, pH 7.0. The protein concentration was 5 mg mL!. Loading

volume was 50 pL.

3.2.8 Hydrophobicity Study

Hydrophobicity study was performed to compare the hydrophobicity differences amongst
ferritin, EIF1 and F1E1. Bovine serum albumin (BSA) was used as a control sample. 1 mL of
each protein sample (BSA, ferritin, E1IF1 and F1E1) was adjusted to 2 mg mL"!. Each protein
sample was mixed with 4 mL of equilibrated buffer (1.0 M ammonium sulfate buffer, 100mM
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Phosphate buffer containing Na,HPO4 and NaH>POs4, pH 6.5). A HiTrap Butyl FF column (GE
Healthcare, USA) was used to perform the hydrophobicity study. The elution buffer was 20
mM Phosphate buffer, pH 6.5. After the column was equilibrated, protein samples were loaded
to a HiTrap Butyl FF column individually. The column was then eluted with an elution buffer
by a linear gradient elution of 0 to 100 % elution buffer in 3 column volumes. The retention

time for each protein sample was recorded by AKTA pure (GE Healthcare, USA).

3.2.9 Thermal stability study by differential scanning calorimetry (DSC)

Microcal VP-DSC (Malvern, UK) was used to determine the thermal stability of proteins.
Samples were prepared at protein concentration 1 mg mL™! in 20 mM Phosphate buffer
(NaaHPO4 and NaH>POys) at pH 7.0. For DSC measurement, a scan rate of 90 °C per hour was
used for a temperature ramp from 30 to 120 °C, and samples were analysed using the software

package Origin 9 (OriginLab Corporation, USA).

3.2.10 Thermal, pH and chemical denaturants stability study by circular
dichroism (CD)

CD Chirascan V100 (Applied Photophysics, UK) was used to analyse the secondary structure
of the protein samples (0.3 mg mL™" in 20 mM Phosphate buffer, pH 9.0). Each sample was
scanned three times. For thermal stability study, samples were equilibrated at 25 °C, 70 °C, 80
or 90 °C for 10 min, respectively. The signal from 190 nm to 260 nm was scanned. CD signals
at a wavelength of 222 nm were recorded as a measurement of helix content. For pH stability
study, protein samples (1 mg mL! in 20 mM Phosphate buffer, pH 7.0) were adjusted from pH
7.0 to pH 4.0 by adding acid (1.0 M Acetic acid). Samples were equilibrated at each pH
condition for 2 min. The CD signal from 190 nm to 260 nm was scanned. For chemical

denaturant stability studies, protein samples (1 mg mL™! in 20 mM Phosphate buffer, pH 7.0)
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were mixed with guanidinium chloride (GdnHCI) solution (6 M) and a 20 mM Phosphate buffer
(pH 7.0) to reach final concentrations of 0, 0.5, 1.0, 1.5, 2.0, 2.25, 2.5, 2.75, 3.0, 3.25, 3.5, 4.0,
4.5 and 5SM GdmCIl. Mixed solutions were equilibrated for 2 min, 10 min or 20 min to measure

the CD of 222 nm and 20 °C for 300 s.
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3.3 Results and discussion

3.3.1 Characterization of engineered ferritins
The molecular weight for EBNAl-ferritin (E1F1) and ferritin-EBNA1 (F1E1) subunits

measured by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) were
both approximately 23 kDa as expected based on amino acid sequence (23.35 kDa) by ExPaSy
Bioinformatics Resource Portal (SIB Swiss Institute of Bioinformatics, Swiss), higher than for
ferritin (21 kDa) due to inserted epitope and linker (Figure 3.3A). Hydrodynamic diameters for
engineered ferritins E1F1 and F1E1 measured by size exclusion chromatography with
multiple-angle laser light scattering (SEC-MALS) were 15.2 nm and 13.3 nm, respectively,
larger than native ferritin at 13.2 nm (Figure 3.3B). In SEC experiments, EIF1 showed a
smaller elution volume of 12.9 mL compared to F1E1 (13.9 mL) (Figures 3.3C and 3.3D),
consistent with the hydrodynamic diameter results by Dynamic light scattering (DLS) (E1F1:
15.3 nm; F1E1: 13.5 nm). These results proved that both E1F1 and F1EI presented flip
structures. For N-terminus insertion, epitopes were exposed outside the structure, while for C-
terminus insertion, epitopes were located inside the ferritin cage. Transmission electron
microscopy (TEM) results did not reveal any differences regarding the particle structures for
E1F1 and F1E1. Both were characterized as well-assemble particles having monodispersed

structure (Figures 3.3E and 3.3F).
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Figure 3.3 Characterization of engineered ferritins. A) Coomassie blue stained sodium dodecyl
sulfate PAGE: lane 1, protein marker; lane 2, native ferritin; lane 3, E1F1; lane 4, F1EL. B)
MALS evaluation of ferritin, EIF1 and F1EL. C) Size- exclusion (Superose 6) chromatogram
for E1F1. D) Size-exclusion (Superose 6) chromatogram for F1E1. E) TEM image of E1F1. F)
TEM image of F1EL1.
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3.3.2 Hydrophobicity study by simulation and experiment

To understand the impact of insertion sites on the properties of the engineered ferritin,
hydrophobicity was compared between E1F1 and F1E1. Hydrophobicity was firstly examined
by computational simulation. Simulation results for hydrophobic SASA shown in Table 3.1

indicated that hydrophobic SASA was considerably related to protein molecular weight.

Table 3.1 Hydrophobicity- related parameters from experiments and simulations. The PDB
files for ELF1 and F1E1 were structured from the Discovery Studio.

Molecule PDB ID Molecular Retention time Average
weight by experiment  hydrophobic SASA
(kDa) (min) by simulation
(nm?)

BSA 3v03 66.0 20.3 283.9+0.19
Native 2FHA 504 24.5 681.9+0.37
ferritin

E1F1 - 560.4 29.6 866.3 £0.29

F1E1 - 560.4 26.0 827.5+0.25

BSA showed the least hydrophobic SASA (BSA: 284 nm?; Ferritin: 682 nm?; E1F1: 866 nm?;
F1E1: 828 nm?). E1F1 (N-terminus insertion) was the most hydrophobic of the tested proteins
as its hydrophobic SASA was largest (Figure 3.4B). Simulations also showed that the
hydrophobic SASA of F1E1 was smaller than for E1F1. Experimentally, four proteins (BSA,
ferritin, E1F1 and F1E1) were loaded to a HiTrap Butyl FF column individually, and then
eluted under the same conditions. Longer retention time indicates a stronger binding with resin
therefore higher protein hydrophobicity. As shown in Figure 3.4A, E1F1 (N-terminus

insertion) showed the highest hydrophobicity, with retention time at 29.6 min followed by
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F1EI1 (C-terminus insertion) at 26.0 min (Table 3.1). The addition of EBNA1 antigens to the

termini of ferritin increased total hydrophobicity.
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Figure 3.4 Hydrophobicity of engineered and eluted native ferritins. A) Bovine serum albumin
(black), native ferritin (red), EIF1 (magenta) and F1E1 (green) from a HiTrap Butyl FF
hydrophobic interaction column. B) Computed hydrophobic SASA for BSA (black), ferritin
(red), E1F1 (blue) and F1E1 (green) against time at 25 °C using GROMACS. C)
Hydrophobicity diagram by Discovery Studio (DS) 2019: hydrophobic (red); hydrophilic
(blue).

Simulation results for hydrophobic SASA accorded well with experimental results. It was
found that the addition of epitopes increased the hydrophobicity of engineered ferritins
compared to native ferritin. This is due to inserted epitopes and linkers consisting of
hydrophobic amino acids Proline (P), Valine (V), Glycine (G), Alanine (A), and Phenylalanine

(F). Both simulation and experiment revealed that E1F1 (N-terminus) was the most

hydrophobic of the tested proteins. Although the theoretical molecular weights for E1F1 and
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F1El were same, N and C-terminus insertions impact differently with regard to
hydrophobicity, as the space allocation of same epitopes are quite differently. As it has been
mentioned above, both E1F1 and F1EI1 presented in ferritin flip structures, where N-terminus
insertion locates epitopes outside the ferritin cage and C-terminus insertion locates epitopes
inside the ferritin cage. On this account, N-terminus insertion was more hydrophobic than C-
terminus insertion. These results also confirmed that computational determination of protein

hydrophobic SASA predicted well the practical protein hydrophobicity.

3.3.3 Thermal stability study by simulation and experiment
Thermally stable proteins are expected to have low alpha helix content loss 2!, less fluctuating

244254 and are expected to be more compact 24, The amount of alpha helix content loss

regions
reveals protein secondary structure changes. Less alpha helix content loss suggests a more
stable secondary structure 2'°. Lower RMSD indicates a more thermally stable protein
structure 2***. Lower R, shows a more compact protein structure and higher stability 2*.
Simulations of the monomer of ferritin, E1F1 and F1E1 at defined temperatures (25 °C, 70 °C,
80 and 90 °C) were run to investigate the difference in thermal stability by analysis of alpha
helix content, RMSD and Rg of the central carbon atom (Ca). Ferritin monomer presented the
highest stability over all the tested temperatures. After 100 ns, the helical content reduction at
90 °C was minimal compared with that at 25 °C (Figure 3.5A). High temperature impacted less
on the E1F1 monomer (N-terminus insertion) in terms of helical content change; E1F1
monomer only lost 4 % helical content at 90 °C compared to F1E1 monomer (23 % helical
content loss) (Table S3.5, Supporting Information). The RMSD results highlight that the

stability of F1IEl monomer fluctuated more wildly with increasing temperature than E1F1

monomer (Figure S3.4A2 and Figure S3.4A3, Supporting Information). The Ry results for
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E1F1 and FIE1 monomers were similar except at 90 °C, where FIE1 monomer started to be
less compact than E1F1 monomer (Figure S3.4B2 and Figure S3.4B3, Supporting
Information). Simulation results suggest that N-terminus insertion of monomer was more stable

than C-terminus insertion at 90 °C.
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Figure 3.5 Alpha helix content for monomers of ferritin, E1IF1 and F1E1 using GROMACS
over a temperature range from 25 to 90°C. A) One subunit of ferritin. B) One subunit of E1F1.
C) One subunit of F1E1.

To consider interactions amongst each monomer, trimer structures for ferritin-associated
proteins were also simulated. Helical content decreased due to increasing temperature and
displayed a similar trend for all three trimer structures, ferritin, E1F1 and F1E1 (Figure 3.6).
Unlike the trend for the monomer structure of F1E1, the trimer structure enhanced the protein
secondary structure’s ability to resist high temperatures. There was minimal helical content
decrease for the F1EI1 trimer compared with the F1IE1 monomer at high temperatures up to
90°C. It was also observed that, at 90 °C, F1E1 trimer had less helical content loss than the
E1F1 trimer, 3 % compared to 10 % (Table S3.6, Supporting Information). This result indicated
that high temperature (90 °C) affected less on secondary structure of the FIE1 trimer (C-
terminus insertion) compared to the E1F1 trimer (N-terminus insertion). It was also found that,
except for ferritin, RMSD variance for trimer structures was similar to monomer structures
(Figure S3.6 and Figure S3.2). That suggests, under all tested temperatures for 100 ns, there
were measurable thermal effects on secondary structures of E1F1 and F1EI1. However,
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regarding to structural stability in terms of RMSD, the comparisons between E1F1 and F1E1

were not obvious.
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Figure 3.6 Alpha helix content and RMSD for trimer structures of ferritin, E1IF1 and F1E1
using GROMACS over a temperature range of 25 to 90°C. Al) Ferritin alpha helix content.
A2) E1F1 alpha helix content. A3) F1EL1 alpha helix content. B1) Ferritin RMSD. B2) E1F1
RMSD. B3) RMSD.

To support a better understanding of thermal effect on protein assembly structures and a more
observable thermal stability comparisons, 24 subunits of ferritin, E1F1 and F1El were
simulated at a relatively high temperature of 150 °C, well above the reported denaturation
temperature of ferritin at 102 °C *°. Due to computation capacity limitations, an extreme
condition was proposed as 150 °C for 200 ns >, Helical content losses for 24 subunits of
ferritin, E1F1 and F1E1 were 21, 16, and 21 % respectively (Figure 3.7A). The simulation
results also indicated that the three assembly proteins were still integrated after 200 ns.
Comparing with trimer structures, thermal stabilities for all three assembly proteins were
improved, as the secondary bonds in all three proteins survived the thermal effect to preserve

protein tertiary structures. The assembly of protein subunits is driven by secondary bonds, such
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as noncovalent interactions, including hydrogen bonding, -electrostatic association,
hydrophobic effects and van der Walls forces °%. It was also observed that thermal stabilities
for each protein were different at 150 °C regarding to their backbone RMSD. Figure 3.7B
reveals that ferritin was the most thermally stable over 200 ns with lowest RMSD, and F1EI
was found to be more thermally stable than E1F1, indicated by a lower RMSD obtained. RMSD
related to ferritin core part without consideration of linkers and epitopes was also calculated to
determine how fusion proteins E1F1 and F1E1 were perturbed compared to wild type ferritin
(Figure S3.3, Supporting Information). It showed that RMSD for core parts of E1IF1 and FIE1
were similar but higher than that of type ferritin. It demonstrates the less stable core parts of
E1F1 and F1E1 than wild type ferritin. R, results (Figure 3.7C) also indicated F1E1 had a more
compact structure than EI1F1 at 150 °C. Computed hydrophobic SASA for each protein
decreased against time (Figure 3.7D). That indicates, since simulation started, less hydrophobic
surface area was exposed to water. Hydrophobic SASA for E1F1 was found to be lost most as
37 %. To conclude, MD simulation predicted native ferritin presents the best thermal stability,
while C-terminus insertion to ferritin showed better thermal stability against high temperature

up to 150 °C than N-terminus insertion.
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Figure 3.7 Simulation data for assembled structures of ferritin, EIF1 and F1E1 using
GROMACS at 150°C for 200 ns. A) Alpha helix content. B) RMSD. C) Rg. D) Hydrophobic
SASA,; Ferritin dropped 26 %, E1F1 dropped 37 % and F1E1 dropped 35 %, compared with
initial structure.

To validate this simulation prediction, thermal stability was characterized by experiment using
differential scanning calorimetry (DSC). As shown in Figure 3.8A, the first peak (7m1)
suggested where the protein structure began to partially change but will integrate structure
remaining. After the second peak (7m2), protein structures were completely destroyed. 7m1
range for three proteins was around 63.6 to 80.1 °C (Figures 3.8A, 3.8B and 3.8C). Native
ferritin had robust thermal stability, and the structure was completely denatured above 100 °C
(Figure 3.8A). In comparison with native ferritin, adding epitopes decreased the maximum
tolerated temperature. For both E1F1 and F1EI, the proteins were completely disassembled

below 90 °C (Figure 3.8B, Figure 3.8C). The denaturation temperature for C-terminus insertion
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was slightly higher than for N-terminus insertion (7m2 values 85 and 80 °C, respectively). The
experimental results are well aligned with the MS simulation result; C-terminus insertion

showed better thermal stability than N-terminus insertion.
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Figure 3.8 Differential scanning calorimetry (DSC) results for ferritin, ELF1 and F1E1 (Protein
concentration: 1 mg mL*; Sample buffer: 20 mM Phosphate buffer pH 7.0). A) Native ferritin.
B) E1F1. C) F1E1. D) Tm1 and Tm2 values for native ferritin, EIF1 and F1E1 from DSC.

For detailed investigation regarding protein secondary structure changes, four temperatures
(25, 70, 80 and 90 °C) were selected based on DSC results. CD showed the helical content of
proteins was connected to the secondary structural changes of ferritin, E1F1 and F1E1, at

defined temperatures (Figure S3.4, Supporting Information). Both E1F1 and F1E1 showed less
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tolerant thermal stabilities than native ferritin. The overall decrease of the secondary structure
of helix content for ferritin is 15 % at 90 °C, while E1F1 and F1EI lost 25 % and 29 % helix
content, respectively (Table S3.4, Supporting Information). N-terminus insertion displayed
preserved helicity until 80 °C. After 80 °C, there was a dramatic helical content reduction. In
contrast, C-terminus insertion appeared to have weaker helicity above 70 °C. All of these
results from CD are consistent with the results from DSC and indicate the engineered ferritin

is slightly less thermally tolerant than native ferritin for temperatures up to 70°C.

Overall, both molecular simulation and experimental results clearly confirmed a change of
insertion site on an engineered ferritin and affected significantly on the thermal stability of the
protein. Based on the simulation results, EIF1 monomer showed similar thermal property to
native ferritin monomer in terms of helical content and RMSD value up to 90 °C. In
comparison, FIE1 monomer showed less thermal stability and major helix content loss.
However, the thermal stability for the trimer structure of F1E1 was enhanced. At temperatures
in the range 25 to 90 °C, the trimer structures of the native ferritin, E1IF1 and F1E1 all presented
similar trends regarding helix content change. It was found that the assembly structure of
protein could significantly increase resistance to high temperature. Engineered ferritins and
native ferritin could still retain their structures at 150 °C for 200 ns in simulation. Considering
only terminus insertions, E1F1 showed slightly stronger helicity than F1E1 at 150 °C for 200
ns, which was consistent with CD results. On the other hand, F1E1 showed lower fluctuated
regions and better structure stability than E1F1. This could explain tertiary structure of F1EI
presented better thermal stability in DSC results. By comparing the hydrophobic SASA for
these two proteins, E1F1 had a larger hydrophobic SASA than F1E1, which means more

hydrophobic side chains are exposed to water and an unfolding process is favoured therefore
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resulting in weaker thermal stability. Hence, C-terminus insertion was more thermally stable

than N-terminus insertion when considering the assembled structure.

3.3.4 Effect of pH change on engineered ferritins

To investigate the effect of pH on engineered ferritins, equal amounts of purified E1F1 and
F1E1 were adjusted to pH 4, 5, 6 and 7, and all samples were inculcated in CD for 5 min. By
observing the band at wavelengths 210 to 230 nm, F1E1 showed obvious shift only at pH 5,
whereas E1F1 has two obvious curve shifts at pH 4 and pH 5 (Figure 3.9A and Figure 3.9B).
The theoretical pl for E1F1 and F1E1 is approximately 5.13, therefore, at pH 5, both E1F1 and
F1E1 secondary structures shifted because of the protein isoelectric point (pl) effect. At pH
equal to pl, purified proteins have zero net charge and the attraction force becomes dominant,
resulting in proteins that are more likely to aggregate and precipitate . Nevertheless, F1E1
was more tolerant to a lower pH than E1F1 as the secondary structure of E1F1 was completely
changed from pH 5, while F1IE1 was able to remain the secondary structure at pH 4. For N-
terminus insertion, epitopes are located on the surface of ferritin particle. The aggregation of
epitopes is possible for E1F1 at pH 4. C-terminus insertion buries the epitopes inside the ferritin
cage and therefore protects them from outside low pH conditions. Consequently, C-terminus

insertion is expected to be more tolerant to a lower pH than N-terminus insertion.
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Figure 3.9 Circular dichroism spectra of ELF1 (A) and F1E1 (B) (Sample concentration: 1 mg
mL; Sample buffer: 20 mM Phosphate buffer, pH 7.0). The spectra range shows the secondary
structures of E1F1 are completely changed at pH 5. F1E1 is stable over the tested pH, except
at pH 5. Standard curve represents the signal measurement for tested proteins without pH
adjustments.

3.3.5 Effect of chemical denaturants on engineered ferritins

To test the stability of E1IF1 and F1E1 against chemical denaturation, CD spectra at wavelength
222 nm were measured with varying guanidinium chloride (GdnHCI)-concentrations. The
samples of all 3 proteins were equilibrated with GdnHCI solution for 20 min. Native ferritin
was used as the reference. Native ferritin was highly chemically stable. Ferritin lost 50 % of its

native structure at 5 M GdnHCI (Figure 3.10).
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Figure 3.10 Circular dichroism spectra of ferritin, EIF1 and F1E1 with varied guanidinium
chloride concentration from 0 M to 5 M at 20 °C for 20 min.

Compared with ferritin, both EIF1 and F1E1 were less tolerant to chemical denaturants.
Transition of E1F1 occurred from 3 M GdnHCI. Fifty percent of the native structures in E1F1
and F1EI were lost at 4.25 M and 4.60 M GdnHCI, respectively. It could be clearly observed
that F1E1 showed better chemical stability than E1F1. E1F1 was completely unfolded at 4.5
M GdnHCI, whereas, for FI1EI and ferritin, folded structures still existed at pH 4.5. There is
still limited knowledge about the mechanism of how chemical denaturant GdnHCI interacting
with ferritin, FIE1 and E1F1 by binding to the specific sites or by altering the interactions
between protein and water molecules. One possible explanation for the different behaviours
towards chemical denaturants by E1F1 and F1EI is the hydrophobic effect °°. The smaller
hydrophobic patch in F1E1 (Shown in Table 3.1) and also the simulation result of hydrophobic
SASA encourage the protein to interact with water molecules, which moves towards a low
entropy folded state. In contrast, for protein E1F1, as the EBNAI1 epitope and soft linkers, are
mainly composed of hydrophobic amino acids (Pro, Val, Gly, Ala and Phe), they were
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completely exposed outside the ferritin cage, which contributed a larger amount of hydrophobic
side chains to the surrounding solvent than ferritin and E1F1. The contribution of denaturant
co-solvents to this hydrophobic effect was even stronger. It has been found from both MD
simulation and experiment by England et al. ®!, that guanidinium in particular interacts with
the hydrophobic regions of a protein through its flat and nonpolar surface to reduce the
unfavourable of its exposure to solvent. Hence, larger hydrophobic regions drive a stronger
interaction between guanidinium and proteins. In the end, C-terminus insertion is more stable

than N-terminus insertion against chemical denaturant GdnHCI.
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3.4 Conclusions

The insertion site of epitopes in ferritin as an engineered nano vaccine plays an important role
in the modified protein’s stability and performance. In this study, two insertion sites in ferritin
were considered. E1F1 was produced by inserting epitope and soft linkers at N-terminus of
ferritin where epitopes were on the surface of nanoparticles, while F1E1 was inserting epitopes
at C-terminus located inside the ferritin cage. Via a combined study of simulation and
experiments, we demonstrated that N-terminus insertion (E1F1) and C-terminus insertion
(F1E1) have different protein properties. Both simulation and experimental data suggested that
engineered ferritin with N-terminus insertion was more hydrophobic and less stable than that
of C-terminus insertion. The less hydrophobic SASA provided F1E1 less interactions between
non-polar residues with water molecules. Therefore, a more tolerant pH and chemical
denaturant stability was obtained. This work improves understanding on ferritin nanoparticle
as vaccine carrier. It also provides a method by combining molecular simulation and
experiment to predict engineered protein stability with epitope insertion, which potentially

shortens the development process for nanoparticle protein based vaccine design.
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3.6 Supporting Information

3.6.1 Supporting figures
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Figure S3.1 Stability comparisons for monomer of E1F1 (N-terminus insertion) with different
lengths of linkers (3 residues, 5 residues and 15 residues). A) Mimic diagrams of E1F1
monomers with different lengths of linkers (3 residues, 5 residues and 15 residues) by Chimera.
B) RMSD of E1F1 monomers with different lengths of linkers (3 residues, 5 residues and 15
residues).
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Figure S3.2 Simulation results from GROMACS for monomers of ferritin, E1F1, and F1E1 at
25, 70, 80 and 90 °C. A1) RMSD of ferritin. A2) RMSD of E1F1. A3) RMSD of F1El. B1) Rq
of ferritin. B2) Rq of ELF1. B3) Rq of F1E1.
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Figure S3.3 Simulation RMSD data for assembled structures of ferritin, EIF1 and F1E1 using
GROMACS at 150°C for 200 ns by comparing ferritin core part only.
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Figure S3.4 Circular dichroism spectra of ferritin, EIF1 and F1E1 at 25, 70, 80 and 90 °C. A)
Ferritin. B) E1F1. C) F1EI. D) Helix content of ferritin, E1F1 and F1E1 at 25, 70, 80 and 90
°C.
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3.6.2 Supporting tables

Table S3.1 Constructed PDB files by Discovery Studio.

PDB file name

Represented structure name

F, Ferritin monomer subunit
Fs3 Ferritin trimer subunit
Fos Ferritin bio assembly
E:F; monomer Monomer of ferritin with inserted EBNAT1 at the N-terminal with linkers (GGS)
EF; trimer Trimer of ferritin with inserted EBNA1 at the N-terminal with linkers (GGS)

E F; bio assembly Bio assembly of ferritin with inserted EBNA1 at the N-terminal with linkers (GGS)

F1E; monomer Monomer of ferritin with inserted EBNA1 at the C-terminal without linkers
F.E trimer Trimer of ferritin with inserted EBNA1 at the C-terminal without linkers
F|E, bio assembly Bio assembly of ferritin with inserted EBNALI at the C-terminal without linkers

Table S3.2 Cubic box for each structure generated from GROMACS.

PDB file name Cubic box dimensions
(nm*nm*nm)

Fi 10*10*10
F3 12%12*12
Fo4 22%22%22
E1F1 monomer 10*10*10
EF; trimer 12*%12*12
E(F1 bio assembly 22%22%22
F1E1 monomer 10*10*10
FiE; trimer 12*%12*12
F1E| bio assembly 22%22%22
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Table S3.3 Amino acid sequence of ferritin, EIF1 and F1E1.

Name Amino acid Sequence

Ferritin TTASTSQVRQNYHQDSEAAINRQINLELYASYVYLSMSYYFDRDDVALKNFAKYFLHQSH
EEREHAEKLMKLQNQRGGRIFLQDI
KKPDCDDWESGLNAMECALHLEKNVNQSLLELHKLATDKNDPHLCDFIETHYLNEQVK

AIKELGDHVTNLRKMGAPESGLAEYLFDKHTLGDSDNES

EBNA1-Ferritin HPVGEADYFEYGGSGGGGSGGGGSGGTTASTSQVRQNYHQDSEAAINRQINLELYASYV
(Ferritin with msertt::lnﬁfij;l epitope at the N- YLSMSYYFDRDDVALKNFAKYFLHQSHEEREHAEKLMKLQNQRGGRIFLQDI

KKPDCDDWESGLNAMECALHLEKNVNQSLLELHKLATDKNDPHLCDFIETHYLNEQVK

AIKELGDHVTNLRKMGAPESGLAEYLFDKHTLGDSDNES

Ferritin-EBNA1 TTASTSQVRQNYHQDSEAAINRQINLELYASYVYLSMSYYFDRDDVALKNFAKYFLHQSH

(Ferritin with inserted EBNA1 epitope at the C-

terminus) EEREHAEKLMKLQNQRGGRIFLQDI

KKPDCDDWESGLNAMECALHLEKNVNQSLLELHKLATDKNDPHLCDFIETHYLNEQVK
AIKELGDHVTNLRKMGAPESGLAEYLFDKHTLGDSDNESGGSGGGGSGGGGSGG

HPVGEADYFEY

Table S3.4 CD result of helix content of ferritin, EIF1 and F1E1 over temperature range of
25,70, 80 and 90°C.

Temperature | Ferritin helix content E1F1 helix content  F1E1 helix content
°O) (%) (%) (%)
25 52.8 82.5 81.1
70 47.1 77.2 79.4
80 43.9 73.7 66.1
90 38 58 52.5
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Table S3.5 Simulation result for helix content of one subunit of ferritin, E1F1 and F1EI1 at
defined temperatures.

Temperature | Ferritin helix content E1F1 helix content  F1E1 helix content
°O) (%) (Y0) (%)
25 84.6 85.7 88.4
70 89.6 85.7 71.7
80 77.3 74.4 76.6
920 83.6 82.2 65.9

Table S3.6 Simulation result for helix content of trimer of ferritin, E1F1 and F1E1 at defined
temperatures.

Temperature | Ferritin helix content E1F1 helix content  F1E1 helix content
°O) (%) (%) (%)
25 83.8 86.5 86.4
70 82.8 77.2 85.5
80 78.8 82.0 82.1
90 76.5 76.4 83.7
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3.6.3 Other supporting information not included in online publication
Figure S3.5 shows that E1F1 (lane 4) and F1E1 (lane 8) both achieved soluble expression by

using expression condition 37 °C, 200 rpm, 4 h. There were minor inclusion bodies expression

(lane 5: E1F1; lane 9: F1E1).

75 kDa e
50 kDa =

37 kDa
25 kDa

Figure S3.5 SDS-PAGE image of engineered ferritins (E1F1 and F1E1) expression.
Theoretical MW for E1F1 and F1E1 were 23.35 kDa. Lane 1: Protein marker; lane 2: E1F1
before adding IPTG; lane 3: E1F1 after adding IPTG; lane 4: E1F1 soluble expression; lane 5:
E1F1 inclusion bodies expression; lane 6: F1E1 before adding IPTG; lane 7: F1E1 after adding
IPTG; lane 8: F1E1 soluble expression; lane 9: F1E1 inclusion bodies expression. Red box
indicated target proteins E1F1/F1E1.
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Figure S3.6 and S3.7 showed the first step of E1F1 purification, acid and heat precipitation. It
was found that the condition (pH 5, 60 °C, 10 min, and total protein concentration 4 mg mL")

demonstrated the most purified protein.

Figure S3.6 SDS PAGE image of E1F1 heat precipitation at pH 5 for various conditions. Lane
1: E1F1 before purification; lane 2: 50 °C, 5 min, total protein concentration 8 mg mL™'; lane
3: 50 °C, 5 min, total protein concentration 4 mg mL!; lane 4: 50 °C, 10 min, total protein
concentration 8 mg mL'; lane 5: 50 °C, 10 min, total protein concentration 4 mg mL™; lane 6:
60 °C, 5 min, total protein concentration 8 mg mL!; lane 7: 60 °C, 5 min, total protein
concentration 4 mg mL'; lane 8: 60 °C, 10 min, total protein concentration 8 mg mL™'; lane 9:
60 °C, 10 min, total protein concentration 4 mg mL™!. Red box indicated target protein E1F1.

Figure S3.7 SDS PAGE image of E1F1 heat precipitation at pH 5.5 for various conditions.
Lane 1: E1F1 before purification; lane 2: 50 °C, 5 min, total protein concentration 8 mg mL!;
lane 3: 50 °C, 5 min, total protein concentration 4 mg mL™; lane 4: 50 °C, 10 min, total protein
concentration 8 mg mL™!; lane 5: 50 °C, 10 min, total protein concentration 4 mg mL™!; lane 6:
60 °C, 5 min, total protein concentration 8 mg mL!; lane 7: 60 °C, 5 min, total protein
concentration 4 mg mL!; lane 8: 60 °C, 10 min, total protein concentration 8 mg mL™!; lane 9:
60 °C, 10 min, total protein concentration 4 mg mL™!. Red box indicated target protein E1F1.
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Figure S3.8 indicated that the optimal acid and heat precipitation condition for F1IE1 was pH

4.5, 60 °C, 10 min, total protein concentration 4 mg mL.

Figure S3.8 SDS PAGE image of F1EI heat precipitation at pH 4.5 for various conditions.
Lane 1: F1E1 supernatant after heating precipitation at 60 °C, 5 min, total protein concentration
8 mg mL'; lane 2: F1E1 precipitation after heating precipitation 60 °C, 5 min, total protein
concentration 8 mg mL™'; lane 3: F1E1 supernatant after heating precipitation at 60 °C, 5 min,
total protein concentration 4 mg mL™'; lane 4: FI1E1 precipitation after heating precipitation
60 °C, 5 min, total protein concentration 4 mg mL™'; lane 5: F1E1 supernatant after heating
precipitation at 60 °C, 10 min, total protein concentration 8 mg mL™; lane 6: F1E1 precipitation
after heating precipitation 60 °C, 10 min, total protein concentration 8 mg mL!; lane 7: F1E1
supernatant after heating precipitation at 60 °C, 10 min, total protein concentration 4 mg mL™!;
lane 8: F1E1 precipitation after heating precipitation 60 °C, 10 min, total protein concentration
4 mg mL!. Red box indicated target protein F1E1.
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Figure S3.9 showed the second step of E1F1 and F1E1, using HIC to remove nucleic acid. The

major elution peak for both two proteins achieved more than 90 % purity.
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Figure S3.9 Chromatogram of E1F1 and FI1E1 purification by HIC. A) E1F1 purification by
Octyl FF at pH 6.5, 1.2M AS. B) F1E1 purification by Butyl FF at pH 6.5, 1.2M AS.

Figure S3.10 showed the purified E1IF1 and F1E1 a good diversity of nanoparticles in TEM.

A

Figure S3.10 TEM images of purified E1F1 and F1E1.
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ABSTRACT: Human ferritin is regarded as an attractive and promising vaccine
platform because of its uniform structure, good plasticity, and desirable thermal and
chemical stabilities. Besides, it is biocompatible and presumed safe when used as a
vaccine carrier. However, there is a lack of knowledge of how different antigen
insertion sites on the ferritin nanocage impact the resulting protein stability and
performance. To address this question, we selected Epstein—Barr nuclear antigen 1
as a model epitope and fused it at the DNA level with different insertion sites,
namely, the N- and C-termini of ferritin, to engineer proteins E1F1 and FI1EI,
respectively. Protein properties including hydrophobicity and thermal, pH, and
chemical stability were investigated both by molecular dynamics (MD) simulation
and by experiments. Both methods demonstrate that the insertion site plays an
important role in protein properties. The C-terminus insertion (FI1E1) leads to a
less hydrophobic surface and more tolerance to the external influence of high
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temperature, pH, and high concentration of chemical denaturants compared to N-terminus insertion (E1F1). Simulated protein
hydrophobicity and thermal stability by MD were in high accordance with experimental results. Thus, MD simulation can be used as
a valuable tool to engineer nanovaccine candidates, cutting down costs by reducing the experimental effort and accelerating vaccine

design.

B INTRODUCTION

To replace traditional live attenuated strains of pathogens and
inactivated killed pathogen vaccines, thereby reducing safety
risks, there has been a rapid development in advanced vaccine
carriers, such as polymers, liposomes, and nanoparticle
proteins.' ® Wild-type heavy-chain ferritin comprises 24
identical subunits, each 21 kDa in size, forming a spherical
hollow cage structure 12 nm in diameter.” The inner cavity of
the spherical hollow cage structure has a diameter of 8 nm
(Figure 1A,B)." Every ferritin subunit is made up of five
helices, A to E, with a long BC loop and three short loops (AB,
CD, and DE) connecting other helices (Figure 1A).”

Ferritin has considerable potential as a nanovaccine carrier
because of its numerous advantages. First and foremost, by
genetic modification, ferritin can carry antigens and expose
immunogens in a repetitive and well-organized manner.
Ferritin can display exogenous pe]:atidesm'II and heterologous
proteins, such as the influenza virus hel'1'1:agglt.1ti1'nin13 and
native-like HIV-1 envelope glycupmtein trimers.'* Both
examples indicate that ferritin-based protein nanoparticles
enhance the potency and breadth of virus vaccine immun-
ity.""™" Second, ferritin is extremely thermally and chemically
stable® and can be engineered for enhanced physicochemical
and biological properties:.H Last, due to its human source,
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human ferritin is considered safe with low toxicity, high
biocompatibility, and good biodegradability."”

As a vaccine carrier displaying epitope candidates, ferritin
has been investigated with three potential insertion sites,
namely, the N-terminus, C-terminus, and DE loop region. The
N-terminus of ferritin is connected to helix A and is located on
the outside of the protein shell, whereas the C-terminus is
located at the fifth short @-helix E on the inside of the hollow
cage (Figure 1A).” The native structure of ferritin is defined as
a flip structure. However, if the exogenous peptide of a
heterologous protein inserted at the C-terminus is very large
and unable to be packed inside the ferritin cage, helix E points
outside creating a flop conformation.'® It has been found that
the volume inside the ferritin cage is approximately 2.1 X 10°
Ad'® By assuming that each amino acid has an average volume
of 150 A3, the ferritin could potentially contain a total of 1400
amino acids inside the ferritin hollow cage by inserting them at
the C-terminus. If there are more than 1400 amino acids
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Figure 1. Human ferritin heavy-chain mimic visualized with DS 2019. (A) Native ferritin assembly structure and a monomer of native ferritin.
Three insertion sites are indicated by different colors (red: N-terminus; green: C-terminus; blue: flexible loop region). (B) Ferritin hollow cage

viewed by different angles.

inserted at the C-terminus, ferritin tends to become a flop
structure. In this case, the inserted epitopes at the C-terminus
are presented outside. Otherwise, if the inserted epitope is with
less than 1400 amino acids at the C-terminus, ferritin intends
to be a flip structure to present the epitope inside of the ferritin
cage. The flip or flop structure may in turn play an important
role in defining the quality and extent of the immune response.

There is limited knowledge about the connection between
the different insertion sites and the corresponding protein
properties. A recent study undertaken by Wang et al. displayed
different lengths of epitopes from Enterovirus 71 at the N- and
C-termini and the DE loop region (163 position) of ferritin to
compare immune responses.'” They found that peptides
inserted into the DE loop region invoked a stron§er immune
response than at the N-terminus and C-terminus.'’ However,
there are still knowledge gaps when comparing protein
properties following N-terminus and C-terminus insertion,
such as effects of hydrophobicity and thermal, pH, and
chemical stability.

The first important aspect to consider is protein hydro-
phobicity, which contributes significantly to protein folding
and the stability of the structure.'” A strategy to increase the
stability of proteins is to decrease the hydrophobic solvent
accessible surface area (SASA).'® The interaction of nonpolar
residues with water causes the side chain to be more exposed
to solvents for proteins with larger hydrophobic SASAs; hence,
this effect results in reduced stability."® Second, thermal
stability is indispensable when developing a vaccine platform to
ensure the bioactivity of the nanoparticle proteins. Most
proteins are restricted to an allowed temperature range (4—60
°C) to maintain structural integrity."” One consequence of a
temperature excursion out of this allowed range is the loss of
protein functions. By determining the thermal stability for
ferritin and engineered ferritin with different insertion sites,
our knowledge of structural diversity is conceivably expanded.
Last, pH and chemical stability are two other important
protein properties to consider. The isoelectric point (plI),
which is related to the pH stability, is the pH value at which
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the protein’s net charge is 0. At the pl, protein solubility and
electrical repulsion are the lowest, resulting in the highest
tendency for aggregation and precipitation.”’ pH is also a key
factor because it can cause the alterations in the structure of a
protein, which affects bioactivity. Protein stability against
chemical denaturants, such as guanidinium chloride
(GdnHCL), is helpful to understand protein structure
differences.”’ GdnHCL acts as an ionic denaturant and is
commonly used to probe the folding properties of proteins.*”
Accordingly, hydrophobicity and thermal, pH, and chemical
stability are deterministic of overall protein properties.

The experimental investigation of protein properties is a
time-consuming process, especially when dealing with large
numbers of samples during early vaccine development.
Recently, molecular dynamics (MD) simulation has been
widely applied to investigate important parameters related to
protein stability.””~** The key factors related to protein
stability include the hydrophobic SASA,””** root-mean-square
deviation (RMSD), and radius of gyration (R,). SASA could
directly show the changes in the accessibility of the protein to
the solvent,””* and it is related to protein stability as well. A
lower SASA generally represents higher thermodynamic
stability of the protein.’’ ™' RMSD, R, and a-helix content
are factors to predict protein structure changes related to
thermal change, along with presenting in-depth explanation for
the transition.”"***® RMSD is commonly used to reveal
protein structural stability.””** The higher the RMSD is, the
less stable the protein structure is suggested.”””**"** R can
be regarded as the basic measurement of protein overall
size.””" A smaller R, value indicates a more compacted
protein structure and may result in high stability. a-Helix
content indicates the protein secondary structure change at
high temperatures. The helical content of proteins increases
with increasing thermal stability.***> MD simulation can
provide reliable prediction of protein thermal-related proper-
ties and stability, which is able to be applied in the design of
vaccine candidates, to significantly reduce experiment related
costs, time frames, and failure.

https://doi.org/10.1021/acs jpch. 1c00276
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Figure 2. Engineered ferritins E1F1 and F1E1 mimic diagrams using DS 2019. Inserted epitopes are highlighted in red, and linkers are highlighted
in blue. (A) Assembly structures of E1F1 and F1EI. A monomer of E1F1 and FIEI are denoted in green. (B) Monomer structure of EIF1 and
F1EL. The epitope (red) and linker (blue) are inserted at the N-terminus of the ferritin monomer for E1F1, while they are inserted at the C-

terminus of the ferritin monomer for F1E1.

In this study, Epstein—Barr nuclear antigen 1 (EBNA1) was
selected as the model epitope as it shows high potential as a
vaccine candidate against the Epstein—Barr virus (EBV). EBV
is responsible for many human diseases such as lymphoma and
gastric cancer and mlght enhance the development of several
auto immune diseases.”® EBNAI is expressed in all EBV-
associated tumors, and it is an essential protein for EBV
maintenance and expression. There are limited therapies for
the prevention of EBV-associated diseases, and no licensed
vaccine is available to combat EBV infection." EBNAI
determines the replication and partitioning of viral genomic
DNA at latent viral infection. It is also the only viral protein
found in all EBV-related maJignanciesA“ Hence, EBNAI-
associated vaccines will potentially act as prophylactic vaccines
against all EBV strains.

By inserting the EBNAI epitope at the N-terminus and the
C-terminus of ferritin with 15 residues of linkers between the
epitope and the ferritin, we aimed to investigate the stability-
related properties of engineered ferritins. The four main
properties we took into account were hydrophobicity, thermal
stability, pH stability, and chemical stability. We developed a
new approach that combined the results from MD simulation
and experiments to improve stability predictions and the
underlying mechanisms of designing ferritin—EBNAI as an
engineered nanovaccine.

B MATERIALS AND METHODS

Protein Data Bank File Buildup. The Protein Data Bank
(PDB) files of the human heavy-chain ferritin (PDB ID:
2FHA) and EBNAIL (PDB ID: 2FZ3) were generated from the
RCSB PDB. Discovery Studio (DS) was used to edit the
epitope sequence for EBNAIL. The model epitope was
truncated off from EBNA1 comprising aa 407 to aa 417. A
set of ferritin subunit structures without the inserted epitope,
ferritin monomer (F,), ferritin trimer (F;), and ferritin
bioassembly structure (F,,) were prepared as the reference.
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By inserting one EBNAI1 epitope at the N-terminus of the
ferritin monomer structure with the linker, the PDB file named
E1F1 monomer was prepared. The length of the linker
between the ferritin and EBNA1 was assumed as 3 residues
rather than 15 residues as the longer linkers created complexity
in computational simulation and resulted in a highly unstable
system. For example, in Figure S1 (Supporting Information),
the EIF1 monomer with 3 residues of the linker showed the
most stable structure with the lowest RMSD compared to 5
and 15 residues of linkers. In the same manner, a set of PDB
files for ferritin with the inserted EBNAI epitope at the C-
terminus with three residues of the linker were prepared, as
shown in Table S1. Based on theoretical calculations, epitopes
and linkers with a total of 624 amino acids could fit the ferritin
cage completely. Hence, FIE1 (C-terminus insertion) was
assumed to have a ferritin flip structure, where the inserted
epitopes were contained inside of the protein cage, shown in
Figure 2.

MD Simulation of Ferritin Structures and Ferritin—
EBNA1 Structures. GROMACS 2018.3 was used to perform
MD simulations of the ferritin subunit structures and ferritin—
EBNAI structures in a water environment."*" The OPLS-
AA/L all-atom force field was used to generate topology files.*”
Each protein structure was solvated in a cubic box using the
TIP3P water model by specifying spc216.gro in GRAOMCS.”®
The dimensions of the cubic box for each structure are
summarized in Table S2. The minimum distance between the
protein and the wall of the unit cell was set to be 1.0 nm. The
protein/ion/water system was first energy-minimized and then
equilibrated in a 100 ps MD simulation with positional
restraints on the heavy atoms of the protein. The equilibration
was performed at a temperature of 300 K and a pressure of 1
bar by coupling to an external heat source and an isotropic
pressure bath. The position restraints were then released, and
the MD simulation was produced in 200 ns and the snapshots
were stored per 100 ps for the MD trajectory analysis.

httpsy/doi.org/10.1021/acs jpcb. 1 00276
J. Phys. Chem. B 2021, 125, 3830-3842
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For the hydrophobicity study by simulation, bovine serum
albumin (BSA) (PDB ID: 3V03) was simulated under the
same conditions. Hydrophobic SASA was determined by using
the gmx sasa tool from GROMACS based on the completed
MD simulation results for BSA, ferritin, E1IF1 (N-terminus
insertion), and F1E1 (C-terminus insertion) in water at 25 °C.
The error analysis on hydrophobic SASA was calculated using
block averaging (gmx analyze -ee).

Thermal stability studies for the monomer and trimer
structures of ferritin, EBNAl—ferritin, and ferritin—EBNAI1
followed similar procedures to above, but the MD simulation
was produced in 100 ns over a temperature range from 25 to
90 °C. The snapshots were stored per 50 ps for the MD
trajectory analysis. RMSD and R, of C, were determined using
the gmx rmsd tool and gmx gyrate tool from GROMACS. The
helix content was calculated using the gmx dssp tool from
GROMACS. For bioassembly structures of E1F1 and FIEI,
MD simulations were produced in 200 ns at 150 °C. The
snapshots were stored per 100 ps for the MD trajectory
analysis. RMSD and helix content were determined.

Plasmid Construction of Recombinant Ferritin Com-
plexes. The PET 30a vector was used to construct plasmids
harboring genes of two types of EBNAIl-fused ferritins
(ferritin—EBNA1 and EBNAIl—ferritin) and the control
ferritin. Target genes were inserted between BamHI and
Xhol restriction sites. The epitope, EBNA1 (HPVGEADY-
FEY), in two ferritin complexes, is the main immunogenic
domain of EBNA.*" This linear epitope is known to be a
potent natural target for cytotoxic T-lymphocytes.”** A 15-
residue linker (GGSGGGGSGGGGSGG) was inserted
between the epitope and ferritin in both ferritin complexes.
The amino acid sequence information for ferritin and
recombinant protein ferritin—EBNA1 is shown in Table S3.

Protein Expression and Purification. The plasmids were
transformed into Escherichia coli (E. coli) BL21 (DE3). The
expression process of the vector ferritin and the two
engineered ferritins was the same. A single bacterial colony
expressing each protein, namely, ferritin, EBNAIl—ferritin
(ELF1), and ferritin—EBNAI (F1E1), was inoculated in 50
mL of the LB medium supplemented with kanamycin (100 pg/
mL) and incubated overnight at 37 °C in an orbital mixer
incubator (Ratek), shaken at 180 rpm. 10 mL of the bacterial
suspension was then transferred to 500 mL of the LB with
kanamyein (100 pg/mL) medium. The culture was grown at
37 °C and shaken at 200 rpm until ODyy, reached 0.8,
followed by induction with 1 mM isopropyl f-d-1-thiogalacto-
pyranoside at 37 °C, 200 rpm for 4 h. Cells were collected after
centrifugation at 13,751g. Cell pellets were resuspended in the
lysis buffer and disrupted by sonication (a Scientx sonicator at
360 W: 4 s on and 6 s off for 10 min) with the lysis buffer [20
mM phosphate buffer (PB), 2 mM ethylenediaminetetraacetic
acid, pH 7.0]. Bacterial lysate was centrifuged at 13,751¢ for 30
min at 4 °C to remove cell debris, and the supernatant was
harvested for further protein purification.

The protein purification processes for ferritin, EBNAI—
ferritin, and ferritin—EBNA1 were the same, except that they
differed in the used chromatographic resin. First, the clarified
supernatant was diluted with Milli-Q_water to a final protein
concentration of 4 mg/mL. NaCl and NaAc—HAc were added
to a final concentration of 1 M and 100 mM, respectively; the
pH was adjusted to 5.0, and mixtures then underwent thermal
precipitation at 60 °C for 10 min. Centrifugation (19,802 g at 4
°C for 10 min) was conducted to remove precipitated
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impurities. Subsequently, the resultant supernatant pH was
adjusted to 6.5 by using 1 M PB, pH 8.0, and 1 M ammonium
sulfate (AS) was added for the following hydrophobic
interaction chromatography (HIC). In HIC, a HiTrap Octyl
FF column (GE Healthcare, USA) was used for ferritin and
E1F1; a HiTrap Butyl FF column (GE Healthcare, USA) was
used for F1E1. The equilibrated buffer was 100 mM PB, 1 M
AS, pH 6.5. The eluted buffer was 20 mM PB, pH 6.5. HIC
was performed on an AKTA pure (GE Healthcare, USA).
Briefly, samples were loaded onto columns equilibrated with
the equilibration buffer. After washing the column for 35
column volumes with the loading buffer, a linear gradient
elution of 0—100% elution buffer in 3 column volumes was
conducted and eluted peaks were pooled together. Absorbance
at 280 and 260 nm was recorded throughout chromatography.
Finally, collected fractions from HIC were buffer-exchanged to
20 mM PB, pH 7 using a HiTrap Desalting column (GE
Healthcare, USA). Protein expression and purities were
analyzed by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE).

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electro-
phoresis. Protein expression and purification were performed
with 12% (w/v) SDS separation gel having a 5% (w/v) SDS
stacking layer. Samples were prepared with 5X loading buffer
[containing 6% (v/v) 1 M Tris-HCL at pH 6.8, 25% (v/v)
glycerol, 1 mg/mL bromophenol blue, 2% (v/v) SDS, and 5%
v/v fF-mercaptoethanol]. Treated samples were heated at 100
°C for 10 min and loaded into the loading wells. Separation
was conducted at 200 V for 60 min. The gel was stained with
0.25% (w/v) Coomassie R-250 for 60 min, and the
background was washed using a washing buffer [10% (v/v)
ethanol and 10% (v/v) acetic acid] for 270 min.

Transmission Electron Microscopy. Purified ferritin and
engineered ferritins were diluted to a protein concentration of
0.1 mg/mL. Carbon-coated copper grids were incubated
facedown on 10 uL of the sample for 10 min. The grid was
washed 3% in droplets of Milli-Q water and then negatively
stained in 2% (v/v) uranyl acetate for 2 min. The excess liquid
was removed with a filter paper. Grids were analyzed with a
Philips CM100 transmission electron microscope operated at
100 kV (Field Electron and Ion Company, USA).

Size Exclusion Chromatography Coupled with Multi-
ple-Angle Laser Light Scattering. Size exclusion chroma-
tography with multiple-angle laser light scattering (SEC-
MALS) was performed to determine the hydrodynamic radius
and molecular weight of purified and engineered ferritins.
Superose 6 10/300 GL (GE Healthcare, USA) was connected
to a high-performance liquid chromatography system (Shi-
madzu, Japan) coupled with a Wyatt Optilab refractive index
and Wyatt DAWN MALLS detector (USA). The equilibrated
buffer was 20 mM PB, pH 7.0. The protein concentration was
S mg/mL. The loading volume was 50 uL.

Hydrophobicity Study. A hydrophobicity study was
performed to compare the hydrophobicity differences among
ferritin, E1F1, and FIEL. BSA was used as a control sample. 1
mL of each protein sample (BSA, ferritin, E1F1, and F1E1)
was adjusted to 2 mg/mL. Each protein sample was mixed with
4 mL of the equilibrated buffer (1.0 M AS buffer, 100 mM PB
containing Na,HPO, and NaH,PO,, pH 6.5). A HiTrap Butyl
FF column (GE Healthcare, USA) was used to perform the
hydrophobicity study. The elution buffer was 20 mM PB, pH
6.5. After the column was equilibrated, protein samples were
loaded to a HiTrap Butyl FF column individually. The column

https://doi.org/10.1021/acs jpch. 1 c00276
J. Phys. Chem. B 2021, 125, 3830-3842
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Figure 3. Characterization of engineered ferritins. (A) Coomassie blue-stained SDS-PAGE: lane 1, protein marker; lane 2, native ferritin; lane 3,
E1F1; lane 4, F1EL (B) MALS evaluation of ferritin, E1F1, and F1EI. (C) Size-exclusion (Superose 6) chromatogram for EIF1. (D) Size-
exclusion (Superose 6) chromatogram for FIEL. (E) TEM image of E1F1. (F) TEM image of FI1EL.

was then eluted with an elution buffer by a linear gradient
elution of 0—100% elution buffer in 3 column volumes. The
retention time for each protein sample was recorded using an
AKTA pure (GE Healthcare, USA).

Thermal Stability Study by Differential Scanning
Calorimetry. A MicroCal VP-DSC (Malvern, UK) was used
to determine the thermal stability of proteins. Samples were
prepared at a protein concentration of 1 mg/mL in 20 mM PB
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(Na,HPO, and NaH,PO,) at pH 7.0. For the differential
scanning calorimetry (DSC) measurement, a scan rate of 90
°C per hour was used for a temperature ramp from 30 to 120
°C, and samples were analyzed using the software package
Origin 9 (OriginLab Corporation, USA).

Thermal, pH, and Chemical Denaturant Stability
Study by Circular Dichroism. A circular dichroism (CD)
Chirascan V100 (Applied Photophysics, UK) was used to

https://doi.org/10.1021/acs jpcb. 1¢00276
J. Phys. Chem. B 2021, 125, 38303842



The Journal of Physical Chemistry B

pubs.acs.org/JPCB

analyze the secondary structure of the protein samples (0.3
mg/mL in 20 mM PB, pH 9.0). Each sample was scanned
three times. For the thermal stability study, samples were
equilibrated at 25, 70, 80, or 90 °C for 10 min. The signal from
190 to 260 nm was scanned. CD signals at a wavelength of 222
nm were recorded as a measurement of helix content. For the
pH stability study, protein samples (1 mg/mL in 20 mM PB,
pH 7.0) were adjusted from pH 7.0 to pH 4.0 by adding an
acid (1.0 M acetic acid). Samples were equilibrated at each pH
condition for 2 min. The CD signal from 190 to 260 nm was
scanned. For chemical denaturant stability studies, protein
samples (1 mg/mL in 20 mM PB, pH 7.0) were mixed with
guanidinium chloride (GdmClI) solution (6 M) and 20 mM PB
(pH 7.0) to reach final concentrations of 0, 0.5, 1.0, 1.5, 2.0,
2.25, 2.5, 2.75, 3.0, 3.25, 3.5, 4.0, 4.5, and 5 M GdmCl. Mixed
solutions were equilibrated for 2, 10, or 20 min to measure the
CD of 222 nm and 20 °C for 300 s.

M RESULTS AND DISCUSSION

Characterization of Engineered Ferritins. The molec-
ular weights for EBNA1—ferritin (E1F1) and ferritin—EBNA1
(F1E1) subunits measured by SDS-PAGE were both
approximately 23 kDa, as expected based on the amino acid
sequence (23.35 kDa) by ExPaSy Bioinformatics Resource
Portal (SIB Swiss Institute of Bioinformatics, Swiss), higher
than that for ferritin (21 kDa) due to inserted epitope and
linker (Figure 3A). The hydrodynamic diameters for
engineered ferritins E1F1 and F1El measured by SEC-
MALS were 15.2 and 13.3 nm, respectively, larger than that
of native ferritin at 13.2 nm (Figure 3B). In SEC experiments,
E1F1 showed a smaller elution volume of 12,9 mL compared
to F1E1 (13.9 mL) (Figure 3C,D), consistent with the
hydrodynamic diameter results by dynamic light scattering
(E1F1: 15.3 nm; F1EI: 13.5 nm). These results proved that
both E1F1 and F1E1 presented flip structures, For N-terminus
insertion, epitopes were exposed outside the structure, while
for C-terminus insertion, epitopes were located inside the
ferritin cage. Transmission electron microscopy (TEM) results
did not reveal any differences regarding the particle structures
for E1F1 and F1E1. Both were characterized as well-assembled
particles having a monodispersed structure (Figure 3E,F).

Hydrophobicity Study by Simulation and Experi-
ments. To understand the impact of insertion sites on the
properties of the engineered ferritin, hydrophobicity was
compared between EIF1 and F1El. Hydrophobicity was first
examined by computational simulation. Simulation results for
hydrophobic SASA shown in Table 1 indicated that hydro-
phobic SASA was considerably related to protein molecular
weight.

Table 1. Hydrophobicity-Related Parameters from
Experiments and Simulations”

molecular  retention time by  average hydrophobic
PDB weight experiments SASA by simulation
molecule D (kDa) (min) (nm?)
BSA 3Vo3 66.0 20.3 2839 0.9
native 2FHA 504 24.5 6819 037
ferritin
E1F1 N/A 560.4 29.6 8663 0.29
FIE1 N/A 560.4 26.0 8275 025

“The PDB files for E1F1 and F1E1 were structured from the DS.
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BSA showed the least hydrophobic SASA (BSA: 284 nm?;
ferritin: 682 nm?; E1F1: 866 nm% FI1EI: 828 nm?). E1F1 (N-
terminus insertion) was the most hydrophobic of the tested
proteins as its hydrophobic SASA was the largest (Figure 4B).
Simulations also showed that the hydrophobic SASA of F1EI
was smaller than that of E1F1. Experimentally, four proteins
(BSA, ferritin, E1F1, and F1E1) were loaded to a HiTrap Butyl
FF column individually and then eluted under the same
conditions. A longer retention time indicates a stronger
binding with the resin and thus higher protein hydrophobicity.
As shown in Figure 4A, E1F1 (N-terminus insertion) showed
the highest hydrophobicity, with the retention time at 29.6
min, followed by FIEl (C-terminus insertion) at 26.0 min
(Table 1). The addition of EBNAI antigens to the termini of
ferritin increased total hydrophobicity.

Simulation results for hydrophobic SASA accorded well with
experimental results. It was found that the addition of epitopes
increased the hydrophobicity of engineered ferritins compared
to native ferritin. This is due to inserted epitopes and linkers
consisting of the hydrophobic amino acids proline (P), valine
(V), glycine (G), alanine (A), and phenylalanine (F). Both
simulation and experiments revealed that EIF1 (N-terminus)
was the most hydrophobic of the tested proteins. Although the
theoretical molecular weights for E1F1 and F1El were the
same, N- and C-terminus insertions impact differently with
regard to hydrophobicity as the space allocation of the same
epitopes is quite different. As has been mentioned above, both
E1F1 and F1E1 presented in ferritin flip structures, where N-
terminus insertion locates epitopes outside the ferritin cage
and C-terminus insertion locates epitopes inside the ferritin
cage. On this account, N-terminus insertion was more
hydrophobic than C-terminus insertion. These results also
confirmed that computational determination of protein
hydrophobic SASA predicted well the practical protein
hydrophobicity.

Thermal Stability Study by Simulation and Experi-
ments. Thermally stable proteins are expected to have low a-
helix content loss™' and less fluctuating regions™"**** and are
expected to be more compact.”’ The amount of a-helix
content loss reveals protein secondary structure changes. Less
a-helix content loss suggests a more stable secondary
structure.””” A lower RMSD indicates a more thermally
stable protein structure.” ™" A lower R, shows a more compact
protein structure and higher stability.”* Simulations of the
monomer of ferritin, E1F1, and FIE] at defined temperatures
(25, 70, 80, and 90 °C) were run to investigate the difference
in thermal stability by analysis of a-helix content, RMSD, and

of the central carbon atom (C,). The ferritin monomer
presented the highest stability over all the tested temperatures.
After 100 ns, the helical content reduction at 90 °C was
minimal compared with that at 25 °C (Figure SA). High
temperature impacted less on the EIF1 monomer (N-terminus
insertion) in terms of helical content change; the EIFI
monomer only lost 4% helical content at 90 °C compared to
the FIEl monomer (23% helical content loss) (Table SS,
Supporting Information). The RMSD results highlight that the
stability of the FIEl monomer fluctuated more wildly with
increasing temperature than that of the EIF1 monomer
(Figure S4A2,A3, Supporting Information). The R, results for
E1F1 and FIEl monomers were similar except at 90 °C, where
the FIE]l monomer started to be less compact than the E1F1
monomer (Figure S4B2,B3, Supporting Information). Simu-

https//doi.org/10.1021/acs jpcb. 1c00276
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Figure 4, Hydrophobicity of engineered and eluted native ferritins. (A) BSA (black), native ferritin (red), EIF1 (magenta), and FI1E1 (green) from
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Figure 5. a-Helix content for monomers of ferritin, E1F1, and F1E1 using GROMACS over a temperature range from 25 to 90 °C. (A) One
subunit of ferritin. (B} One subunit of E1F1. (C) One subunit of F1E1.

lation results suggest that N-terminus insertion of the
monomer was more stable than C-terminus insertion at 90 °C.

To consider interactions among each monomer, trimer
structures for ferritin-associated proteins were also simulated.
Helical content decreased due to increasing temperature and
displayed a similar trend for all three trimer structures, ferritin,
E1F1, and F1E1 (Figure 6). Unlike the trend for the monomer
structure of F1EI, the trimer structure enhanced the protein
secondary structure’s ability to resist high temperatures. There
was a minimal helical content decrease for the F1E1 trimer
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compared with the FIE1 monomer at high temperatures up to
90 °C. It was also observed that at 90 °C, the F1E1 trimer had
less helical content loss than the E1F1 trimer, 3% compared to
10% (Table S6, Supporting Information). This result indicated
that the high temperature (90 °C) impacted less on the
secondary structure of the F1E1 trimer (C-terminus insertion)
compared to the EIF1 trimer (N-terminus insertion). It was
also found that except for ferritin, RMSD variance for trimer
structures was similar to that of monomer structures (Figures 6
and S2). This suggests that under all tested temperatures for

httpsy/doi.org/10.1021/acs jpcb. 1 c00276
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100 ns, there were measurable thermal effects on secondary
structures of EIFl and FIEl. However, regarding the
structural stability in terms of RMSD, the comparisons
between E1F1 and F1E1 were not obvious.

To support a better understanding of the thermal effect on
protein assembly structures and more observable thermal
stability comparisons, 24 subunits of ferritin, E1F1, and F1E1
were simulated at a relatively high temperature of 150 °C, well
above the reported denaturation temperature of ferritin at 102
°C.** Due to computation capacity limitations, an extreme
condition was proposed as 150 °C for 200 ns.”"*® The helical
content losses for 24 subunits of ferritin, E1F1, and F1E1 were
21, 16, and 219%, respectively (Figure 7A). The simulation
results also indicated that the three assembly proteins were still
integrated after 200 ns. Compared with trimer structures,
thermal stabilities for all three assembly proteins were
improved as the secondary bonds in all three proteins survived
the thermal effect to preserve protein tertiary structures. The
assembly of protein subunits is driven by secondary bonds,
such as noncovalent interactions, including hydrogen bonding,
electrostatic association, hydrophobic effects, and van der
Waals forces.””*" It was also observed that thermal stabilities
for each protein were different at 150 °C regarding their
backbone RMSD. Figure 7B reveals that ferritin was the most
thermally stable over 200 ns with the lowest RMSD, and F1E1

3838

165

was found to be more thermally stable than E1F1, indicated by
a lower RMSD obtained. RMSD related to the ferritin core
part without consideration of linkers and epitopes was also
calculated to determine how fusion proteins E1F1 and F1E1
were perturbed compared to wild-type ferritin (Figure S3,
Supporting Information). It showed that the RMSDs for core
parts of E1IF1 and F1E1 were similar but higher than that of
wild-type ferritin. It demonstrates the less stable core parts of
E1F1 and F1E1 than wild-type ferritin. R results (Figure 7C)
also indicated that F1E1 had a more compact structure than
E1F1 at 150 °C. Computed hydrophobic SASA for each
protein decreased against time (Figure 7D). This indicates that
since simulation started, less hydrophobic surface area was
exposed to water. The hydrophobic SASA for E1F1 was found
to be lost the most as 37%. To conclude, MD simulation-
predicted native ferritin presents the best thermal stability,
while C-terminus insertion to ferritin showed better thermal
stability against high temperatures up to 150 °C than N-
terminus insertion.

To validate this simulation prediction, thermal stability was
characterized by experiments using DSC. As shown in Figure
8A, the first peak (Tm,) suggested where the protein structure
began to partially change but will integrate the structure
remaining. After the second peak (Tm,), protein structures
were completely destroyed. The Tm, range for three proteins

httpsy/doi.org/10.1021/acs jpcb. 1c00276
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was around 63.6—80.1 °C (Figure 8A—C). Native ferritin had
robust thermal stability, and the structure was completely
denatured above 100 °C (Figure 8A). In comparison with
native ferritin, adding epitopes decreased the maximum
tolerated temperature. For both E1F1 and F1El, the proteins
were completely disassembled below 90 °C (Figure 8B,C).
The denaturation temperature for C-terminus insertion was
slightly higher than that for N-terminus insertion (Tm, values
85 and 80 °C, respectively). The experimental results are well
aligned with the MS simulation result; C-terminus insertion
showed better thermal stability than N-terminus insertion.

For detailed investigation regarding protein secondary
structure changes, four temperatures (25, 70, 80, and 90 °C)
were selected based on DSC results. CD showed that the
helical content of proteins was connected to the secondary
structural changes of ferritin, EIFI, and F1El at defined
temperatures (Figure S4, Supporting Information). Both E1F1
and F1E1 showed less tolerant thermal stabilities than native
ferritin. The overall decrease of the secondary structure of helix
content for ferritin is 15% at 90 °C, while E1F1 and F1E1 lost
25 and 29% helix content, respectively (Table $4, Supporting
Information). N-terminus insertion displayed preserved
helicity until 80 °C. After 80 °C, there was a dramatic helical
content reduction. In contrast, C-terminus insertion appeared
to have weaker helicity above 70 °C. All these results from CD
are consistent with the results from DSC and indicate that the
engineered ferritin is slightly less thermally tolerant than native
ferritin for temperatures up to 70 °C.

Overall, both molecular simulation and experimental results
clearly confirmed a change of the insertion site on an
engineered ferritin and impacted significantly on the thermal
stability of the protein. Based on the simulation results, the
E1F1 monomer showed similar thermal properties to the
native ferritin monomer in terms of helical content and the
RMSD value up to 90 “C. In comparison, the FIEl monomer
showed less thermal stability and major helix content loss.
However, the thermal stability for the trimer structure of FIE1
was enhanced. At temperatures in the range of 25—-90 °C, the
trimer structures of the native ferritin, E1F1, and F1E1 all
presented similar trends regarding the helix content change. It
was found that the assembly structure of the protein could
significantly increase resistance to high temperature. Engi-
neered ferritins and native ferritin could still retain their
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structures at 150 °C for 200 ns in simulation. Considering only
terminus insertions, E1F1 showed slightly stronger helicity
than F1E1 at 150 °C for 200 ns, which was consistent with CD
results. On the other hand, F1E1 showed lower fluctuated
regions and better structure stability than EIF1. This could
explain that the tertiary structure of F1El presented better
thermal stability in DSC results. By comparing the hydro-
phobic SASA for these two proteins, EIF1 had a larger
hydrophobic SASA than FIEl, which implies that more
hydrophobic side chains are exposed to water and an unfolding
process is favored, thus resulting in weaker thermal stability.
Hence, C-terminus insertion was more thermally stable than
N-terminus insertion when considering the assembled
structure.

Effect of pH Change on Engineered Ferritins. To
investigate the effect of pH on engineered ferritins, equal
amounts of purified E1F1 and F1E1 were adjusted to pH 4, 5,
6, and 7, and all samples were inculcated in CD for 5 min. By
observing the band at wavelengths of 210-230 nm, FI1E1
showed an obvious shift only at pH 5, whereas E1F1 has two
obvious curve shifts at pH 4 and pH § (Figure 9A,B). The
theoretical pl for E1F1 and FIEl is approximately 5.13;
therefore, at pH §, both E1F1 and F1E1 secondary structures
shifted because of the protein isoelectric point (pI) effect. At
pH equal to pl, purified proteins have zero net charge and the
attraction force becomes dominant, resulting in proteins that
are more likely to aggregate and precipitate.‘w Nevertheless,
F1El was more tolerant to a lower pH than E1F1 as the
secondary structure of EIF1 was completely changed from pH
5, while F1E1 was able to maintain the secondary structure at
pH 4. For N-terminus insertion, epitopes are located on the
surface of the ferritin particle. The aggregation of epitopes is
possible for E1F1 at pH 4. C-terminus insertion buries the
epitopes inside the ferritin cage and thus protects them from
outside low-pH conditions. Consequently, C-terminus in-
sertion is expected to be more tolerant to a lower pH than N-
terminus insertion.

Effect of Chemical Denaturants on Engineered
Ferritins. To test the stability of EIF1 and FIEl against
chemical denaturation, CD spectra at a wavelength of 222 nm
were recorded with varying guanidinium chloride (GdnHCI)
concentrations. The samples of all three proteins were
equilibrated with GdnHCI solution for 20 min. Native ferritin

https://doi.org/10.1021/acs jpcb. 100276
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was used as the reference. Native ferritin was highly chemically
stable. Ferritin lost 50% of its native structure at 5 M GdnHCI
(Figure 10).
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Figure 10. CD spectra of ferritin, E1F1, and FIE1 with varied
guanidinium chloride concentrations from 0 to 5 M at 20 °C for 20
min.

Compared with ferritin, both E1F1 and F1E1 were less
tolerant to chemical denaturants. Transition of E1F1 occurred
from 3 M GdnHCL. Fifty percent of the native structures in
E1F1 and F1El1 was lost at 4.25 and 4.60 M GdnHC],
respectively. It could be clearly observed that FIE1 showed
better chemical stability than E1F1. E1F1 was completely
unfolded at 45 M GdnHCI, whereas for FI1El and ferritin,
folded structures still existed at pH 4.5. There is still limited
knowledge about the mechanism of how the chemical
denaturant GdnHCI interacts with ferritin, F1E1, and E1F1
by binding to the specific sites or by altering the interactions
between protein and water molecules. One possible explan-
ation for the different behaviors toward chemical denaturants
by E1F1 and F1E1 is the hydrophobic effect.”” The smaller
hydrophobic patch in FIE1 (shown in Table 1) and also the
simulation result of hydrophobic SASA encourage the protein
to interact with water molecules, which moves toward a low
entropy folded state. In contrast, for protein E1F1, as the
EBNAL epitope and soft linkers are mainly composed of
hydrophobic amino acids (Pro, Val, Gly, Ala, and Phe), they
were completely exposed outside the ferritin cage, which
contributed a larger amount of hydrophobic side chains to the
surrounding solvent than ferritin and E1F1. The contribution
of denaturant co-solvents to this hydrophobic effect was even
stronger. It has been found from both MD simulation and
experiments by England et al®! that guanidinium in particular
interacts with the hydrophobic regions of a protein through its
flat and nonpolar surface to reduce the unfavorableness of its
exposure to the solvent. Hence, larger hydrophobic regions
drive a stronger interaction between guanidinium and proteins.
In the end, C-terminus insertion is more stable than N-
terminus insertion against the chemical denaturant GdnHCL

M CONCLUSIONS

The insertion site of epitopes in ferritin as an engineered
nanovaccine plays an important role in the modified protein’s
stability and performance. In this study, two insertion sites in
ferritin were considered. E1F1 was produced by inserting the
epitope and soft linkers at the N-terminus of ferritin where
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epitopes were on the surface of nanoparticles, while FIE1
inserted epitopes at the C-terminus located inside the ferritin
cage. Via a combined study of simulation and experiments, we
demonstrated that N-terminus insertion (E1F1) and C-
terminus insertion (FIE1) have different protein properties.
Both simulation and experimental data suggested that
engineered ferritin with N-terminus insertion was more
hydrophobic and less stable than that of C-terminus insertion.
The less hydrophobic SASA provided F1EI less interactions
between nonpolar residues with water molecules. Therefore, a
more tolerant pH and chemical denaturant stability was
obtained. This work improves our understanding on ferritin
nanoparticles as a vaccine carrier. It also provides a method by
combining molecular simulation and experiments to predict
engineered protein stability with epitope insertion, which
potentially shortens the development process for nanoparticle
protein-based vaccine design.
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Abstract

Epitope-based chimeric (EBC) vaccines have received research attention because of
demonstrated safety and efficacy. The linker in EBC vaccine, can significantly affect protein
and hence vaccine stability. Despite this empirical understanding, there are limited systematic
reports as to how protein stability is affected by flexible linker length. Here we report for the
first time, the impact of flexible linker length on stability of engineered ferritins in design for
a stable EBC vaccine. Four (4) engineered ferritins were synthesized by inserting Epstein-Barr
nuclear antigen 1 (EBNA1 or ‘E’) and flexible linkers (3 or 15 residues) at the N- or C-terminus
of human ferritin heavy chain (HFn or ‘F’), namely, E1L1sF1, E1LsF1, FiLisE1 and FiL3Es. It
was found that: 1) long linkers boosted protein stability against thermal and chemical
denaturants compared with short linkers, especially for linkers inserted at N-terminus, and; 2)
for N-terminus insertion, E1L1sF1 long linker group was significantly less hydrophobic than
E:1L3F1 short linker group. Therefore, design of long flexible linkers for stable protein may be
important to ensure epitope-based chimeric vaccine is stable and thus safe and efficacious.
Findings will inform future studies as to the importance of considering linker length in the

design of EBC vaccines.

KEYWORDS: ferritin, stability, flexible linker
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4.1 Introduction

With the present COVID-19 pandemic, there is increasing interest in epitope-based chimeric
vaccine development. This is because of advantages including: 1) a broad selection of particle
sizes (5 to 100 nm) !, 2) cost-effective production systems 2, and; 3) highly repetitive structures
to induce immune responses 2. Epitope-based chimeric vaccine is a protein-based vaccine that

consists of three (3) major parts, namely, 1) nanoparticle protein cage, 2) epitope, and 3) linker.

Protein stability is important because: 1) structural stability of proteins is critical to presentation
of antigens on major histocompatibility complex (MHC) to induce potent immune response >,

and; 2) stable proteins can be readily expressed and purified 7%, A stable protein therefore

ensures that epitope-based chimeric vaccine is safe and efficacious.

The linker is a key component in design of epitope-based chimeric vaccine. Its purpose is to
provide significant separation between nanoparticle protein cage and epitope to maintain
individual structure and hence function. A lack of appropriate linker therefore leads to problems,
for example, protein misfolding *!°, protein aggregation and low yield in protein production
9

11 and/or impaired bioactivity *!>!%, The selection of linker directly affects protein stability

%15 Therefore, the linker is important in design for stable epitope-based chimeric vaccine.

Linkers are classified into 3 broad types, 1) flexible, 2) rigid, and; 3) cleavable, shown in Figure
4.1. Flexible linkers are designed for protein cages that require a particular degree of movement,
or interaction °. Compared with flexible linkers, rigid linkers, such as polyproline motifs ¢ and
o-helical linker 7, separate protein cage and epitopes more efficiently in rigid structures °.
Rigid linkers have potential to interfere with protein folding '8. Cleavable linkers are used for

releasing free functional domains in vivo °.
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Flexible linkers are commonly applied therefore in epitope-based chimeric vaccine, because
these: 1) can be readily designed with negligible changes on conformational stability of the
protein nanocage, and; 2) provide significant distance between epitope and protein nanocage

to function independently *+1%2°,

Protein nanocage

Figure 4.1 Schematic of 3 linker types by using software Discovery Studio 2021 2. Human
ferritin heavy chain is used as example for the protein nanocage and is marked in blue-colour.
Epitope is marked red. Linkers are marked black. 1) Flexible linker provides flexible distance
between epitope and protein nanocage; 2) Rigid linker gives fixed distance between epitope
and protein cage, and; 3) Cleavable linker releases epitope from protein nanocage.

Amino acid composition and length of flexible linker are two key design parameters. Flexible
linkers are synthesized by small non-charged residues 2. Gly and Ser residues, known as ‘GS
linker’, are widely applied in fusion proteins because of good solubility and flexibility °. The
property of a GS linker is altered by adjusting glycine content. Gly-rich linkers are highly
significantly flexible 2. Sabourin et al. designed a flexible linker (Gly)s between the open
reading frame of a yeast gene and nine (9) Myc epitopes 2*. This type of linker increases
accessibility of an epitope to antibodies and/or to improving protein folding °, °. Rosmalen et

al. reported that Forster resonance energy transfer (FRET) efficiency was overall lower for

linkers with less glycine . This finding explained that stiffness of polypeptide linkers
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increases with decreasing glycine content. The minimum and maximum linker length, based
on recent reports, is between 2 and 31 amino acids. Linker length is commonly selected from
5 to 11 residues . This length needs to be optimal to maintain protein folding and stability.
Changes in linker length and composition make a significant difference to protein folding

kinetics %’.

There is however a present lack of understanding on the impact of flexible linker length on
protein stability. Robinson et al. pointed out that a linker with 19 residues synthesized the most
stable protein 2. The addition or deletion of amino acids decreased protein stability. Nagi et al.
demonstrated that that there is an inverse correlation between linker length and protein stability
28 Rop protein was used as a model system, and a series of flexible linkers with 1 to 10 Gly
residues was applied. They reported that all variants retained functionality. Stability against
thermal and chemical denaturation was reduced with increasing flexible linker length.
However, experimental results reported by Chen et al. were contradictory. This is because it
was claimed that a longer flexible linker improves activity and stability of displayed esterase
over shorter flexible linker 2°. Lau et al. performed molecular dynamics simulation to show
that longer flanking linkers provide flexibility for the presentation of rotavirus VP8" antigen
module on VP1, resulting in good expression of the modular proteins *. The mechanism of
impact of linker length on protein folding and stability is still not fully understood. These
studies however have underscored that the length of flexible linker is a significant design

parameter for the expression of stable folded fusion protein.

In this study, the impact of flexible linker length on protein stability of epitope-based chimeric
ferritin-based vaccine was investigated using an experimental approach. Short (GGS) and long

(GGSGG GGSGG GGSGQG) flexible linkers were applied between the epitope Epstein-Barr

177



nuclear antigen 1 (EBNA1) and nanoparticle protein cage human ferritin heavy chain (HFn).
Two (2) insertion sites were used on human ferritin heavy chain, 1) N-terminus, and; 2) C-
terminus, to give four (4) engineered ferritins plus a control, 1) E1LsF1 (N-terminus insertion,
3 residues linker), 2) F1L3E; (C-terminus insertion, 3 residues linker), 3) EiLisF1 (N-terminus
insertion, 15 residues linker), 4) FiLisE1 (C-terminus insertion, 15 residues linker), and; 5)
control wild type HFn (without linker and epitope). Detailed information of gene sequences is
provided in Table S4.1, Supporting Information. Protein hydrophobicity and protein stability
were determined against thermal and chemical denaturants to quantify the impact of flexible

linker length.

Findings highlighted that long flexible linkers inserted at N-terminus of HFn significantly
reduced protein surface hydrophobicity and boosted protein stability against thermal and
chemical denaturants, compared with short flexible linkers. The differences between long and
short flexible linker inserted at C-terminus of HFn however were negligible. Therefore, flexible
linker design is important to produce stable proteins that ensure safe and efficacious epitope-

based chimeric vaccine.

Findings are expected to be immediate interest and benefit to a range of researchers in the

design of flexible linkers to produce stable and efficacious vaccines.
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4.2 Materials and methods

4.2.1 Expression and purification of engineered ferritin

PET 30a vector was used to synthesize plasmids harboring genes of 4 types of Epstein-Barr
virus nuclear antigen-1 (EBNA1) fused HFn, namely, E1L3F1, FiL3E1, EiLisF; and F1LisE1 and

control HFn.

Target genes were inserted between Nde I and BamH I restriction sites 3!. The plasmids were
transformed into E. coli BL21 (DE3) 3!. The expression of the vector ferritin and four (4)
engineered ferritins were the same, following a similar experimental procedure as previous

published work 32,

Cells were collected by centrifugation at 13,751 xg. Cell pellets were suspended in lysis buffer
(20 mM phosphate buffer, 2 mM EDTA, pH 7.0) and disrupted by sonication on ice with control
temperature below 37 °C (Scientx Sonicator at 360 W: 4 s on and 6 s off for 10 min) 3!, Bacterial
lysate was centrifuged at 13,751 xg for 30 min at 4 °C to remove cell debris. Supernatant

contained target proteins.

Protein purification for these five proteins was similar 3!. Two steps including heating
precipitation and hydrophobic interaction chromatography (HIC) were applied (Table S4.2,
Supporting Information). Protein supernatant collected after centrifugation was diluted with
Milli-Q water to a final total protein concentration of 5 mg mL™!. NaCl and NaAc-HAc were
added to precipitate host cell proteins. pH of HFn, FiL3E; and FiLisE; was adjusted with NaAc-
HAc (IM) to 4.5, whilst for E;L3F; and ELisF1, pH was adjusted to 5.5 and 5.0, respectively.
Heat (60 °C, 10 min) was applied to help precipitate impure proteins. After that, centrifugation

(19,802 xg at 4 °C for 10 min) was used to collect supernatant. Resultant supernatant was ready
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to perform hydrophobic interaction chromatography (HIC).

A HiTrap Butyl FF column (GE Healthcare, USA) was used for HIC. The equilibration buffer
of HFn, F1L3E: and FiLisE1, was 100 mM phosphate buffer, 1.2 M ammonium sulfate (AS),
pH 6.5. For E1LsF; and EiLisF; the salt concentration of AS in the equilibrated buffer was
reduced to, respectively, 0.8 M and 1.0 M. The eluted buffer was the same for all proteins as
20 mM phosphate buffer, pH 6.5. The chromatography procedure using AKTA Pure (GE
Healthcare, USA) was exactly same as previous published work 3!. Protein purity level was
determined by 12 % (w/v) sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE).

4.2.2 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE)

SDS separation and stacking gel layers were prepared as 12 % (w/v) and 5 % (w/v), respectively.
Samples preparation was same as previously 3!. Separation was conducted at 200 V for 40 min
using PowerPac Universal Power Supply (Bio Rad, USA). The gel was stained with 0.25 %
(w/v) Coomassie R-250 for 60 min. The background was washed using a buffer of 10 % (v/v)

ethanol (AR) (ChemSupply, AU) and 10 % (v/v) acetic acid (ChemSupply, AU) for 60 min.

4.2.3 Transmission electron microscopy (TEM)

Samples preparation was same as previously 3!. Grids were analysed with a Philips CM100

transmission electron microscope operated at 100 kV (Field Electron and Ion Company, USA).
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4.2.4 Size exclusion chromatography coupled with multiple-angle laser
light scattering (SEC-MALYS)

Sample preparation was same as reported previously *!. Superose 6 10/300 GL (GE Healthcare,
USA) was connected to a high-performance liquid chromatography (HPLC) system (Shimazdu,
Japan) coupled with Wyatt Optilab refractive index (RI) and Wyatt DAWN MALLS detector
(USA). Hydrodynamic radius was determined by the software ASTRA (Wyatt Technology,

USA).

4.2.5 Hydrophobicity

Hydrophobicity was determined by hydrophobic interaction chromatography amongst HFn,

E1L3F1, F1L3E1, E1LisF1 and FiLisE; fOHOWing a similar procedure 31.

Sample volume was adjusted to 2 mL with protein concentration of 1 mg mL!. Each protein
sample was mixed with 8 mL of equilibration buffer of 0.8 M ammonium sulfate buffer, 100
mM phosphate buffer containing Na2HPO4 and NaH;POs, pH 6.5. The elution buffer was 20
mM phosphate buffer, pH 6.5. A HiTrap Butyl FF column (GE Healthcare, USA) was
connected to AKTA Pure (GE Healthcare, USA) and was equilibrated by the equilibration
buffer before loading protein samples. The column was eluted with the elution buffer by linear
gradient elution of 0 to 100 % elution buffer in ten (10) column volumes. Retention time for

each protein sample was recorded using software Unicorn 7 (GE Healthcare, USA).

4.2.6 Thermal stability by differential scanning calorimetry (DSC)

Nano DSC (TA Instruments, USA) was performed to analyze protein thermal stability. Samples
were prepared at protein concentration 5 mg mL™!' in 200 mM phosphate buffer (Na;HPO4 and

NaH>POy) at pH 7.0. Sample volume was 0.3 mL. DSC was equilibrated by the setting of 30
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min with scan rate of 90 °C h'! at a temperature ramp from 30 to 110 °C. Data were analysed
using software Nano Analyze (TA Instruments, USA). Raw data from the experiment were

subtracted from the reference buffer scan.

The baseline was fitted and subtracted from the thermogram using a sigmoidal baseline
function. Differences in heat capacity of the folded and unfolded states of protein were
determined **. The midpoint of transition temperatures (Tm) and calorimetric enthalpy (AH)
were determined at end of analysis. The unit of AH is kcal mol™!, where mol is defined as molar

quantity for proteins based on equation (4.1).

Molar quantity (mol) = Protein concentration (g mL™) x Sample volume (mL) / Molar weight

(g mol™) (4.1)

4.2.7 Stability against thermal- and chemical denaturants by fluorescence
spectrometer

Fluorescence spectrometry (RF-5301PC, Shimadzu, Japan) was used to determine tertiary

protein change against thermal- and chemical denaturants.

To determine thermal stability samples were prepared at protein concentration of 0.1 mg mL!
in 200 mM phosphate buffer (Na,HPO4 and NaH2POy4) at pH 7.0. An excitation wavelength of
280 nm was used, and emission was recorded from 300 to 600 nm with a scanning rate of 1200

nm min’!

, using 1.0 cm path length cuvette. Each protein sample was analyzed at room
temperature (RT), 30, 40, 50, 60, 70, 75, 80, 85, 90, 95 and 100 °C for 10 min, and then scanned

three (3) times. Data were analyzed using Origin 2021 **. Maximum fluorescence intensity

change (MFIC) was computed by equation (4.2):
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MFIC = (> - I1)/I1 x 100 % (4.2)
where /1 = protein maximum fluorescence intensity without treatment (a.u), and /» = protein

maximum fluorescence intensity following treatment (a.u).

To determine impact of chemical denaturants (GdnHCI and urea) on protein stability, HFn,
EiLsF1, EiLisF1, F1L3E1, and F1LisE; were adjusted to the concentration of 0.3 mg mL™! in 20
mM phosphate buffer at pH 7.0. Each 1 mL of protein was treated with varying concentration
of GdnHCl, or urea, to give a final concentration of 0.1 mg mL"!; final GdnHCI concentration
0f0,1,2,3,4,5, 6 M, and; final urea concentration of 0 1, 2, 3,4, 5, 6, 7 and 8 M, respectively,
shown in Table S4.3, Supporting Information. The treated protein sample volume was 3 mL.
Treatment time intervals were 0, 1, 2, 4, 8, 12 and 24 h. At 0 h, samples were equilibrated with
chemical denaturant (GdnHCI or urea) for 5 min prior to recording spectra. The baseline was
recorded by using same concentration of buffer as protein sample and was subtracted from

fluorescence values for treated protein samples.

4.2.8 Thermal stability by UV-vis spectrometer

UV-VIS spectrophotometry (UV-2600, Shimadzu, Japan) was used to determine protein
quaternary structure change. Wavelength range was set from 185 nm to 300 nm. The slit-width
was 1.0 and light source wavelength was 323 nm. Samples were prepared at protein
concentration of 0.1 mg mL™! in 200 mM phosphate buffer (Na;HPO4 and NaH,PO4) at pH 7.0.
Background buffer (200 mM phosphate buffer) was scanned as baseline. Absorbance was auto-
zero. Each protein sample was treated at room temperature (RT: 28 °C), 70, 75, 80, 85, 90, 95
and 100 °C for 10 min, and then scanned triplicates. Data were analyzed using Origin 2021

(OriginLab Corporation, Northampton, MA, USA).
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4.3 Results and discussion

4.3.1 Characterization of engineered ferritin

Characterization of engineered ferritin was used to compare protein structural differences.

Human ferritin heavy chain (HFn) was used as a control.

The molecular weight (MW) exhibited in SDS-PAGE for monomer of EiLisF; and FiLisE;
were similar (~ 23 kDa), and were slightly larger than E;L3F; and Fi1L3E, shown in Figure
4.2A. These findings are consistent with theoretical monomer MW prediction of EL3F; and
FiL3E; at 22.6 kDa and E|L;sF; and FiLisE; at 23.3 kDa. MW of all engineered ferritins were
larger than wild-type HFn having MW of 21 kDa. MW differences were also demonstrated by
size-exclusion chromatography. The lower the value by elution volume, the greater MW of
assembled proteins. As is illustrated in Figure 4.2B (and Table 4.1), assembled E;L;sF; was
eluted with the shortest elution volume suggesting largest size (elution volume: 12.35 mL;

hydrodynamic radius: 7.26 nm).

The particle size of engineered ferritin with C-terminus insertion (F1L3E;: 6.62 nm; Fi1LisE::
6.65 nm) were consistently less than that for N-terminus insertion (E1L3Fi: 6.86 nm; E{LisF;:
7.26 nm). This is likely because the linkers and epitopes are located inside of the ferritin cage
when insertion is at the C-terminus. By comparison with a 3-residues linker it was established
that MW and particle size with 15 residues linkers were meaningfully increased. Importantly
overall, TEM results confirmed that the engineered ferritins were assembled as nanoparticles,

Figure 4.2C.
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Figure 4.2 Characterization of engineered ferritin. A) SDS-PAGE analysis post-purification:
lane 1, marker; lane 2, HFn; lane 3, E1L1sF1; lane 4, F1LisE1; lane 5, E1L3F1; lane 6, F1L3E:. B)
Size exclusion chromatography Multi Angle Light Scattering (SEC-MALS). C) TEM images.
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Table 4.1 Summary comparison of particle size and molecular weight (MW) for engineered
ferritins.

Protein Assembled MW  Elution volume of  Hydrodynamic radius

SEC by SEC-MALS
(kDa) (mL) (nm)

HFn 504.0 13.30 6.58 (£0.76 %)

EiLsF1 5424 12.49 6.86 (£ 0.86 %)

FiL3E1 542.4 13.23 6.62 (£ 0.78 %)

EiLisF1 559.2 12.35 7.26 (£ 0.68 %)

Fi1L1sE1 559.2 13.26 6.65 (£ 0.58 %)

4.3.2 Hydrophobicity of engineered ferritin via hydrophobic interaction
chromatography (HIC)

To determine the impact of flexible linker length on protein surface hydrophobicity, the five
proteins, HFn, E1L3F1, EiLisF1, FiLsE; and FiLisE1, were loaded to HIC and protein surface

hydrophobicity differences were compared.

Proteins were eluted by reducing salt concentration. The shorter the retention time before
appearance of the elution peak the weaker the protein binding to the column. Therefore, the

less hydrophobic the protein.

Figure 4.3 demonstrates that E;L3F; was the most hydrophobic protein. This is evidenced by
the longest retention time of 37.3 min, when compared with others; HFn=31.1, E1L1sF1 = 35.7,
F1L3E: = 30.9 and FiLisE1 = 31.1 min. The intensity signal at 280 nm for E1L3F1 was the
strongest. This finding underscores that E1L3F1 binds the most strongly with HIC, and that there

was only minor protein lost compared with others in flow-through.
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A comparison of EiLsFi (37.3 min) with EiLisF1 (35.7 min) found that, for N-terminus
insertion, protein hydrophobicity decreased with increasing flexible linker length. This is
highly likely a consequence of a steric shielding caused by flexible linkers. The linkers
investigated here are flexible polypeptide linkers, which are composed mainly of glycine.
Simulations reported by Rozycki et al. highlighted that for glycine rich linkers, the longer the
linker, the lower is its elastic stiffness *°. Therefore, a 15-residues linker is more flexible than

a 3-residue linker.

As is shown in Figure 4.3B, 3-residues linkers group presents one possible conformation where
epitopes and linkers are located on the surface of nanoparticle, together with minor sheltering

of its original hydrophobicity.

However, when linker length increased the flexibility of linkers was also significantly increased.
Long flexible linkers perform a similar function as polyethylene glycol (PEG). A distinctive
hydrated layer may form to hide the surface of the nanoprotein cage, which results in steric
shielding *¢*'. Reduced hydrophobicity was found for long linker compared with short linker,
Figure 4.3B. However, for C-terminus insertion, both of short and long linkers were located
inside the ferritin cage. This results in a minor change on protein surface hydrophobicity.
Findings presented as Figure 4.3A confirm that HFn, F1LsE1 (30.9 min) and F1L1sE: (31.1 min)

have similar surface hydrophobicity.

For large protein molecules, surface hydrophobicity significantly impacts protein folding and
structural stability 3. Proteins with a larger hydrophobic surface are more likely to aggregate
39, and result in decreasing protein solubility *°. Strub et al. reported that decreasing protein

solvent accessible surface area (SASA) increased protein thermal stability *!. Our research has
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shown 3! that protein with stronger hydrophobicity are more likely to be less thermally and

chemically stable than others. It is concluded therefore that E1LsF; is the least stable.
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Figure 4.3 Hydrophobicity of engineered ferritin with short, or long flexible linker. A)
Hydrophobic interaction chromatography of engineered ferritin: HFn = 31.10, E1L3F1 = 37.27,
E:LisF1 = 35.69, F1L3E: = 30.8, and F1LisE: = 31.09, min. B) Schematic of short (3 residues:
red-colour) and long (15 residues: blue) flexible linkers of proteins.
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4.3.3 Thermal stability of engineered ferritin

Determination of thermal stability by differential scanning calorimetry (DSC)
To fully understand the impact of flexible linker length on protein thermal stability, differential
scanning calorimetry (DSC) was used to characterise the four engineered ferritins (E1L3F1,

EiLisF1, FiLsE1 and F1LisE1) and the HFn control.

DSC characterizes protein thermal stability, conformational change and domain folding
integrity via determination of heat capacity as a function of temperature **>. The two main
parameters obtained by DSC are the midpoint temperature of the transition (Tm), and
calorimetric enthalpy (AH). T, values for proteins are used to predict conformational stability
#_ A decrease in T, underscores a destabilizing impact on protein structure. T can be assumed
as the temperature at which a protein denatures **. Proteins with greater Tr, have stronger
thermal stability. AH represents the energy consumed to unfold proteins *°. This value is always
positive for proteins because unfolding is endothermic. T, and AH are used to indicate whether
a protein undergoes two-state transition or forms intermediates during thermal denaturation 3.
A protein with multiple domains may experience more than one unfolding event, giving

multiple Trm values 4647,

It is assumed that three possible stages are involved for engineered ferritin during DSC thermal
denaturation, initial, intermediate and final stage (Figure 4.4A). At initial state, the protein
remains ‘native-folded’. Following thermal denaturation there are however different
intermediates. Figure 4.4A illustrates schematically three (3) different intermediates, 1) minor
change; 2) medium change, and; 3) major change. Minor change refers to when the protein
begins to be loosen or open up, while remaining essentially as an assembled, folded structure.

There is a minor enthalpy change observed representing minor protein conformation change,
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normally referring to Tmi. Intermediates with medium change begin losing quaternary structure
and tertiary structures and disassembling. A more significant enthalpy change is observed than
for the minor change (Twmi). The conformation of protein subunits becomes disordered.
Intermediates with major change almost completely lose all tertiary and secondary structures.
This is shown in greater enthalpy change than for the medium change (Tm2 or Ti3). Ultimately,
proteins lose all secondary and tertiary structure and unfold. This is seen in the last peak (Tm2
or Tim3) in the DSC thermogram. For a direct comparison of protein thermal stability, Tm" was
focused, which was defined as the protein disassembled temperature when protein starts

disassembling by losing quaternary and tertiary structures (medium change).

Reducing linker length destabilized proteins as evidenced by comparing individual Tr," values.
Wild-type HFn was used as a control because it has the most thermally stable structure with
Tm = 99.1°C and AH, = 462 kcal mol™! (Figure 4.4B, Table 4.2). This measured enthalpy
change is significantly greater than the published value (Tm = 90.9 °C and AH = 402.8 kJ mol
!'=96.3 kcal mol™!, for HFn with protein concentration of 1 mg mL™") *®. It was found that data
associated with the first peak in HFn DSC thermogram (Tm1 = 81.1 °C and AH; = 121 kcal
mol ™) was similar to the published value. In this thermogram, initial disassembly of the particle
at Tm1 is observed to be followed by protein denaturation at Tr. For the long linker group,
EiLisF1 and F1LisE1, two transition temperatures Tm1 and Tm2 were observed, whilst for the
short linker group, E1L3F1 and F1LsE1, three transition temperatures Tim1, Tm2 and Tms were seen

(Figures 4.4C, 4.4D, 4.4E and 4.4F).

For N-terminus insertion, T for E1L;sF; was 98.6 °C, compared with E1LsF; (87.9 °C) (Table
4.2). EiLisF1 (N-terminus insertion) in the intermediate stage exhibited a medium change

Figure 4.4D). Compared with published data for HFn (AH = 96.3 kcal mol™), the enthalpy
(Fi 4.4D). C d with published data ft (A 96.3 kcal mol™), th hal
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change for the first peak was significantly high and was similar to the second peak with AH; =
322 and AH, = 367 kcal mol! (Table 4.2). With a Tm1 = 91.6 °C, E,LisF; was denatured via
losing quaternary and tertiary structure. In comparison with E1LisF1, EiL3F became looser at
75.5 °C (Tm1), with minor enthalpy change AH; = 96.2 kcal mol™!. It was denatured at 87.9 °C
(Tm2), and unfolded at 96.8 °C (Twm3). It is concluded that E{LisF is therefore more thermally

stable than E1L3F1, evidenced by a greater protein denaturing temperature.

The C-terminus insertion, FiLisE; (Figure 4.4F) exhibited the most similar thermogram to HFn
(Figure 4.4B). T for FiLisE; was 93.9 °C, compared with F1L3E; (90.1 °C) (Table 4.2). For
FiLisE1, the enthalpy change of the first peak was minor compared with that of the second peak,
AH; = 80.8 and AH> = 451 kcal mol!. Tm for FiLisE; was therefore considered as the
denaturing temperature Tm . FiL3E; initiated conformational change against thermal
denaturants at 77.5 °C (Tm1) (Figure 4.4E and Table 4.2). The enthalpy change at the first peak
was greater than for F1L;sE; (long linker group) at 189, compared with 80.8 kcal mol™!. At
90.1 °C (Tm2) the intermediate for F1L;E; underwent highly significant change and was almost
denatured as was demonstrated by a significant enthalpy change of AH> = 372 kcal mol™!. The
denatured protein was unfolded at 96.2 °C (Tm3). F1LisE: therefore has greater thermal stability
than F1L3E1, however the denaturing temperature difference is less than that for the N-terminus

insertion.

It is concluded that the protein with strongest hydrophobicity, E1L3F1, is least thermally stable.
Additionally, long flexible linkers stabilize proteins against thermal denaturants. However,
because these results from DSC do not permit conclusive findings of exact quaternary and
tertiary structural change in proteins, an additional protein thermal stability investigation was

undertaken.
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Figure 4.4 DSC (differential scanning calorimetry) protein thermal denaturation. A) Showing
multiple-domain proteins have multiple-stages during DSC. Engineered ferritin (HFn) was
used illustratively. Diagrams made with Discovery Studio 2021 2! and Biorender®. DSC
thermogram for: B) HFn. C) E1LsF1. D) E1LisF1. E) FiLsE1. F) FiLisEs:.
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Table 4.2 Disassembled temperature (Tm) and enthalpy change (AH) for engineered ferritin
generated by differential scanning calorimetry (DSC).

Protein Disassembled temperature Enthalpy change
Tm AH
°O) (kcal mol ™)
Tmi Tm2 Tm3 Tw' AHi AH2 AH3
Wild type | HFn 81.1 99.1 - 99.1 121 462 -
N- EiLsF; 75.5 87.9 96.8 87.9 96.2 265 350
terminus | EiL;sF) 91.6 98.6 - 98.6 322 367 -
C- Fi1L3E) 77.5 90.1 96.2 90.1 189 372 355
terminus | FiLisE; 72.2 93.9 - 93.9 80.8 451 -
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Thermal stability of engineered ferritin by fluorescence spectrometer
Fluorescence spectrometry and UV-VIS spectrometry permit a significantly detailed
determination of the impact of linker length on protein tertiary and quaternary structure changes

when applying thermal denaturation.

Fluorescence spectrometry is used widely to study the impact of denaturants on protein folding,
and to understand protein stability *>**=!. The MFIC, Equation (4.2), was used to quantify the
impact of thermal stress on protein tertiary structure *?, °°. The greater the value, the greater the
impact of heating on protein structure, and the less thermally stable is the protein. As is shown
in Figure 4.5A, HFn, the control, exhibited the least fluorescence intensity change. This
underscores therefore the most thermally stable protein structure. With insertion of linkers and
epitopes, thermal stability of engineered ferritin decreased. All had significant tertiary
structural change from a temperature of 75 °C. At a temperature of 80 °C, E|LisF; (N-terminus
insertion) exhibited boosted thermal stability compared with E|L3F;. At lower temperatures
than 95 °C, F1LisE: exhibited boosted thermal stability. At 95 °C, F1LisE; and F1L3E exhibited

similar tertiary structural change.
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Figure 4.5 Impact of temperature on tertiary and quaternary structure of engineered ferritin.
A) Maximum fluorescence intensity change (MFIC) for engineered ferritin against temperature
denaturant. B) Absorbance difference at 207 nm between absorbance following heating and
absorbance before heating.

Thermal stability of engineered ferritin by UV-Vis spectrometer

Although UV-VIS cannot aid a direct, detailed explanation of protein structural change, the
change in absorbance at wavelength of 200 to 230 nm caused by the peptide bond of protein in
solution, evidences protein quaternary structural change >, 3. As is seen in Figure 4.5B, HFn
(control) was the most thermally stable. There was no significant quaternary structural change
observed in HFn up to a temperature of 85 °C, whereas EiL3Fi, EiLisFi, FiL3E| and FiLisE;
underwent quaternary change at about 80 °C. At about 90 °C, FiLisE; exhibited the least
quaternary structural change, whilst EiL3;F; exhibited the most. This finding underscores
assumptions of the intermediate stage in DSC. At temperatures approaching 90 °C, FiLisE;
maintained most of its quaternary structure, together with minor change in enthalpy. However,

EiLsF1, EiLisF1, and FiL3E; all showed more significant structural change together with

greater enthalpy change against temperature denaturant.

Overall, engineered ferritin with long flexible linkers has less absorbance change than that with

short linkers. This finding confirms the advantage of long flexible linker in maintaining thermal
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stability of proteins.

Investigation of thermal stability of engineered ferritin by fluorescence spectrometry and UV-
VIS spectrometry was consistent with the DSC results. Wild-type HFn was the most thermally
stable protein of all five. Long flexible linkers (15 residues) retain greater distance between
epitope and HFn nanocage, compared with short linkers (3 residues) that reduce the interaction
between exogenous peptides (epitopes and linkers) and wild-type protein nanocage. This is
likely the reason that long linker group exhibits better thermal stability than the short linker
does. Additionally, linkers inserted at the N-terminus alter protein surface hydrophobicity more
significantly than at C-terminus. The most hydrophobic protein (EiL3;Fi) was the least

thermally stable.

It is concluded therefore that engineered ferritin with long flexible linkers has enhanced protein

thermal stability, especially for N-terminus insertion.

4.3.4 Chemical denaturants stability using fluorescence spectrometer

Guanidine hydrochloride (GdnHCl) and urea are two (2) common chemical denaturants used

to unfold proteins to investigate conformational stability >*.

To determine the impact of GdnHCI on denaturation of the nanoparticle vaccines, the four
engineered ferritin, EiL3Fi, EiLisFi, FiLsE; and FiLisE; were treated with varying
concentrations of GdnHCl of 0, 1, 2, 3, 4, 5 and 6 M for time intervals of 0, 1, 2, 4, 8, 12 and
24 h. HFn was the control. A greater MFIC was observed for proteins with weaker stability
against chemical denaturants. It was found (Figure 4.6) that GdnHCI with concentration < 2M

resulted in negligible tertiary structural change with all five proteins. All ferritin were observed
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to begin losing tertiary structure from 2 M GdnHCI. In the initial period of the experiment (0
h) all ferritin had < 100 % change in tertiary structure at 4 M GdnHCI compared with no
GdnHCl-treatment, HFn = 18, E|L3F; = 62, E|LisF; = 41, FiL3E; = 61 and FiLisE; = 21 %,
Figure 4.6A. All proteins lost tertiary structure at 6 M GdnHCI, as evidenced by intensity

change > 100 % (Figure 4.6A).

The long linker group (ELisF1 = 202.6, F1LisE1 = 178 %) had less tertiary change than the
short linker group (Ei1L3F; =227, FiL3E| = 226 %). At the end of the experiment (24 h), 4
proteins lost natural tertiary structure at 3 M GdnHCI, namely, EiLs3F; = 311, E L;sF; = 293,

FiL3E; =156 and FiLsE; = 101 %) (Figure 4.6F), whereas HFn MFIC was 73 %.

Overall, for all time intervals, the control HFn exhibited the most stable tertiary structure
against GdnHCI denaturant. This is evidenced by the lowest MFIC value. From 2 h, the trend-
lines for long linker group (EiLisF; and FiLisE;) remained below short linker group (EiL3F;
and F1LsE1), Figure 4.6. This finding confirms that long linker at both N-terminus and C-

terminus insertions, conferred greater protein stability against GdnHCI than did a short linker.
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Figure 4.6 Maximum fluorescence intensity change (MFIC) caused by GdnHCI chemical
denaturant on five (5) proteins, HFn, EiLsF1, EiLisFi, FilsE: and FilisEi. Time interval
treated with GdnHCI: A)0h.B)2h.C)4h.D)8h.E) 12h. F) 24 h.
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GdnHCI and urea denaturation result in a different estimates of protein stability >°. The
mechanism for urea unfolding of proteins is different to that for GdnHCI. To test how linker
length impacts protein stability against urea denaturants, experiments were conducted by
treating proteins HFn, E1L3F1, E1LisF1, FiL3E1 and F1LisE; with varying concentration of urea
of0,1,2,3,4,5,6,7 and 8 M for time intervals of 0, 1, 2, 4, 8, 12 and 24 h. GdnHCI at the
same concentration as urea denatured proteins more, as indicated by a higher MFIC. All five
proteins showed < 50 % change in natural tertiary structure up to 4 M urea, Figure 4.7. Except
for HFn, up to 4 h the trend-lines of MFIC for the other four engineered ferritins were highly
similar at concentrations of urea (Figure 4.7A, 4.7B and 4.7C). For example, at O h the intensity
change for both the long linker group (EiLi5F1 = 61 %, FiLisE1 = 61 %) and the short linker
group (EiL3F =62 %, F1L3E| = 64 %) were similar at § M urea (Figure 4.7A). Up to 8 h with
urea treatment, all five proteins had tertiary structural change of < 100 % at 8 M (Figure 4.7A,
4.7B, 4.7C and 4.7D). E1LsF lost tertiary structure at § M urea following treatment with urea
for > 8 h. The fluorescence intensity change was > 100 %, whereas others, HFn, E|LsFj,
F1L3E: and FiLisE: retained partial, natural tertiary structures (Figure 4.7E and 4.7F). At the
end of experiments (24 h), E1LsF had 158 % of natural tertiary structure change with 8 M urea,
whilst the change for HFn, E;LsF;, F1L3E; and FiLisE; were, respectively, 81 %, 67 %, 97 %

and 99 %, (Figure 4.7E).

In comparing long linker with short linker groups, it is seen that for N-terminus insertion
(E1L3F1 and EiLisF1), a long linker is advantageous in boosting protein stability against urea
denaturant. For C-terminus insertion (F1L3E; and FiLisE;) there was significant difference

between long and short linkers on protein stability against urea denaturant.
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There is therefore a difference in impact on protein stability with the two chemical denaturants,
GdnHCI and urea, between long and short flexible linkers. The long linker exhibited a boost in
improving protein stability against GdnHCI for both N-terminus and C-terminus insertion of
epitopes. With urea unfolding of proteins, a long linker inserted at N-terminus gave the protein
nanocage greater stability against chemical denaturation. This finding however is not clear for

C-terminus insertion.

This difference is explained by the mechanism of chemical denaturation of proteins. GdnHCl
is more conclusive than urea in denaturing proteins °’. The mechanism of chemical denaturants
in unfolding protein is by facilitating solvation of hydrophobic regions of proteins *%. In
denaturing proteins urea after follows native — denatured state transition in a single step, whilst
for GdnHCl intermediates are observed at low concentration of denaturant >*. This is caused
by the fact that guanidine cation (Gdn") at low concentration of GdnHCI (0 to 0.3 M) stabilizes
proteins via binding to negative sites of proteins ***°. At greater concentration of GdnHC], it
acts as chemical denaturant. Rashid et al. reported urea has a chaotropic impact that disrupts
the hydrogen bonding network between water molecules, and thereby decreases protein
stability **. In contrast, GAnHCI has both chaotropic and ionic impact >*°¢°, This fact explains
that GAnHCl unfolds proteins through breaking both hydrophobic and electrostatic interactions

between protein and solution.

It is concluded therefore that, for N-terminus insertion, long linker (E;Li5F1) and short linker
(E1LsF1) groups have a different hydrophobicity. EiL3F; is more hydrophobic and interacts
more strongly with GdnHCl/urea. However, for C-terminus insertion, F1L3E; and FiLisE;
interact with GdnHCl/urea similarly, because of similar protein surface hydrophobicity.

Therefore, the stability of F1L3E; and F1LisE; against urea denaturant is similar. Dissimilarity
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of stability against GAnHCI depends on ionic solute electrostatic interaction. Compared with
short flexible linker (3 residues), long flexible linker (15 residues) maintains epitopes at a

sufficient distance from the C-terminus of HFn.

The interaction between negative-charged amino acids (Asp and Glu) of EBNA1 epitope and

Gdn" cations, affects meaningfully less on the HFn nanocage. FiLisE; is therefore less

impacted by GdnHCI compared with Fi1L3E; (Figure 4.6).
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4.4 Conclusions

A comprehensive experimental comparison of engineered ferritin with both long and short
flexible linkers has shown that:
1.  For N-terminus insertion, a long linker group, E1L15F1, leads to a vaccine nanoparticle
that is significantly less hydrophobic than when a short linker group, E1L3F1, is used.
This difference is likely because of steric shielding from long flexible linkers.
2. For C-terminus insertion, a long linker group has similar hydrophobicity to that for a
short linker, as the linker and epitope are shielded within the nanoparticle cage.
3. EiLisF:1 exhibited greater thermal stability, together with GdnHCl-denaturant and
urea-denaturant stability, than E;L3F;.
4.  FiLisE1 exhibited greater thermal stability, together with GdnHCI-denaturant stability,
than FiL3E;.

5. Stability against urea denaturation for both F1LisE; and F1L3E; was similar.

It is concluded that flexible linker length molecular design can be used to significantly boost
protein stability, and therefore assist the purification and production of safe and efficacious
epitope-based chimeric vaccine. Flexible linker design therefore obviates production of

unstable and unefficacious vaccines.

Findings will be of immediate interest to researchers in developing safe, stable and efficacious

epitope-based chimeric vaccine.
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4.6 Supporting information

4.6.1 Supporting figures
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Figure S4.1 Quaternary structural change in engineered ferritin against thermal denaturant by

UV-Vis. A) EiLsF. B) E1LisF. C) FilsE. D) FilisE:. E) HFn.
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Figure S4.2 Tertiary structural change in engineered ferritin against GAnHCI denaturant. A)
E1L3F1. B) EIL15F1. C) F1L3E1. D) F1L15E1. E) HFn. F) Maximum fluorescence intensity

change (MFIC) at 1 h.
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Figure S4.3 Tertiary structural change in engineered ferritin against urea denaturant. A)
E1L3F1. B) ELIL15F1. C) F1L3E1. D) F1L15E1. E) HFn. F) Maximum fluorescence intensity
change (MFIC) at 1 h.
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4.6.2 Supporting tables

Table S4.1 Gene sequence.

Name

Flexible linker group

Sequence

E.LF

173 1

F.L.E

E L. F

1715 1

FL.E

171571

HFn

Short

Long

Control

HPVGEADYFEYGGSTTASTSQVRQNYHQDSEAAINRQINLELYASYVYLS
MSYYFDRDDVALKNFAKYFLHQSHEEREHAEKLMKLQNQRGGRIFLQDIK
KPDCDDWESGLNAMECALHLEKNVNQSLLELHKLATDKNDPHLCDFIETH

YLNEQVKAIKELGDHVTNLRKMGAPESGLAEYLFDKHTLGDSDNES

TTASTSQVRQNYHQDSEAAINRQINLELYASYVYLSMSYYFDRDDVALKN

FAKYFLHQSHEEREHAEKLMKLQNQRGGRIFLQDIKKPDCDDWESGLNAM

ECALHLEKNVNQSLLELHKLATDKNDPHLCDFIETHYLNEQVKAIKELGDH

VTNLRKMGAPESGLAEYLFDKHTLGDSDNESGGSHPVGEADYFEY

HPVGEADYFEYGGSGGGGSGGGGSGGTTASTSQVRQNYHQDSEAAINRQI

NLELYASYVYLSMSYYFDRDDVALKNFAKYFLHSHEEREHAEKLMKLQNQ
RGGRIFLQDIKKPDCDDWESGLNAMECALHLEKNVNQSLLELHKLATDKN
DPHLCDFIETHYLNEQVAIKELGDHVTNLRKMGAPESGLAEYLFDKHTLG

DSDNES

TTASTSQVRQNYHQDSEAAINRQINLELYASYVYLSMSYYFDRDDVALKN

FAKYFLHQSHEEREHAEKLMKLQNQRGGRIFLQDIKKPDCDDWESGLNAM

ECALHLEKNVNQSLLELHKLATDKNDPHLCDFIETHYLNEQVKAIKELGDH

VTNLRKMGAPESGLAEYLFDKHTLGDSDNESGGSGGGGSGGGGSGGHPVG

EADYFEY

TTASTSQVRQNYHQDSEAAINRQINLELYASYVYLSMSYYFDRDDVALKN

FAKYFLHQSHEEREHAEKLMKLQNQRGGRIFLQDIKKPDCDDWESGLNAM

ECALHLEKNVNQSLLELHKLATDKNDPHLCDFIETHYLNEQVKAIKELGDH

VTNLRKMGAPESGLAEYLFDKHTLGDSDNES
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Table S4.2 Purification methods.

Protein Step 1: Heating precipitation Step 2: HIC
HFn Dilute supernatant from step 1 with
5M NaCl (1:5) 1.2M AS, 100 mM PB, pH6.5
1M NaAc-HAc (pH4.5) (1:10) Load samples to Butyl FF
60 °C for 10 min
EiLsF1 5M NaCl (1:5) Dilute supernatant from step 1 with
0.8M AS, 100 mM PB, pH6.5
1M NaAc-HAc (pH5.5) (1:10)
Load samples to Butyl FF
60 °C for 10 min
EilLisF1 5M NaCl (1:5) Dilute supernatant from step 1 with
1.0M AS, 100 mM PB, pH6.5
1M NaAc-HAc (pH5.0) (1:10)
Load samples to Butyl FF
60 °C for 10 min
FilsE: 5M NaCl (1:5) Dilute supernatant from step 1 with
1.2M AS, 100 mM PB, pH6.5
1M NaAc-HAc (pH4.5) (1:10)
Load samples to Butyl FF
60 °C for 10 min
FilLisEa 5M NaCl (1:5) Dilute supernatant from step 1 with

1M NaAc-HAc (pH4.5) (1:10)

60 °C for 10 min

1.2M AS, 100 mM PB, pH6.5

Load samples to Butyl FF
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Urea concentration (M)

GdnHCI concentration (M)
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Table S4.3 Chemical denaturants testing conditions.

Time intervals (h)

0
1
2
4
8
12
24
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4.6.3 Other supporting information not included in online publication
Figure S4.4 shows that E|L3F; (lane 4) and FL3E; (lane 8) both achieved soluble expression

by using expression condition 37 °C, 200 rpm, 4 h. There were minor inclusion bodies

expression.

Figure S4.4 SDS PAGE image of engineered ferritins (E1L3F1 and F1L3E1) expression. Lane 1:
Protein marker; lane 2: E1L3F; before adding IPTG; lane 3: E{LsF; after adding IPTG; lane 4:
E1LsF1 soluble expression; lane 5: E1L3F; inclusion bodies expression; lane 6: F1L3E; before
adding IPTG; lane 7: FiL3E; after adding IPTG; lane 8: F1L3E; soluble expression; lane 9:
F1L3E; inclusion bodies expression. Red box indicated target proteins EIF1/F1EI.
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Figure S4.5 indicated the optimal condition for EiL3F; in the first step of purification was pH
5.5, 60 °C, 10 min, and total protein concentration 4 mg mL™!. At pH 5.0, all E;LsF; proteins
were precipitated. Figure S4.6 indicated the optimal condition for FiL3E; in the first step of

purification was pH 4.5, 60 °C, 10 min, and total protein concentration 4 mg mL"!.

Figure S4.5 SDS PAGE image of EiLsF; acid and heat precipitation at various conditions.
Lane 1: E1L3F; before purification (Gel 1); lane 2: supernatant, pH 5.0, 60 °C, 10 min; lane 3:
EiLsF: before purification (Gel 2); lane 4: supernatant, pH 5.5, 50 °C, 10 min; lane 5:
precipitation, pH 5.5, 50 °C, 10 min; lane 6: supernatant, pH 5.0, 50 °C, 5 min; lane 7:
precipitation, pH 5.0, 50 °C, 5 min; lane 8: supernatant, pH 5.0, 50 °C, 10 min; lane 9:
supernatant, pH 5.5, 60 °C, 10 min; lane 10: precipitation, pH 5.5, 60 °C, 10 min. Red box
indicated target protein E1L3F;.

Figure S4.6 SDS PAGE image of FiL3E; acid and heat precipitation at various conditions.
Lane 1: FiL3E; before purification; lane 2: supernatant, pH 4.5, 50 °C, 10 min; lane 3:
precipitation, pH 4.5, 50 °C, 10 min; lane 4: supernatant, pH 5.0, 50 °C, 10 min; lane 5:
precipitation, pH 5.0, 50 °C, 10 min; lane 6: supernatant, pH 4.5, 60 °C, 10 min; lane 7:
precipitation, pH 4.5, 60 °C, 10 min; lane 8: supernatant, pH 5.0, 60 °C, 10 min; lane 9:
precipitation, pH 5.0, 60 °C, 10 min. Red box indicated target protein FiL3E;.
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Abstract

Insertion of an immunogenic epitope at the C-terminus of ferritin has shown potential to
produce stable and efficacious vaccine. There is however limited understanding of how C-
terminus insertion affects ferritin protein stability. Helix E at the C-terminus attracts interest
because there are contradictory reports as to whether it has a role in protein stabilization. Here
we report, for the first time, combining of molecular dynamics simulation (MDS) with
experiment to engineered design helix E at the C-terminus of human ferritin heavy chain (F1)
engineered inserted with Epstein-Barr nuclear antigen 1 (EBNA1, E) and flexible linker (L3)
residues (to give F1L3E;). Hot spots on Helix E of the C-terminus were predicted by MDS at
aal67 (Glu) and aal71 (Asp). Five (5) variants of Fi1L3E; were constructed by considering hot
spots and alteration of electrostatic or hydrophobic interfaces, namely: 1) C1, hot spots
substituted with non-charged residue Gln; 2) C2, hot spots substituted with positive-charged
residue Arg; 3) C3, hydrophobic residues substituted with the most hydrophobic residues Val
and Ile; 4) C4, hydrophobic residues substituted with the most hydrophilic residues Gln and
Asn; and 5) C5, heptad repeat structure in Helix E disrupted by substituting ‘a’ and ‘d’ heptad
residues with non-charged polar residue Gln. It was found that Helix E is essential to maintain
integrated protein stability and that changing the hydrophobic interface (C3 and C4) had more
significant effects on protein folding and stability than changing the electrostatic interface (C1
and C2). It was confirmed by both MDS and experiment that variants C1, C2 and C5 were able
to fold to form stable conformational structures with similar protein surface hydrophobicity to
that for F1L3E;. However, they are less thermally stable than FiL3;E;. Significant changes in
hydrophobicity drove significant protein aggregation for variants C3 and C4. It is concluded
that molecular design of the C-terminus in engineered ferritin, especially Helix E, is important

to ensure epitope-based chimeric vaccine can be safe (aggregate free) and efficacious.

KEYWORDS: Human ferritin heavy chain, molecular dynamics simulation, hot spot
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5.1 Introduction

There is a great potential to develop ferritin-based vaccine because of numerous benefits:
convenient display of antigens, high thermal stability, good biodegradability and safety. Our
research has shown that engineered ferritin carrying epitopes at the C-terminus demonstrates
greater thermal-, pH- and chemical denaturants stability than engineered ferritin carrying
epitopes at the N-terminus !. Immunological studies have also shown that engineered ferritin
with C-terminus insertion of epitopes induces stronger cell-mediated immune response than
for the equivalent N-terminus insertion 2. These studies suggest further understanding of the

C-terminus design space will aid the design of stable vaccine candidates.

Research has demonstrated that substitutions of amino acid residues can affect both protein
stability and protein folding pathway . Current studies regarding engineered ferritin focus on
modifications at the C-terminus of ferritin, because the C-terminal region contributes
significantly to protein stability and assembly °. The N-terminal region, BC loop and threefold
axis contribute minimally to ferritin folding and assembly, while the DE loop and C-terminal
region play more important roles. Ingrassia et al. found that the last 6 non-helical residues (177-
182: DSDNES) (Figure 5.1) have no obvious effects on ferritin stability, and the extension of
this area slightly reduced the solubility and capacity to assemble ferritin cages °. This research
particularly addressed the effect of E Helix on helical structure of the molecule along with
protein folding. Similar results were found by Fan ef al.'°. They indicated that the BC Helix in
bacterioferritin from Escherichia coli (BFR, a protein cage similar to ferritin) was less
important than the E Helix for self-assembly '°. Removal of the E Helix resulted in a

destabilized protein !° !, On the other hand, Luzzago et al. claimed that E helices were not
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important for human ferritin H-chain assembly 2. The contradictory results from these studies

highlights the importance of further understanding the role of E Helix on ferritin stability.

10 20 30 40 50 60 70 80 20

TTASTSQVRQNYHQDSEAA*\IRQINLELY*SYVYLSMSY&FDRDDVALK*FAKYFLHQSHEEREHAEKLALIIKLQNQRGG R+FLQDIKKPD$

Helix A Helix B
100 110 120 130 140 150 160 170 180

DDWESGLNAMECALHLEKNVNQSLLELH K{ATDKN DPHL%DFIETHYLN%QVKAIKELG&HVTN LRKMG*PESGLAEYL*DKHTLG DSD*ES

Helix C Helix D Helix E

Figure 5.1 Schematic representation of ferritin human heavy chain secondary structure by
EMBL-EBI. Residues with alpha helices are blue-bold shown in sequence.

Alpha helix bundles often comprise a heptad repeat having a characteristic pattern of
hydrophilic and hydrophobic amino acids every seven residues '*!4. The residues within the
heptad are designated ‘a b ¢ d e f g’ (Figure 5.2A). Positions ‘a’ and ‘d’ are generally
hydrophobic. Here, we treated the ‘165’ and 168’ positions of ferritin as ‘a’ and ‘d’ (Figure
5.2B). Five (5) variants were designed aiming to investigate the effect of electrostatic interface
and hydrophobic interface on protein stability. The information about these 5 variants are
outlined in Table 5.1. C1 and C2 are variants that alter the electrostatic interface by replacing
negatively charged residues Glu (E) and Asp (D) with uncharged residue Gln (Q), and
positively charged residue Arg (R), respectively. C3, C4 and C5 were designed to alter the
hydrophobic interface. C3 was designed to replace all non-charged residues with very
hydrophobic residues Val (V) and Ile (I), while C4 was formed to replace with the most
hydrophilic residues Q and Asn (N). C5 was designed to break the heptad repeat by changing

the ‘a’ and ‘d’ positions with non-charged hydrophilic reside Q.

To our knowledge, no research has been reported that investigated the effects of altering the

224



electrostatic or hydrophobic interfaces on the stability of engineered ferritins. The aim of this
paper is to identify the key residues at the C-terminus of engineered ferritin affecting protein
stability, and further understand how altering electrostatic or hydrophobic interfaces affects C-
terminus folding and assembling. In this paper, molecular dynamics simulation (MDS) was
firstly applied to predict hot spots in the C-terminus of engineered ferritin carrying Epstein-
Barr nuclear antigen 1 (EBNA1) with 3 residues of flexible linker (Fi1L3E1). Five (5) variants
were further constructed by altering the electrostatic or hydrophobic interfaces of FiL3E;
according to the identified hot spots. Hydrophobic and thermal stability study for assembled
variants were further predicted by MDS following the validation by experiments. It was found
that altering the electrostatic or hydrophobic interfaces on the E Helix decreased protein
stability. C3 (L165V-A1661-Y168I-L169V-F170I) and C4 (L165Q-A166N-Y168Q-L169N-
F170Q), which were variants changing native hydrophobicity of the C-terminus, were found
to be the most unstable regarding protein folding and conformational assembly. Variants C1
(E167Q-D171Q), C2 (E167R-D171R) and C5 (C5-L165Q-Y168Q) exhibited similar
conformational stability and protein surface hydrophobicity compared with F1L3E;, however,

significantly less thermal stability was observed.
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i‘ Hydrophobic core }

Figure 5.2 Schematic of heptad repeat. A) Mimic diagram of heptad repeat showing position
‘abcdefg’in ahydrophobic core. Position ‘a’ and ‘d’ are hydrophobic amino acids (red).
Position ‘e’ and ‘g’ are charged amino acids (blue). B) Hydrophobic core taken from human
ferritin heavy chain showing positions ‘a, ‘d’ ‘e’ and ‘g’. Hydrophobic residues are marked in
red; Charged residues are marked in blue; Other residues are marked in green.

Table 5.1 Variant information and sequence. Red denotes residue changes.

Variant Sequence from position “164” to “173”
F1L3E1 (Control) GLAEYLFDKH
C1 (No charge) GLAQYLF QKH
C2 (Same charge) GL ARYLF RKH
C3 (Most hydrophobic) GV IEIVI DKH
C4 (Most hydrophilic) GQ NEQNQ DKH
C5 (Break L Y interface) GQ AEQLF DKH
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5.2 Materials and methods

5.2.1 Protein data bank (PDB) files build-up
The PDB files of the Human heavy chain ferritin (PDB ID: 2FHA) and the Epstein-Barr virus

nuclear antigen-1 (EBNA1) (PDB ID: 2FZ3) were generated from the RCSB Protein Databank.
Discovery Studio (DS) 2021 was used to construct recombinant protein structures. The model
epitope was truncated from EBNA1 comprising aa 407 to aa 417. By inserting EBNA1 epitope
at the C-terminus of each ferritin monomer with three residues linker (GGS), PDB file named
F1L3E| Assembly was prepared (Table S5.1, Supporting Information). By applying ‘Mutate’
function in DS 2021, PDB files for five (5) assembled variants (C1, C2, C3, C4 and C5) were

built.

To study the interaction between each C-terminus, two C-termini from the hydrophobic core
of assembled FiL3E; (aa 164 to aa 173) were cut (Figure 5.3). This procedure was repeated for

five variants.

C-terminus
(1Y)

C-terminus
(2)

Figure 5.3 Mimic diagram to illustrate PDB files build-up for study of C-terminus to C-
terminus interaction by DS 2021.
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5.2.2 Molecular dynamics simulation (MDS)

GROMACS 2018.3 was used to perform MDS of above built-up protein structures in a water
environment '°. The Amber-99sb force field was used to generate topology files '*!7. Each
protein structure was solvated in a cubic box using the SPC/E water model. The settings were
similar to previous published work !. The dimensions of the cubic box for each structure are
summarized in Table S5.2. The minimum distance between the protein and the wall of the unit
cell was set to be 1.0 nm. The protein/ion/water system was firstly energy minimized and then
equilibrated in a 100-picosecond MDS with positional restraints on the heavy atoms of the
protein. The equilibration was performed at a temperature of 300 K and a pressure of 1 bar by
coupling to an external heat source and an isotropic pressure bath. The position restraints were
then released and the MDS for assembled structures was produced in 200 nanoseconds and the
snapshots were stored per 100 picoseconds for the MD trajectory analysis. For C-terminus to

C-terminus interaction study, a 600 ns production MDS was performed.

For hydrophobicity study by simulation, hydrophobic solvent accessible surface area (SASA)
was determined by using the gmx sasa tool from GROMACS based on the completed MDS

results for F1L3Eq, C1, C2, C3, C4 and C5 in water at 27 °C (300 K).

Thermal stability studies for assembled structures of FiL3E;, C1, C2, and C5. MDS were
produced in 200 nanoseconds at 423 K. The snapshots were stored per 100 picoseconds for the
MD trajectory analysis. Root mean square deviation (RMSD), radius of gyration (Rg) and root
mean square fluctuation (RMSF) were determined using gmx rmsd tool, gmx gyrate tool and
gmx rmsf tool from GROMACS. Helix content was calculated using the gmx dssp tool from

GROMACS.
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5.2.3 Molecular mechanics/Poisson-Boltzmann solvent accessible surface
area (MM-PBSA)

The g mmpbsa software '

was executed to calculate the binding free energy and residue
decomposition of C-terminus using the MM-PBSA method !°2!. The MM-PBSA method was

applied as follows

AGving = AGpolar + AGnonpolar (5 . 1)
AGpolar = AGelec + AGpB (5 2)
AGnonpolar = AGyaw + Aan (5 . 3)

where AGuind s the binding energy; AGpolar is the polar energy; AGnonpolar is the nonpolar energy;
AGelec 1s the electrostatic energy; AGps is the electrostatic solvation energy; AGvaw is the van

der Waals energy AGyyp is the nonpolar solvation energy.

The free-energy contribution of each residue can be classified as polar and nonpolar
interactions. Polar energy is the contribution from electrostatic interactions, while nonpolar

energy is the contribution from hydrophobic interactions.

5.2.3 Protein expression

The pET 30a vector was used to construct plasmids harbouring genes of HFn-EBNA1 (F1L3EL)
(control) and its variants (C1, C2, C3, C4 and C5) inserted between the Nde | and BamH |
restriction sites. The protein sequence is shown in Table S5.3 (Supporting Information).
Plasmids were transformed into E. coli BL21 (DE3) (Invitrogen, USA). Epitope EBNA1
(HPVGEADYFEY) was inserted at the C-terminus of HFn with three residues of linkers (GGS).
Single colonies engineered to express each protein (F1LsE1, C1, C2, C3, C4 and C5) were
selected from an agar plate and incubated in 50 mL LB-ampicillin (100 pg mL™) medium. The

culture was grown for 16 h at 37 °C in a shaking incubator at 180 rpm. In every 500 mL LB-
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ampicillin (100 pg mL™?) medium, 10 mL of cultured medium from 50 mL was added. The
culture was grown at 37 °C in a shaking incubator at 200 rpm until ODsgo reached 0.8, and then
protein expression was induced using 1 uM IPTG (Sigma Aldrich, USA) at 37 °C for 4 h at
200 rpm in a shaking incubator. Cells were collected and resuspended after IPTG induction for
four (4) h. After sonication on ice (Scientx sonicator at 360 W: 4 sec on and 6 sec off for 10
min) with lysis buffer (20 mM PB, 2 mM EDTA, pH 7.0), bacterial lysate was centrifuged at
13,751 xg for 30 min to remove cell debris. Reducing SDS-PAGE (Section 5.2.5) was used to

confirm protein expression.

5.2.4 Protein purification
The procedure to purify proteins (FiL3Ei, C1, C2, C3, C4 and C5) included two (2) steps

(F1L3E1, C1 and C5) or four (4) steps (C2, C3 and C4). Details are provided in Table S5.4,
Supporting Information. The first step was pre-purification of proteins by acid, salt and heat
precipitation. Supernatant of cell lysate containing soluble expressed protein was diluted with
Milli-Q water to adjust total protein concentration to 4 mg mL!. The pH of diluted supernatant
was adjusted with NaCl (5M) and NaAc-HAc (IM) as per Table S5.4. The mixture was then
heated to 60 °C and maintained for 10 min to precipitate protein impurities. Precipitated protein

impurities were removed by centrifugation (19,802 xg at 4°C for 30 min).

The second step, except for C4, aimed to remove nucleic acid. Resultant supernatant was mixed
with an ammonium sulfate (AS) solution (3M), and a phosphate buffer (1M) to final AS
concentration 1.2 M at pH 6.5 (Table S5.2). Hydrophobic interaction chromatography (HIC)
was applied to remove nucleic acid. A HiTrap Butyl FF column (GE Healthcare Life Sciences,

USA) was used in binding mode. AKTA Pure (GE Healthcare Life Sciences, USA) was adopted
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in all liquid chromatography. The equilibration buffer was 100 mM phosphate buffer with 1.2
M AS, pH 6.5, and the elution buffer was 20 mM phosphate buffer, pH 6.5. After discarding
the flow through fraction, target protein was directly eluted by 100 % elution buffer in 10

column volumes (CVs).

For other variants (C2, C3 and C4), the additional two steps involved desalting and ion
exchange chromatography (IEC) and were required to improve protein purity. Before applying
IEC as Step 3, protein samples were adjusted to the same pH and salt concentration as the
equilibration buffer (20 mM PB, pH7.5). A HiPrep Desalting column with Sephadex G-25 resin
(GE Healthcare Life Sciences, USA) was used by flow- through purification. For step 4,
Sartobind Q membrane absorbers (3 mL) (Sartorius Stedim Biotech, Germany) were applied
for the last step of purification of C2, C3 and C4 by a bind-elute process. Proteins were eluted
with 100 % elution buffer (20 mM PB, 2M NaCl, pH7.5) in 16 CVs using an AKTA Pure
System (GE Healthcare Life Sciences, USA). All peaks were collected to test purity using SDS-

PAGE.

5.2.5 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE)

Protein expression and purification was performed with 12 % (w/v) SDS separation gel with a
5 % (w/v) SDS stacking layer. Sample preparation and procedures to stain and wash gels were

similar to previous published work !.

5.2.6 Transmission electron microscopy (TEM)

TEM was conducted to characterize the conformations of purified FiL3E;, C1, C2, C3, C4 and

C5. Samples preparation was similar to previous published work !. Grids were analysed with a
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Philips CM100 transmission electron microscope operated at 100 kV (Field Electron and Ion

Company, USA).

5.2.7 Size exclusion chromatography multi-angle light scattering (SEC-
MALYS)

SEC-MALS was performed to determine the hydrodynamic radius of purified proteins (F1L3E1,
C1, C2,C3, C4 and C5). Superose 6 Increase 10/300 GL (GE Healthcare, USA) was connected
to a high performance liquid chromatography (HPLC) system (Shimazdu, Japan) coupled with
a multi-angle laser light scattering (MALS) Wyatt DAWN® HELEOS II and Optilab T-rEx
(Wyatt Technology, Santa Barbara, CA USA). The equilibration buffer/mobile phase was 20
mM Phosphate buffer, pH 7.0. Protein concentration was 10 mg mL™!. Loaded volume was 50
pl. Retention time and absorbance at 280 nm were recorded. MALS data were processed with

ASTRA software (v. 6.1).

5.2.8 Dynamic light scattering (DLYS)

ADLS Zetasizer Nano ZS90 (Malvern, UK) was used to characterization protein sizes. Purified
protein samples were adjusted to a protein concentration of 0.3 mg mL"!. The instrument was

equilibrated at 25 °C and every sample was measured three (3) times.

5.2.9 Hydrophobicity

Hydrophobicity was determined by hydrophobic interaction chromatography amongst FiL3E;,
Cl1, C2,C3, C4 and C5. Sample volume was adjusted to 2 mL with protein concentration 1 mg
mL!. Each protein sample was mixed with 8 mL of equilibrated buffer of 1.0 M ammonium
sulfate buffer, 100 mM phosphate buffer containing NaHPO4 and NaH>POy4, pH 6.5. A HiTrap

Butyl FF column (GE Healthcare, USA) was used. The elution buffer was 20 mM phosphate
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buffer, pH 6.5. The column was equilibrated and protein samples loaded to a HiTrap Butyl FF
column. The column was eluted with a buffer by linear gradient elution of 0 to 100 % elution
buffer in ten (10) CVs. Retention time for each protein sample was recorded using AKTA Pure
(GE Healthcare, USA). After each run, the column was regenerated using 1.0 M sodium

hydroxide.

5.2.10 Thermal stability by differential scanning calorimetry (DSC)

Nano DSC (TA Instruments, USA) was used to determine the thermal stability of proteins.
Samples were prepared at protein concentration 5 mg mL™! in 200 mM phosphate buffer
(NaaHPO4 and NaH>PQO4) at pH 7.0. For DSC measurement equilibration was set at 30 min
with scan rate of 90 °C h™! for a temperature ramp from 30 to 110 °C. Data were analysed using
software Nano Analyze (TA Instruments, USA). Raw data from the experiment were subtracted
from the reference buffer scan. The baseline was fitted and subtracted from the thermogram
using a sigmoidal baseline function. Differences in heat capacity of the folded and unfolded
states of protein were determined 2. The midpoint of transition temperatures (Tm) and

calorimetric enthalpy (AH) were determined at end of analysis.
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5.3 Results and discussion

5.3.1 Hot spots determination by MDS

To determine the key residues that contribute significantly to protein stability, MDS coupled
with MM-PBSA were used. The hot spots are defined as the residues making significant
contributions to the binding free energy with a criterion of + 2.5 kcal mol™! 2! 23, Negative
binding energies indicate the equilibrium is in favour of the bound complex, however, positive
binding energies indicate the equilibrium is tilted towards the unbound complex 2*. The hot
spots in C-terminus of F1L3E; were identified as Glu 167 and Asp 171 with free binding energy
of 3.97 kcal mol™! and 3.58 kcal mol’!, respectively (Figure 5.4). Positive values also indicate
that these two residues favour the formation of clusters of monomers against complex

formation.

To further validate the importance of these two residues, amino acids (aa) 167 and 171, C-
terminus variants C1 and C2 were constructed by replacing Glu and Asp with Gln (C1) and
Arg (C2), respectively. The other three variants (C3, C4 and C5) were also constructed without
replacing aa 167 and aa 171, but rather by altering the hydrophobic interface. Figure 5.5 shows
the hot spots in each variants, highlighted in red. Table 5.2 summarises the energy distribution
by the main residues in C-terminus of variants (C1, C2, C3, C4 and C5). It was found that in
Cl, aa 167 and aa 171 were not hot spots anymore compared with FiL;Ei, however, aa 172
became a new hot spot, with free binding energy of 3.40 kcal mol™. In C2, aa 167 and aa 171
were still hot spots with increasing free binding energy of 9.18 and 8.17 kcal mol™!, respectively.
There was an additional hot spot found at the position of aa 172. For C3, C4 and C5, because
residues at aa 164 and aa 171 were not changed, hot spots remained the same. Interestingly, for
C3 and C4, one (1) additional hot spot was found at aa 172 with free binding energies of -5.99

and -2.77 kcal mol!, respectively. The negative binding energies suggested that residues favour
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the bound complex. For C5, there was no additional hot spot. The newly replaced residues
presented positive free binding energy, however, they were significantly close to zero, which

is unlikely to affect protein folding.

Findings demonstrate that aa 167 and aa 171 are two hot spots that potentially affect the
stability of the C-terminus. Except for CI1, other variants all showed significantly greater
binding free energy than the control F1L3E;. Besides aa 167 and aa 171, aa 172 was found to
be another hot spot after mutating native hot-spot residues. C5 is the variant without replacing
residues at previous hot spots, therefore, no additional hot spot was found. It can be concluded
here that all five variants contained hot spots, which significantly affect native C-terminus

stability. However, all of these assumptions require validation using experimental data.
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Figure 5.4 Hot spot predictions in C-terminus of F1L3;E; by MDS. A) Energy distribution of
residues at aa 164 to aa 174 in C-terminus of FiL3;E;. B) Mimic diagram of hot spots in C-
terminus of F1L3E; by Discovery Studio. Hot spots are indicated in red. C) Energy distribution
table. Hot spots are highlighted in bold.
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Figure 5.5 The identified hot spots predicted in C-terminus of 5 variants by MDS. Hot spots
are indicated in red. Mutated residues are indicated in blue.

Table 5.2 Energy distribution by main residues in C-terminus of variants. Bold indicates the
hot spots; Red indicates replaced residues.

Protein
FiL3E;

C1
Cc2
C3
C4

C5

Gly164
-2.49
Gly164
-1.94
Gly164
-1.77
Gly164
-1.67
Gly164
-2.40
Gly164

-2.36

Binding free energy contribution of each residue in C-terminus variants (kcal mol?)

Leul65
-0.46
Leul65
-1.37
Leul65
0.01
Vall65
-1.30
GIn165
0.06
GIn165

0.49

Alal66
-0.20
Alal66
0.05
Alal66
-0.03
1le166
-1.68
Asnl66
0.10
Alal66

0.05

Glul67
3.97
GIn167
0.21
Argle67
9.18
Glu167
4.62
Glul67
4.47
Glul67

3.58

Tyrl68
0.00
Tyrl68
-0.97
Tyrl68
-0.41
Ile168
-0.20
GIn168
0.18
GIn168

0.27

Leul69
-0.47
Leul69
-0.30
Leul69
-0.55
Vall169
-1.04
Asnl69
0.29
Leul69

-0.39

Phel70
-0.04
Phel70
0.14
Phel70
-0.27
11e170
-0.46
GIn170
-0.00
Phel70

-0.13

Aspl71
3.58
GIn171
0.51
Argl71
8.71
Aspl71
4.82
Aspl71
4.34
Aspl71

3.56

Lys172
-2.35
Lys172
3.40
Lys172
8.78
Lys172
-5.99
Lys172
-2.77
Lys172

-2.44

His173
0.36
His173
0.55
His173
-0.16
His173
-1.20
His173
0.07
His173

0.26

Thrl74
0.27
Thrl74
0.32
Thrl74
0.08
Thrl74
-0.37
Thrl74
0.12
Thrl74

0.19
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5.3.2 Molecular characterization by experiments

Characterization of engineered ferritin and variants was used to examine protein folding and

compare protein structural differences. F1L;E was used as a control.

Theoretical monomer MW predictions based on amino acid sequence for these six (6) proteins
were highly similar (F1L3Ei: 22.6, C1:22.6, C2:22.7, C3: 22.5, C4: 22.60, and C5: 22.60 kDa).
Therefore, the MW exhibited in SDS-PAGE for monomer of FiL3E; and variants (C1, C2, C3,
C4 and C5) were similar (~ 23 kDa), Figure 5.6A. The purity levels FiL3E; (lane 2), C1, C2
and C5 (lane 3, 4 and 7, respectively) were similar (> 90 %). Purities for C3 and C4 (lane 5 and
6) were less than 70 %. Assembled protein MW differences were also demonstrated by size-
exclusion chromatogram (SEC). The lower the value by elution volume, the greater MW of
assembled proteins. As is illustrated in Figure 5.6B (and Table 5.3), the elution volume for C1,
C2 and C5 were similar to the control (~ 12 mL). C3 displayed two obvious peaks on SEC
(Peak 1: 11 mL; Peak 2: 13 mL). According to theoretical MW, peak 2 is assumed to be
assembled single C3 protein particle, and peak 1 referred to the aggregated C3 particles. The
theoretical assembled MW for C4 was similar to the control, however, a lower MW was

indicated by SEC.

To observe particle size of variants, hydrodynamic radius by MALS and particle diameter by
DLS were determined, shown in Table 5.3. The hydrodynamic radius for C1 (6.96 nm), C2
(7.33 nm) and C5 (7.72 nm) were found to be greater than the control (F1L3Ei: 6.62 nm). For
C3, peak 2 from SEC was assumed to represent an assembled C3 protein particle, which
exhibited hydrodynamic radius as 6.12 nm with greater error compared with others. The
hydrodynamic radius for C4 was unmeasurable because the reading from MALS was wildly

inaccurate (Rn= 1.39 nm + 19.30 %) (Figure S5.1, Supporting information). DLS was applied
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as supporting information to compare particle size of these variants. Compared with the
readings from MALS, the deviation obtained from DLS was greater. However, the trend
between these two different measurements was similar. For C4, the particle diameter was found

to be 8.72 nm, which was less than the expected (ferritin: 12 nm) .

TEM images confirmed that whether protein particles were well assembled or not. Compared
with the control, C1, C2, C5 exhibited clear nanoparticles with similar particle size (Figure
5.6C). For C3, nanoparticles with different particle sizes were observed (~ 30-100 nm) (Figure
5.6C, Figure S5.2, Supporting Information). The sizes of these particles were greater than the
expected. These were more likely aggregates. There was no assembled C4 found using TEM

(Figure 5.6C).

Protein characterization is an efficient indicator to determine if protein folds properly and
protein conformationally stable. The particle size and assembled protein MW can indicate if
protein folds properly. The proportion of protein aggregation suggests protein conformational
stability 6. The aggregation of protein is mainly driven by hydrophobic effects. The reduction
in free surface energy by the removal of hydrophobic residues from contact with the solvent
drives protein aggregation 2’. It was found that alternation of native electrostatic 2® or
hydrophobic interface * affected differently on protein folding and protein conformational
stability. Zhou ef al. claimed that charged residues differ from nonpolar residues (e.g., Leu and
Ile) 2. The hydrophobic interactions of nonpolar residues (either hydrophobic or hydrophilic)

are the driving force for protein folding and conformational stability 28 30 31,

Our findings demonstrated that alteration of hydrophobic interfaces affected native protein

folding and conformational stability more seriously than alteration of the electrostatic interface
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at the C-terminus of engineered ferritin. Figure S5.4 (Supporting Information) has shown all
five variants were expressed with soluble proteins in E. coli. The purification protocol for C1
and C5 was similar to our previous study '. However, because of lower tolerance to thermal
and pH denaturants for variants C2, C3 and C4, an additional step using anion membrane
adsorbers was applied. Protein purification using membrane adsorbers offers advantages of fast,
gentle and effective separation of target proteins from impurities. The successful purification
of C2 indicated this additional step was non-invasive to protein stability. C1 and C2 are the
variants that change native electrostatic interface of protein. C1 (replacing with non-charged
residues) and C2 (replacing with positive charged residues) both folded properly and were
stable such that they could be purified in two steps to achieve purity around 90% and correct
particle size was also detected. CS5 is the variant breaking the native hydrophobic interface at
position ‘a’ and ‘d’ in a heptad repeat helix. Protein conformational stability of C5 variant was
influenced negligibly, suggested by negligible proportion of protein aggregation and correct
particle size. The purification of C3 and C4 failed to achieve a satisfactory purity level possibly
because of changes to the protein itself (unfolded and/or unstable). Variant C3 replaced residues
with the most hydrophobic residues Val and Ile, which may eventually result in greater protein
hydrophobicity change, therefore, greater proportion of protein aggregation in C3 is observed.
Variant C4 replaced residues with the most hydrophilic residues Gln (Q) and Asn (N). The flip
of native hydrophobic interface affects significantly on protein proper folding. It seems that C4
was not assembled/folded correctly, therefore, small particles with smaller size and low MW

were observed.

It can be concluded based on variants characterization that, variants C1, C2 and C5 achieved
more than 90% purity level with reasonable assembled molecular weight and particle size,

which provided more reliable protein-stability-study data compared with C3 and C4. Variants
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C3 and C4 obtained unsatisfied purity level (< 70 %), which may be caused by less protein
stability and therefore greater difficulty in protein purification. Variant C3 is highly likely to
aggregate, indicated by obvious two peaks in SEC and broad deviation of particle size in TEM.
Variants C4 exhibited less particle size and molecular weight, which is most likely caused by

incorrect protein folding or unstable proteins.

Absorbance at 280 nm
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Figure 5.6 Characterization of F1L3E; and five (5) variants (C1, C2, C3, C4 and C5). A) SDS-
PAGE analysis post-purification: lane 1, marker; lane 2, F1L3E;; lane 3, C1; lane 4, C2; lane 5,
C3; lane 6, C4; lane 7, CS. B) Size exclusion chromatography Multi Angle Scattering (SEC-
MALS). C) TEM images. Proteins were prepared in 20 mM Phosphate buffer, pH 7 with
concentration of 0.1 mg mL'.C3 image is formed by combining multiple C3 TEM images at
the same scale in order to show deviation of particle size. Original TEM images are shown in
Figure S5.2, Supporting Information.
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Table 5.3 Summary comparison of particle size and molecular weight (MW) for FiL3E; and
five (5) variants (C1, C2, C3, C4 and C5).

Protein Assembled Hydrodynamic Elution volume Particle

molecular radius from SEC- from SEC diameter from
weight (kDa) MALS (nm) (mL) DLS (nm)

FiLsE; 542.5 6.62 (£ 0.78 %) 12.53 15.69 (+5.21)
Cl 542.8 6.96 (£ 0.73 %) 12.26 18.17 (£ 5.52)
C2 544.1 7.33 (£ 0.58 %) 12.3 18.17 (£ 4.78)
C3 540.8 6.12 (£ 3.00 %) 11.24; 13.38 11.70 (£ 1.22)
C4 542.6 N/A 14.10 8.72 (+£2.51)
Cs5 542.0 7.72 (£ 0.45 %) 11.90 21.04 (+ 8.18)
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5.3.3 Hydrophobic study by MDS and experiment

To determine the impact of mutation on protein surface hydrophobicity, the six proteins, FiL3E1,
Cl1, C2, C3, C4 and C5 were simulated in water environment first to predict hydrophobic
solvent accessible surface area (SASA). The greater hydrophobic SASA, the more hydrophobic
the protein *>32. Shown by Figure 5.7A and Table 5.4, average hydrophobic SASA for each
variant was highly similar to the control (Fi1L3E: 827.5, C1: 807.1, C2: 848.0, C3: 843.6, C4:

809.4, and C5: 842 nm?).

These 6 proteins were loaded to hydrophobic interaction column (HIC) to determine protein
surface hydrophobicity by experiment. Proteins were eluted by reducing salt concentration.
The shorter the retention time before appearance of major elution peak the weaker the protein
binding to the column. Therefore, the less hydrophobic the protein. Because of low purity and
significant proportion of aggregated and/or unfolded protein, experimental data for variants C3

and C4 were excluded from analysis.

Figure 5.7B and Table 5.4 demonstrated that there was no significant difference of retention
time between variants (C1: 33.9; C2: 30.8 min; C5: 33.9 min) and the control (F1L3E: 34.0
min). For variants C3 and C4 (Figure S5.3, Supporting Information), a significant amount of
protein could not be easily eluted from the column and could only be removed by the denaturant
sodium hydroxide (1.0 M). This result can be caused by two (2) reasons: 1) the protein was too
hydrophobic to be eluted by the elution buffer; 2) unstable/unfolded protein precipitated in HIC.
Simulation data has shown that well-assembled variants should have similar protein
hydrophobic surface area. In addition, proven by protein characterization study, variant C3 was
likely to form clusters because of low structural stability, and variant C4 failed to assemble.

Therefore, C3 and C4 are more likely to precipitate in HIC.
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It is noticed that all variants replaced residues at Helix E of C-terminus. The C-terminus was
located inside the ferritin cage **. Therefore, well-assembled protein surface hydrophobicity of
each variant is similar to the control, as is illustrated by Figure 5.7C, even though the
hydrophobicity of the C-terminus in each variant was different (Figure 5.7D). The
hydrophobicities of the C-terminus in C1 and C2 were similar to that for F1L3;E1, however, the
hydrophobicity of the C-terminus in C3 was significantly increased, shown by greater
hydrophobic area (white) occupied than for FiL3E; in Figure 5.7D. The C-terminus of C4 was
found to decrease native hydrophobicity significantly, shown by a larger hydrophilic area (blue)
occupied than FiL3E;. C5 replaced two hydrophobic residues with polar uncharged residues
(GIn), and therefore decreased native C-terminus hydrophobicity. These changes all contribute

to significant changes in protein stability.

Proven by simulation and experiment, well-assembled variants C1, C2 and C5 had negligible
changes in protein surface hydrophobicity. Our previous work has shown that insertion of
epitopes at the C-terminus of ferritin (inside ferritin cage) caused less changes to protein
surface hydrophobicity compared with insertion at the N-terminus (ferritin surface) !. Research
demonstrated by Calhoun et al. also found that mutation on the solution-accessible outer
surface of the protein impacted more significantly on the stability than the inner hydrophobic
core 3°. Protein stability is closely related to protein hydrophobicity 3¢ *’. Therefore, this
research indirectly proves that the mutation of the hydrophobic core impacts less on protein
hydrophobicity compared with the one of outer surface. Consequently, C1, C2 and CS5 had

similar protein surface hydrophobicities to F1L;E;.

For C3 and C4, because of lower purity levels compared with other variants and the control,

there is not enough reliable evidence from experiment that validated simulation results
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suggesting ‘C3 and C4 were similarly hydrophobic to FiL3E:’. The limitation of simulation
results is that, C3 and C4 were assumed to have similar assembled protein structure to FiL3E;.
However based on protein characterization results, C3 was found to be highly likely aggregate.
C4 was not folded properly. Therefore, the hydrophobic SASA predicted by MDS for C3 and
C4 were not accurate enough without consideration of actual protein structures. The C-terminus
hydrophobic modelling (Figure 5.7D) for C3 and C4 indicate significant changes on native C-
terminus hydrophobicity by flipping native hydrophobic interface, which may significantly

affect correct protein folding and therefore protein structural stability.

It can be concluded from hydrophobicity study that, well-assembled variants (C1, C2 and C5)
obtained similar protein surface hydrophobicity, explained by both simulation and experiment.
However, the replacement of native hydrophobic residues in the C-terminus of engineered
ferritin caused irreversible impact on protein folding and stability, therefore, variants C3 and

C4 were unable to be characterized from this hydrophobic study.
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Figure 5.7 Hydrophobic study by MDS and experiment. A) Hydrophobic solvent accessible
surface area (SASA) predicted by MDS. B) Hydrophobic interaction chromatography of
variants. C) Hydrophobic and hydrophilic surface modelling for engineered ferritin. F1L3E1 is
used as an example. Hydrophilic residues are highlighted in blue. Hydrophobic residues are
highlighted in white. D) Hydrophobic and hydrophilic surface modelling for C-terminus of
F1L3E; and variants. Hydrophilic residues are highlighted in blue. Hydrophobic residues are
highlighted in white. Neutral residues are highlighted in brown.

Table 5.4 Hydrophobicity- related parameters from simulations and experiments.

Molecule Average hydrophobic Retention time by experiment
SASA by simulation (min)
(nm?)
F1L3Eq 827.5(+0.3) 34.0
C1 807.1 (£ 17.1) 33.9
C2 848.0 (= 14.7) 30.8
C3 843.6 (= 15.9) -
C4 809.4 (£ 14.7) -
C5 842.0 (= 18.5) 339
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5.3.4 Thermal stability study by MDS and experiment

MDS prediction
Because C3 and C4 cannot assemble into correct conformations, they were excluded in this

thermal stability study by both MDS and experiment. Four (4) assembled engineered ferritins
(F1L3E1, C1, C2, and C5) were simulated in water at room temperature 27 °C (300 K) and
150 °C (423 K), respectively, to compare protein conformational stability, compactness and
flexibility in terms of root mean square deviation (RMSD), radius of gyration (Rg) and root
mean square fluctuation (RMSF), respectively. At 150 °C, a-helix content was calculated to

predict protein secondary structure change in response to thermal denaturation.

Figure 5.8 demonstrates comparisons of protein stability, compactness and flexibility between
F1L3E; and variants (C1, C2 and C5) at 27 °C. The error analysis has shown the simulation
converged with acceptable deviation (Table S5.5, Supporting Information). RMSD refers to
protein structural stability. The greater RMSD, the less stable the protein structure is in MDS
3840 As is shown in Figure 5.8A, protein structural stability for C1, C2 and C5 was similar to
F1L3E1 in terms of similar variance of RMSD of C, (< 0.1 nm). Ry is an indicator of protein
compactness, which depends on both protein particle size and protein conformational stability.
A low Ry value illustrates a compacted protein structure, therefore, greater protein stability -
42 Protein compactness for C1, C2 and C5 was similar to FiL3E1, shown by similar variance
of Ry of Cq in Figure 5.8B (< 0.1 nm). These results showed that protein structural and

conformational stability for C1, C2 and C5 at 27 °C were similar to the control, FiL3E;.

In order to determine the fluctuation of residues at a-helix of C-terminus in engineered ferritin,
RMSF was determined for C, of residues from aa 164 to aa 173. RMSF examines protein
flexibility. A greater RMSF value suggests a more fluctuated movement of protein structure

with likely lower stability 33, 43, %, Low average RMSF values indicate individual amino acid
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residues that preserve protein stability 4°. Shown by Figure 5.8C, the RMSF range of FiL;E,
was between 0.10 and 0.16 nm, while variants (C1: 0.10 to 0.22 nm, C2: 0.12 to 0.27 nm, and
C5:0.13 to 0.24 nm) exhibited greater flexibility than F1L3E:. High fluctuation for all proteins
can be noticed at residues positions 164 and 173, which are two end points of the a-helix. Hot
spots predicted previously were aa 167, aa 171 and aa 172. At aa 167, variant C2 exhibited the
greatest flexibility with a fluctuation of 0.18 nm, compared with others. Variant C1 exhibited
highly similar RMSF as FiL3;E; at aa 167. It can be concluded here that, at room temperature,
variants (C1, C2 and C5) displayed very similar conformational and structural stability to the

control, however, notably greater fluctuations were observed.

To predict protein stability against thermal denaturants, F1L3E;, C1, C2, and C5 were heated at
150 °C for 200 ns by GROMACS. Shown by Figure 5.9, variants C1 and CS5 exhibited similar
RMSD to FL3;E,, while variant C2 showed the most unstable protein conformational structure
indicated by the greatest RMSD and R (Figure 5.9A and Figure 5.9B). Compared with Figure
5.8C, heating treatment results in a more fluctuating structure, shown by greater RMSF (Figure
5.9C). Helix content was calculated to demonstrate protein secondary structure change. As is
indicated in Figure 5.9D, variants C1 (15.1 % reduced) and C5 (14.6 % reduced) resulted in
slightly less helix content change compared with F1L3E; (13.8 % reduced). Secondary structure
of variant C2 was changed more significantly against thermal denaturants (19.7 % reduced). It
can be predicted here that, variant C2 was the least thermally stable. Variants C1 and C5

exhibited similar protein thermal stability to Fi1L;E; for heating at 150 °C for 200 ns.
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Experimental study by DSC
DSC was used to characterize protein thermal stability by determining the midpoint

temperature of the transition (Tm) and calorimetric enthalpy (AH) * 3. Ty is also known as
protein denaturing temperature *. For multi-domains proteins, such as engineered ferritins
(F1L3E1, C1, C2 and C5), there are multiple Tr, values. This is because there are multiple
intermediates during the thermal denaturing process. The intermediate with the greatest
enthalpy change indicates the greatest protein conformational change. Therefore, in this case,
protein denaturing temperature was defined as the temperature at the peak with the greatest
change of enthalpy values. Shown by Figure 5.10 and Table 5.5, variants (C1, C2 and C5)
exhibited less thermal stability than F1L3E;. The denaturing temperature for the control (F1L3E1)
was 90.2 °C, while denaturing temperature values for C1, C2 and C5 were 74.9, 64.6 and 69.7

°C, respectively (Table 5.5).

By comparing results from both MDS and experiment, it was found that MDS predicted protein
thermal stability well. These data have confirmed that variants C1, C2 and C5 have decreased
native protein thermal stability compared with the control Fi1L3E;. Variants C1 and C2 changed
electrostatic interfaces by replacing hot spot residues at position aa 167 and aa 171 with
uncharged residues (C1) or positively charged residues (C2). The destruction of native
electrostatic interface was found to destabilize the protein. In the native C-terminus of FiL3E;,
negative charged residues Asp (D) and Glu (E) maintained ion pairs with positive charged
residues Lys (K) and His (H) (Figure 5.1). These residues form strong hydrogen bonds and
other non-specific electrostatic interactions to support protein folding and retain protein
thermal stability 2®. Therefore, removal of native ion pairs and hydrogen bonds decreased native
thermal stability. In addition, C2 was less thermally stable than C1, which was caused by

greater binding free energy at hot spots aa 167 and aa 171 in C2 than CI1.
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C3, C4 and C5 are variants destroying the native hydrophobic interface. Altering hydrophobic
interfaces affected more significantly protein folding and stability compared with altering
electrostatic interfaces. The hydrophobic effect has been found to play a crucial role in protein
folding and protein stability 47 **. The hydrophobic effect leads structures to pack nonpolar side
chains in the protein interior to avoid contact with aqueous solution *°. Research has already
proven that substitutions of buried or partly buried nonpolar residues (hydrophobic or
hydrophilic) in proteins changed thermal stability between the wild type and variants 4° 30 31,
Variants C3 and C4 were unlikely to assume correct protein assembled structure, which has
been proved in the protein characterization study. Therefore, no reliable thermal stability data
could be generated. Variant C5 was formed by replacing non-polar residues at aa 165 and aa

168 with polar non-charged residues Gln, which destroyed the hydrophobic interface formed

at ‘a’ and ‘d’ in a heptad repeat. Therefore, C5 was less thermally stable compared with FiL3E;.

Overall, it can be concluded based on thermal stability study by MDS and experiments that,
alteration of the electrostatic interface in the native C-terminus of F1L3E; destroyed native ion
pairs and hydrogen bonds, therefore, decreased thermal stability was found in variants C1 and
C2. C2 was less thermally stable than C1 because of greater binding free energy at hot spots aa
167 and aa 171. Alteration of the hydrophobic interface in the native C-terminus of Fi1L3E;
destroyed native hydrophobic interactions between ‘a’ and ‘d’ in a heptad repeat, therefore, C5

was less thermally stable than F1L3E;.
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Figure 5.10 DSC thermogram for engineered ferritin and its variants. A) DSC thermogram for

FiL3E; (control). B) DSC thermogram for Cl. C) DSC thermogram for C2. D) DSC
thermogram for C5.

Table 5.5 Disassembled temperature values and enthalpy change values for ferritin and its
engineered variants obtained from DSC.

Protein Disassembled temperature T (°C)  Enthalpy change AH (kcal mol™)

T, T, T, AH, AH, AH,
F,L,E, 77.5 90.2 96.2 189 372 355
C1 65.9 74.9 - 228 270 -
C2 55.8 64.6 - 114 413 -
Cs 61.2 69.7 - 202 293 -
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5.4 Conclusions

A comprehensive protein stability study for engineered ferritin FiL3E; and its engineered
variants by MDS and experiment has shown that:

1. There are three potential hot spots affecting C-terminus stability predicted by MDS, aa
167, aa 171 and aa 172. Five variants were constructed by considering hot spots and
electrostatic/hydrophobic interfaces. C1, substituted with non-charged residues; C2,
substituted with positive-charged residues; C3, substituted with the highly hydrophobic
residues; C4, substituted with the very hydrophilic residues; C5, substituted with polar
non-charged residues to break the hydrophobic interface.

2. Change of the hydrophobic interface affected more significantly protein folding and
stability compared with changes to the electrostatic interface.

3. Protein characterization study has shown that variants C1, C2 and C5 could be folded
properly with good conformational stability. However, variants C3 and C4 introduced
significant changes to the hydrophobic effect. Variant C3 exhibited a significant
proportion of aggregates, and variant C4 was not folded properly. Variants C3 and C4
did were of insufficient quality for further stability studies.

4. Hydrophobic study by both MDS and experiment showed that variants C1, C2 and C5
displayed highly similar hydrophobicity to F1L3E;. This is because the C-terminus is
located inside of the ferritin cage. The substitution of residues had negligible effect on
the protein surface. However, there were significant amount of variants unable to be
eluted from HIC because of reduced protein stability.

5. Thermal stability study demonstrated that variants C1, C2 and C5 had decreased

thermal stability compared with FiL3E;.
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This study of engineered ferritin C-terminus variants provides essential understanding that the
a-helix of the C-terminus is significantly important in maintaining integrated protein stability.
The molecular design of the C-terminus a-helix of engineered ferritin is essential to enhance
protein stability, and therefore confidence in purification and production of safe and efficacious
epitope-based chimeric vaccine. This particularly saves costs from production of unstable and

inefficacious vaccines.
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5.6 Supporting Information

5.6.1 Supporting figures
A Correlation Function B
Peak Results
- Peak 1
Hydrodynamic radius (Q) moments (nm)
Rh(Q)n 5.923 (:53.860%)
Std Dev Rh(Q)n 5.879
Rh(Q)w 5.874 (+54.088%)
207 Std Dev Rh(Q)w 5.696
Rh(Q)z 5.847 (£54.295%)
g Std Dev Rh(Q)z 5.696
Rh(Q)(avg) 1.388 (%19.226%)
§ 101 Masses
3 Calculated Mass (pg) 15.21
Mass Recovery (%) 14.5

Mass Fraction (%) 74.0
Molar mass moments (g/mol)

2 Mn 5.490%x10% (£74.225%)
Mp 5.849x10% (£75.905%)
Mv n/a
Mw 5.536x10% (£74.255%)
107 Mz 5.580x10% (:166.054%)
T T T T T T T
1.0¢10 1010 1010 00 00 o1 1.0
Tiseq)
Fit R*=0.2488

Figure S5.1 SEC-MALS results for C4. A) Correlation function. R2 is 0.2488. B) Results
summary from SEC-MALS.

Figure S5.2 Original TEM image for C3 (20 mM Phosphate buffer, pH 7, protein concentration
was 0.1 mg mL™).
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Figure S5.3 Hydrophobic interaction chromatography of variants C3 and C4. Flow through
peak refers to protein that cannot bind to the column. Elution peak refers to protein that is
eluted out from the column applying reducing salt gradient. Regeneration peak refers to protein

that strongly binds to the column and can only being eluted out by introducing sodium
hydroxide (1M).
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5.6.2 Supporting tables
Table S5.1 Constructed PDB files by Discovery Studio.

PDB file name Represented structure name

Fi LzE; The control, ferritin inserted with EBNAT1 epitope at C-terminus with

three residues of linkers (GGS)

C1 F1 L3E1 variant

C2 F1 L3E1 variant

C3 F1 L3E1 variant

C4 F1 L3E1 variant

Cs5 F1 L3E1 variant

CC Two cut C-termini of F; L3E;
CCC1 Two cut C-termini of C1
cCcC2 Two cut C-termini of C2
CCC3 Two cut C-termini of C3
CCC4 Two cut C-termini of C4
CCCs Two cut C-termini of C5

Table 5.2 Cubic box for each structure generated from GROMACS.

PDB file name Cubic box dimensions
(nm*nm*nm)
FiL3E; 20%20*20
Cl 20%20*20
C2 20%20*20
C3 20%20*20
C4 20%20*20
C5 20%20*20
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Table S5.3 Amino acid sequence of variants.

Name

Amino acid Sequence

Ferritin-EBNAT1 (F1L3E1)

(Ferritin with inserted EBNA1 epitope at the C-

terminus)
Control

C1

No charge

C2

Same charge

C3

Most hydrophobic

C4

Most hydrophilic

Cs

Break L and Y combination

TTASTSQVRQNYHQDSEAAINRQINLELYASYVYLSMSYYFDRDDVALKNFAKYFLHQSH
EEREHAEKLMKLQNQRGGRIFLQDI
KKPDCDDWESGLNAMECALHLEKNVNQSLLELHKLATDKNDPHLCDFIETHYLNEQVK
AIKELGDHVTNLRKMGAPESGLAEYLFDKHTLGDSDNESGGSHPVGEADYFEY
TTASTSQVRQNYHQDSEAAINRQINLELYASYVYLSMSYYFDRDDVALKNFAKYFLHQS
HEEREHAEKLMKLQNQRGGRIFLQDI
KKPDCDDWESGLNAMECALHLEKNVNQSLLELHKLATDKNDPHLCDFIETHYLNEQVK

AIKELGDHVTNLRKMGAPESGLAQYLFQKHTLGDSDNESGGSHPVGEADYFEY

TTASTSQVRQNYHQDSEAAINRQINLELYASYVYLSMSYYFDRDDVALKNFAKYFLHQS
HEEREHAEKLMKLQNQRGGRIFLQDI
KKPDCDDWESGLNAMECALHLEKNVNQSLLELHKLATDKNDPHLCDFIETHYLNEQVK

AIKELGDHVTNLRKMGAPESGLARYLFRKHTLGDSDNESGGSHPVGEADYFEY

TTASTSQVRQNYHQDSEAAINRQINLELYASYVYLSMSYYFDRDDVALKNFAKYFLHQS
HEEREHAEKLMKLQNQRGGRIFLQDI
KKPDCDDWESGLNAMECALHLEKNVNQSLLELHKLATDKNDPHLCDFIETHYLNEQVK

AIKELGDHVTNLRKMGAPESGVIEIVIDKHTLGDSDNESGGSHPVGEADYFEY

TTASTSQVRQNYHQDSEAAINRQINLELYASYVYLSMSYYFDRDDVALKNFAKYFLHQS
HEEREHAEKLMKLQNQRGGRIFLQDI
KKPDCDDWESGLNAMECALHLEKNVNQSLLELHKLATDKNDPHLCDFIETHYLNEQVK

AIKELGDHVTNLRKMGAPESGQNEQNQDKHTLGDSDNESGGSHPVGEADYFEY

TTASTSQVRQNYHQDSEAAINRQINLELYASYVYLSMSYYFDRDDVALKNFAKYFLHQSH
EEREHAEKLMKLQNQRGGRIFLQDI
KKPDCDDWESGLNAMECALHLEKNVNQSLLELHKLATDKNDPHLCDFIETHYLNEQVK

AIKELGDHVTNLRKMGAPESGQAEQLFDKHTLGDSDNESGGSHPVGEADYFEY
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Table S5.4 Purification methods for control (F1L3E1) and its variants (C1, C2, C3, C4 and C5).

Protein Step 1: Pre-purification Step 2: HIC Step 3: Desalting Step 4: IEC
membrane
F1L3Eq Dilute  supernatant N/A N/A
SM NaCl (1:5) from step 1 with 1.2M
AS, 100 mM PB,
IM NaAc-HAc (pH4.5) pH6.5
(1:10)
Load samples to Butyl
60 °C for 10 min FF
C1 5M NacCl (1:5) Dilute  supernatant N/A N/A
from step 1 with 1.2M
IM NaAc-HAc (pHS5.5) AS, 100 mM PB,
(1:10) pH6.5
60 °C for 10 min Load samples to Butyl
FF
C2 Dilute  supernatant Desalt to 20 mM PB Load to Sartobind Q
5M NacCl (1:5) from step 1 with 1.2M  pH 7.5
AS, 100 mM PB, Elute proteins using
pH6.5 buffer (2M  NaCl,
50 °C for 10 min pH7.5)
Load samples to Butyl
FF
C3 Dilute  supernatant Desalt to 20 mM PB Load to Sartobind Q
from step 1 with 1.2M  pH 7.5
5M NaCl (1:5) AS, 100 mM PB, Elute proteins using
pH6.5 buffer (2M  NaCl,
pH7.5)
50 °C for 10 min Load samples to Butyl
FF
C4 N/A Desalt to 20 mM PB  Load to Sartobind Q
pH 7.5
50 °C for 10 min Elute proteins using
buffer (2M  NaCl,
pH7.5)
C5 5M NaCl (1:5) Dilute supernatant N/A N/A

IM NaAc-HAc (pHS.5)
(1:10)

60 °C for 10 min

from step 1 with 1.2M
AS, 100 mM PB,
pH6.5

Load samples to Butyl
FF
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Table S5.5 Error analysis for MDS at 150 °C.

Protein RMSD (mean £ SD) (nm) R¢ (mean = SD) (nm)
FiL3E: 0.67 (£ 0.091) 5.33 (£ 0.028)

C1 0.69 (+ 0.100) 5.33 (£ 0.024)

C2 0.70 (£ 0.096) 5.42 (£ 0.042)

Cs 5.36 (£ 0.031) 5.36 (£ 0.031)
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5.6.3 Other supporting information not included in online publication

Figure S5.4 indicated that all five (5) variants achieved soluble expression under expression

condition: 37 °C, 200 rpm, 4 h.

25kD
20 kDa

Figure S5.4 SDS PAGE image of soluble expression for F1L3E; and 5 variants (C1, C2, C3,
C4 and C)5).
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Abstract

Human ferritin heavy chain, an example of a protein nanoparticle, has recently been used as a
vaccine delivery platform. Human ferritin has advantages of uniform architecture, robust
thermal and chemical stabilities, and good biocompatibility and biodegradation. There is
however a lack of understanding about the relationship between insertion sites in ferritin (N-
terminus and C-terminus) and the corresponding humoral and cell-mediated immune responses.
To bridge this gap, we utilized an Epstein-Barr Nuclear Antigen 1 (EBNAL) epitope as a model
to produce engineered ferritin-based vaccines E1F1 (N-terminus insertion) and F1E1 (C-
terminus insertion) for the prevention of Epstein-Barr virus (EBV) infections. X-ray
crystallography confirmed the relative positions of the N-terminus insertion and C-terminus
insertion. For N-terminus insertion, the epitopes were located on the exterior surface of ferritin,
while for C-terminus insertion, the epitopes were inside the ferritin cage. Based on the results
of antigen-specific antibody titers from in-vivo tests, we found that there was no obvious
difference on humoral immune responses between N-terminus and C-terminus insertion. We
also evaluated splenocyte proliferation and memory lymphocyte T cell differentiation. Both
results suggested C-terminus insertion produced a stronger proliferative response and cell-
mediated immune response than N-terminus insertion. C-terminus insertion of EBNAL epitope
was also processed more efficiently by dendritic cells (DCs) than N-terminus insertion. This
provides new insight into the relationship between the insertion site and immunogenicity of

ferritin nanoparticle vaccines.

KEYWORDS: Vaccine, ferritin nanocage, Epstein-Barr virus, Epstein-Barr nuclear antigen 1,
Virus-like particles

270



6.1 Introduction

In the history of vaccine development, the first generation of vaccines used live-attenuated
strains of a pathogen or inactivated killed pathogen, both of which have known limitations. The
live-attenuated vaccine strains impose high risks of reversion into disease-causing viruses
generating more virulent strains. The inactivated killed vaccine pathogens require multiple
dosage administrations and adjuvants because of weak immune reactions *. There has been a
rapid development of innovative vaccine delivery platforms, such as nanoparticle systems and

proteins 2,

Nanoparticle proteins self-assemble from multiple protein subunits into hollow structures with
desirable features that may overcome these limitations: high stability, biocompatibility and
biodegradability 3. Human ferritin heavy chain is an example of a protein nanoparticle. It is a
single particle made up of 24 equivalent monomers, giving inner and outer diameters of 8 and
12 nm respectively #. As shown in Figure 6.1A, human ferritin heavy chain provides inner
cavity by the hollow structure. Various properties of protein nanoparticles have been
characterized, revealing very robust thermal and chemical stabilities !, good ability to present
antigens and expose immunogens %8 low toxicity, high biocompatibility and good
biodegradability °. These properties present ferritin as a desirable nanoparticle vaccine platform.
Each monomer of ferritin has 3 commonly used insertion sites; the N-terminus, C-terminus and
a flexible loop region (Figure 6.1B). N-terminus insertion is considered as epitope insertion
site in early research exploring ferritin as a vaccine delivery platform. For example, research
conducted by Kanekiyo et al. ® and Sliepen et al. ® both selected the N-terminus as the insertion
site of epitopes. Up to date, to see if other insertions would result a better dendritic cells (DCs)

processing 1%, some researchers started selecting the C-terminus or loop region for epitope
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insertion 114 There are still limited studies investigating the potential relationship between
the insertion site and corresponding immunogenicity. In this study, we focus on investigation
of the immunogenicity between N-terminus and C-terminus insertion and in particular the

ability of ferritin to accommodate a selected epitope.

Flexible loop region

Figure 6.1 Human ferritin heavy chain mimic diagram by the program Chimera. A) The native
ferritin assembly structure (PDB ID: 1FHA). Orange label represents ferritin monomer. B)
Ferritin monomer. Red label represents N-terminus insertion site; Green label represents C-
terminus insertion site; Blue represents flexible loop region insertion site.

Epstein-Barr nuclear antigen 1 (EBNA1) was used as the model for exploring an EBNA1-
associated vaccine against Epstein-Barr virus (EBV) infection. EBV is one of the human
herpesvirus types *°. It infects B lymphocytes and some epithelial cells and causes various
diseases including Burkitt’s lymphoma, Hodgkin’s disease, lymphomas and
lymphoproliferative diseases °. More than 90 % of human adult populations are infected by
EBV and approximately 1.5 % of all cancers in the world are associated with EBV infection °.
The co-infection of EBV and other viruses also increases the risk of cancer. For example, EBV
and human papillomavirus (HPV) are related to 38 % of all virus-associated cancers 1718, such

as cervical cancer, breast cancer, prostate cancer and lung cancer ’. Unfortunately, therapy

treatment for EBV infections is still under development with a lack of licensed vaccines for
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EBV infection '°. EBNA1 is expressed in all EBV-carrying tumours, which acts as a marker to
differentiate the virus-associated cancer cells from normal cells. EBNAL is essential for viral
genome maintenance and controlling viral gene expression. As a result, virus is dependent on
EBNAL to persist 1°. As such, the development of an EBNAL1 vaccine has the potential to

prevent EBV infection and EBV related cancer.

In this study, we inserted an EBNA1 epitope (HPVGEADYFEY), which was found as the main
immunogenic domain of EBNA1 %, at the N-terminus or C-terminus of ferritin with 15 residues
of soft linker (GGSGGGGSGGGGSGG) between the antigen and the ferritin. Our main
purpose was to develop engineered ferritin vaccines with different insertion sites (N-terminus
and C-terminus) to compare their potential immune response against EBV infection. To
achieve this aim, engineered ferritin vaccines, EBNAL1-ferritin (ELF1) (N-terminus insertion)
and ferritin-EBNAL (F1E1) (C-terminus insertion), were first successfully expressed and
purified. Characterization experiments were also performed to confirm purity, size and
structure of E1F1 and F1E1. To determine if both E1F1 and F1E1 could induce potent immune
responses, mice were then injected with either engineered ferritin vaccine to determine antigen-
specific IgG titers, proliferation indices, and lymphocyte T cells differentiation. These results
will be used as a preliminary immunology study of E1F1 and F1E1 to test the potential on if
they are able to induce potent immune responses after stimulating by the short EBNA1 peptide.
Therefore, the successful outcomes will build confidence on further immunity experiments
design including stimulating by the full length of EBNA1 antigen along with virus
neutralization assay. Our study provides new understanding regarding the relationship between

epitope insertion sites of ferritin and corresponding immunogenicity, which might provide
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guidance for the future development of ferritin-based vaccines that illicit strong immune

responses.

6.2 Materials and methods

6.2.1 Plasmid generation, expression and purification of recombinant
ferritins

The pET 30a vector was used to construct plasmids harbouring genes of two types of EBNAI
fused ferritins, E1F1 and F1E1, inserted between the Nde I and BamH I restriction sites. The
epitope was selected as EBNAl (HPVGEADYFEY). A fifteen-residue linker
(GGSGGGGSGGGGSGEA) was inserted between the epitope and ferritin in both ferritin
complexes. The plasmids were transformed into E. coli BL21 (DE3). The expression process
of the two engineered ferritin constructs was the same. A single bacterial colony transformed
with pET 30a containing E1F1 or F1E1 was inoculated in 50 mL LB medium supplemented
with kanamycin (100 pg mL™"), and incubated overnight at 37 °C in an orbital mixer incubator
(Ratek), shaken at 180 rpm. A 10 mL of exponentially growing bacterial culture was then
transferred to 500 mL of LB medium supplemented with kanamycin (100 pg mL™). The culture
was grown at 37 °C and shaken at 200 rpm until ODeoo reached 0.8, followed by induction with
1 mM IPTG at 37 °C for 4 h. Cells were collected by centrifugation at 13,751 xg. Cell pellets
were resuspended in lysis buffer (20 mM PBS, 2 mM EDTA, pH 7.0) and lysed by mechanical
disruption. The bacterial lysate was centrifuged at 19,802 xg for 30 min to remove cell debris

and supernatant was harvested for protein purification.

The protein purification processes for E1F1 and F1E1 were the same, except they differed in
the chromatographic resin used. First, clarified supernatant was diluted with Milli-Q water to

a final protein concentration of 4 mg mL™'. NaCl and NaAc-HAc were added to a final
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concentration of 1 M and 100 mM respectively and the pH was adjusted to 5.0 to the diluted
protein solutions and the mixtures underwent thermal precipitation at 60 °C for 10 min.
Centrifugation (19,802 xg at 4°C for 10 min) was conducted to remove precipitated impurities.
The resultant supernatant pH was adjusted to 6.5 by using 1 M phosphate buffer (PBS;
NaoHPO4-NaH>PO4), pH 8.0, and 1 M ammonium sulfate was added for purification by
hydrophobic interaction chromatography (HIC). HIC was performed on an AKTA pure system
(GE Healthcare, USA), with a HiTrap Octyl FF column (GE Healthcare, USA) used for E1F1,
and a HiTrap Butyl FF column (GE Healthcare, USA) used for F1E1. The equilibration buffer
was 100 mM PBS and 1 M ammonium sulfate, pH 6.5. The elution buffer was 20 mM PBS,
pH 6.5. Briefly, samples were loaded onto columns equilibrated with equilibration buffer. After
washing the column for 5 CV with equilibration buffer, a linear gradient elution of 0 -100 %
elution buffer in 3 CV was conducted and the second eluted peak was collected. Absorbance at
280 and 260 nm were recorded. Finally, collected fractions from HIC were buffer-exchanged
to 20 mM PBS, pH 7.0 using a HiTrap desalting column (GE Healthcare, USA). Protein

expression and purity were analysed by SDS-PAGE.

6.2.2 Protein characterization

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

Analysis of protein expression and purification was performed under 5 % (w/v) SDS spacer
gel and 12 % (w/v) SDS separation gel. Samples were diluted with the same amount of 5x
loading buffer (6 % (v/v) 1 M Tris-HCI1 pH 6.8, 25% (v/v) glycerol, 1 mg mL"! bromophenol
blue, 2 % (v/v) SDS and 5 % (v/v) B-mercaptoethanol). Treated samples were heated at 100 °C
for 10 min and were separated by electrophoresis (Bio-Rad). The gel was stained with 0.25 %

(w/v) Coomassie R-250 for 60 min and the background was washed using a washing buffer
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(10 % (v/v) ethanol and 10 % (v/v) acetic acid) for 60 min.

Size exclusion chromatography coupled with multiple-angle laser light scattering (SEC-MALS)

SEC-MALS was performed to determine hydrodynamic radius of purified engineered ferritins,
EIF1 and F1EI. Superose 6 10/300 GL (GE Healthcare, USA) was connected to High
Performance Liquid Chromatography (HPLC) (Shimazdu, Japan) coupled with Wyatt Optilab
refractive index (RI) and Wyatt DAWN MALLS detector (USA). Equilibration buffer was 20
mM PBS, pH 7.0. Protein concentration was 5 mg mL™!. Loading volume was 50 ul. The output
chromatogram was processed by Origin 2021 to calculate integrated area for each peak. Purity

level was estimated using equation (6.1).

Purity (%) = ~targetprotein o

ATotal protein
where ATarget protein 1S the integrated area of target protein peak and Aol protein 1S the sum of

integrated area of target protein peak and impure protein peaks.

Mass spectrometry

Purified protein samples were analysed using an Agilent 6230 TOF mass spectrometer (MS)
equipped with Agilent 1260 LC system. Instrument was tuned at 3200 m/z mass range in
positive ion mode. Using ESI source, 1 mL of the samples was injected into MS via the LC
auto sampler and eluted without chromatographic separation at a flow rate of 0.5 mL min
using isocratic elution of 50 % buffer B, where buffer A is 0.1 % formic acid in water and buffer
B is 0.1 % formic acid in acetonitrile. Mass spectra were acquired under the control of
MassHunter Workstation software, LC-MS Data Acquisition (version B.08.00, Agilent

technologies, USA).
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Transmission electron microscopy (TEM)

E1F1 and F1E1 samples were diluted to a concentration of 0.1 mg mL™!. Carbon-coated copper
grids were incubated face down on 10 uL of sample for 10 min. The grid was washed 3 times
in droplets of Milli-Q water, and then negatively stained in 2 % (v/v) uranyl acetate for 2 min.
Excess liquid was removed with filter paper. Grids were analysed with a Philips CM100

transmission electron microscope operated at 100 kV (Field Electron and Ion Company, USA).

Protein crystallization and data processing

For crystallization, previously purified E1F1 and F1E1 were dialysed to 10mM Tris pH 7.5 at
concentrations of 5 mg mL™! and 10 mg mL! respectively. Crystallization trials were completed
using the PEGION, Index and Crystal Screen sparse matrix screens (Hampton Research) with
96 well Intelliplates (Art Robbins) in a sitting drop format at 16 °C. Wells contained 80 ul of
reservoir solution, with drops consisting of 1 pL ferritin construct and 1 pL of reservoir solution.
Conditions for crystallization differed for the two constructs. For E1F1, crystals were obtained
in a reservoir solution of 0.1 M ammonium citrate tribasic pH 7.0 with 12 % PEG 3350. F1E1
crystals were obtained in a reservoir solution of 0.1M HEPES pH 7.0 with 30 % Jeffamine M-

600 pH 7.0. In both cases, crystals formed within 1 week.

Data collection, processing and refinement

Crystals of E1F1 and F1E1 were transferred to Paratone-N for cryoprotection and flash-frozen
in liquid nitrogen. Diffraction images were collected at the MX1 beamline of the Australian
Synchrotron 2!, Data were integrated and indexed using XDS ?2, and scaled and merged using
Aimless (CCP4) 2. The structures of E1F1 and F1E1 were solved by molecular replacement
with Phaser, using a previously solved structure of heavy chain ferritin (PDB: 6J4A) with
solvent and ligands removed 2*. Solutions from Phaser underwent multiple rounds of

refinement in Phenix, followed by multiple rounds of model building in Coot, until R-factors
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converged 2>2°. Both structures possess good overall geometry, with >98 % of residues
favoured in the Ramachandran plot and no outliers. All residues from aa. 5 — 176 were modelled,
except for aa. 88 — 96, which were unable to be completely modelled for half of the chains of
E1F1, and all chains of FI1E1 due to ambiguous electron density. Detailed crystallographic

statistics for E1F1 and F1E1 were recorded in Table 6.2.

Structure comparison and visualisation
Structural superposition was completed by sequence independent alignment in PyMol 7.
Figures for visualizing protein structure were generated using PyMol. Simulated annealing

2Fo-Fc composite omit maps were generated in Phenix.

6.2.3 Endotoxin concentration determination

Pierce™ Chromogenic Endotoxin Quant Kit (Thermofisher, USA) was used to determinate
endotoxin concentration of each protein sample (E1F1 and F1E1). High Standards (0.10, 0.25,
0.50 and 1.00 EU mL™') of E. coli endotoxin standard solution was prepared accordingly.
Lyophilized amebocyte lysate and chromogenic substrate were reconstituted with endotoxin-
free water (EFW) of 1.7 mL and 3.4 mL, respectively. Protein samples (E1F1 and F1E1) with
protein concentration of 1 mg mL™! in 20 mM PB buffer, pH 7.0, were diluted with EFW to

protein concentration of 0.1 mg mL!.

The endotoxin-free 96-well plate was pre-equilibrated in a heating block at 37 °C. 50 uL of
endotoxin standard dilutions, blank (EFW), and diluted protein samples (E1F1 and F1E1) were
added per well. Each sample, blank and standards were run in triplicate. The plate was kept at
37 °C, and 50 pL of the reconstituted amebocyte lysate reagent was added per well. Once the

amebocyte lysate reagent has been added to the plate well, the plate was removed from the
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heater and mixed by tapping 10 times on the side of the plate. The plate was then incubated at
37 °C for 12 min. After exactly time 12 min, 100 uL of pre-warmed reconstituted chromogenic
substrate solution was added per well. Once the substrate solution was added, the plate was
removed from the heater and mixed gently by tapping 10 times to facilitate mixing. The plate
was incubated at 37 °C for 6 min. After that, 50 puL of stop solution (25 % acetic acid) was
added per well. Once the stop solution was added, the plate was removed from the plate heater
and mixed by tapping 10 times on the side of the plate. The optical density (OD) at 405 nm
was read via microplate reader (BioTek, USA). The average absorbance of the blank replicates
was subtracted from the average absorbance of all individual standards and sample replicates
to calculate mean absorbance. The standard curve (linear regression) was prepared by plotting
the average blank-corrected absorbance for each standard on the y-axis against the
corresponding endotoxin concentration in EU mL" on the x-axis. The coefficient of

determination, r 2

was required to be >0.98. The endotoxin concentration of each protein
sample was determined using the formulated standard curve. The final endotoxin concentration

of each protein sample was after multiplying by 10 times dilution.

6.2.4 Mice immunisation

All animal experiments were approved by the Medical Ethics Committee of ShanXi University

of Chinese Medicine (Approval Number 2019LL137).

Three groups (n=6/treatment) of 6 to 8 week-old female BALB/c mice were immunised
intraperitoneally three times (Day 0, 14, 28) with 6 pg of EBNAT1 short peptide epitope without
adjuvant (Group 1: control), purified E1F1 (1 mg mL") and F1E1 (1 mg mL™!") in 200 pL PBS
(Group 2 and 3: samples) (equivalent mass amount of EBNAT1 epitope) mixed with an equal

volume amount of endotoxin free aluminum hydroxide (0.8 mg mL™'). Two extra groups
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(n=6/treatment) of mice were treated with 200 uL PBS (negative control) and 100 pg of
Ovalbumin (OVA), respectively, used for check if the system and animal models were working.

The serum was collected at 14 and 28 days after first time immunization and stored at -80 °C.

6.2.5 Enzyme-linked immunosorbent assay (ELISA)
EBNALI epitope (HPVGEADYFEY) was adsorbed overnight at 4 °C in 96-well plates at 10 ug

mL! in 50 mM sodium carbonate buffer pH 9.6. After being blocked with PBS containing 1 %
bovine serum albumin (BSA) for 2 h at 37 °C, the plate was incubated with serial dilutions of
mouse sera, collected at 14, 28 days after the first immunization from each group, for 2 h at
37 °C. The plate was washed three times with PBS containing 0.1 % Tween-20. A goat anti-
mouse IgG horseradish peroxidase-conjugated antibody was applied at a 1:5000 dilution, and
200 uL were added to the plate. After being incubated at 37 °C for 2h, the plates were washed,
and 3,3",5,5"-Tetramethylbenzidine (TMB) Single-Component Substrate solution was added
for colour development. After 10 min, 1 M sulphuric acid was added to stop the colour
development. After 10 min, the plates were analysed using a microplate reader (Perlong, China)
at wavelength 450 nm. Endpoint titers were defined as the highest serum dilution that resulted
in an absorbance value two times greater than that of negative control sera derived from the

non-immunized mice.

6.2.6 Antigen-specific IgG isotype

The procedure for antigen-specific IgG isotype followed ELISA method as outlined in section
2.5. EBNAI1 short peptide (HPVGEADYFEY) was absorbed overnight at 4 °C in 96-well
plates at 10 pg mL™" in 50 mM sodium carbonate buffer at pH 9.6. After being blocked with
phosphate-buffered saline (PBS) containing 1 % bovine serum albumin (BSA) for 2 h at 37 °C,

the plate was incubated with 100 pL diluted mouse sera (same dilution of end point) prepared
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before for ELISA, for 2 h at 37 °C. The plate was washed three times with PBS containing 0.1 %
Tween-20. Antibodies goat anti-mouse IgG1 and IgG2a were applied at 1:1000 dilution, and
100 uL were added to the plate. A rabbit anti-goat IgG horseradish peroxidase-conjugated
antibody was applied at a 1:5000 dilution, and 200 pL were added to the plate. The remained

procedure was exactly same as section 6.2.5.

6.2.7 T-cell proliferation assay

Murine splenocytes were harvested using red blood cell lysing buffer (Sigma). Single-cell
suspensions were prepared (4 x 10° cells mL™!) and cultured in RPMI 1640 (Gibco, Germany)
with a short EBNA1 epitope at 20 ug mL™'. The plates were then incubated for 48 h before the
addition of 10 pL of CCK-8 (Dojindo, Japan) per well. The absorbance at 450 nm was recorded
in a microplate reader (Perlong, China) after 4 h incubation at 37 °C. The results were presented

as proliferation indexes (PI) using the following equation (6.2) and equation (6.3).

A(sample)—Ag(control)

Proliferation rate = (6.2)
Ag(control)

A(sample): A4so nm of the sample group with CCK-8 and stimulator (EBNAT1 epitope, E1F1

or F1E1)

Ao(control): A4so nm of the control group with CCK-8 only

Proliferation Index = Proliferation rate (sample) (6.3)

Proliferation rate (PBS)

6.2.8 Lymphocyte activation

Splenocytes from immunized mice were cultured for 60 h at 37°C with and without EBNA1
epitope before staining with FITC CD4 Monoclonal antibody, PerCP-Cy 5.5 CD8a Monoclonal
antibody, APC-eFluor 780 CD19 Monoclonal antibody and APC CD25 Monoclonal antibody
(Thermo fisher, USA) at 4 °C. After washing with PBS, fluorescence patterns were analysed
using a FACSCanto II (BD Bioscience, USA). The percentage of CD25/CD4 T cells,

CD25/CDS8 T cells and CD25/CD19 B cells were recorded and analysed using FACSCanto II
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software (BD Bioscience, USA).
The procedure to detect memory lymphocyte T cells differentiation was same as above. After
the gate for CD25 was circled, gates for CD44 and CD62L were circled in CD4" T and CD8"

T cells, respectively.

6.2.9 Statistical analysis

Data generated from in vivo immunology studies were presented in Mean & Standard deviation
(SD). GraphPad Prism 9 was applied to determine statistical significance of results in antigen-
specific antibodies titers, T-cell proliferation assay and lymphocyte activation following One-
way ANOVA method. P-value < 0.05 (*) was considered as significant. P-value < 0.01 (**)

was moderately significant. P-value < 0.001 (***) was highly significant.
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6.3 Results
6.3.1 Characterization of engineered ferritins

The production procedures (including expression and purification) for engineered ferritins
were general by applying advantages of native ferritins, such as robust thermal and chemical
stabilities. Characterization of engineered ferritins are significant to check if they meet quality
criteria in terms of satisfied purity and well-assembled structures, before performing animal
experiments. It also helps reveal the potential structural differences between E1F1 and F1E1,
in order to build connections with further immunology results. The molecular weight for
monomer of E1F1 and F1E1 is 23.35 kDa based on amino acid sequence estimation by ExPaSy
Bioinformatics Resource Portal (SIB Swiss Institute of Bioinformatics, Swiss). E1F1 and F1E1
showed the same molecular weight by SDS-PAGE as expected (Figure 6.2A). From the mass
spectrum, the molecular weight for the monomers of E1F1 and F1E1 were 23.48 and 23.35
kDa, respectively (Figure 6.2C), matching the expected size of the engineered ferritins with the
EBNAL1 epitope intact. The slight difference in mass of E1F1 and F1E1 seems like matching
the start methionine (M). It may suggest that, for F1E1, M was removed in E. coli because of
similarity with bacterial ferritin. The hydrodynamic radius measured by SEC-MALS indicated
a particle size difference between E1F1 and F1E1, with sizes 7.26 and 6.65 nm, respectively
(Figure 6.2B). These sizes were consistent with previous measured hydrodynamic radii of
ferritin nanoparticles (6.7 nm) 8. Both SDS-PAGE and SEC results confirmed that purity of
E1F1 and F1E1, which were 99.50 % and 99.45 %, respectively (Figure 6.2A, Figure 6.2B). It
indicates that less than 0.6 % impurity is process-related proteins (for example, host cell protein
(HCP) of E. coli) and product-related proteins (for example, dissociated or denature HFn). The

high purity of protein sample for vaccine performance evaluation is critical.
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Figure 6.2 Characterization of E1F1 and FIE1. A) SDS PAGE analysis post purification:
Marker: protein marker; lane 1: E1F1; lane 2: F1E1. B) Hydrodynamic radius measurements
and purity level estimation from size exclusion chromatography with multiple-angle laser light
scattering (SEC-MALS). C) Mass spectra of E1F1 and FIE1. The molecular weights for the
E1F1 and F1IE1 monomers were determined as 23.48 and 23.35 kDa, respectively. D) TEM
image of E1F1. E) TEM image of F1E1.
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The endotoxin determination experiment was conducted to ensure the immunology result and
vaccine performance validation is accurate. The endotoxin standard curve was shown in Figure
S6.1 (Supporting Information). The equation was valid with R-squared greater than 0.98.
Shown by Table 6.1, the endotoxin concentration in the injection protein sample for E1F1 and
F1E1 were 9.67 and 9.56 EU per mg of protein, respectively. They are much less than the
endotoxin limit of 152 EU mg* protein for preclinical research animal models. The detail of
endotoxin limits for preclinical research animal models is calculated and shown in Table S6.1,

which is based on the threshold pyrogenic human dose of 5 EU kg™ %°.

Table 6.1 Endotoxin concentration of protein samples.

Protein sample name E1F1 F1E1
Average OD (405 nm) 1.35 1.33
Endotoxin concentration by 10x  0.967 0.956
dilution (EU mL™")
Actual endotoxin concentration 9.67 9.56
(EU mL1)
Total protein injection (mg) 0.2 0.2

Total Endotoxin amount per dose  9.67 9.56

(EU mg! protein)

Purified proteins E1F1 and F1E1 both presented well-assembled structures based on TEM
images (Figure 6.2D, Figure 6.2E). To verify the location of epitopes for different insertion
site, the structures of E1F1 and F1E1 were solved by x-ray crystallography to 2.8 and 2.2 A
resolution, respectively (Table 6.2). Both engineered ferritin constructs displayed the same
nanoparticle assembly and monomer structure compared to native heavy chain ferritin (Figure
6.3A). No electron density was observed for the EBNAL epitope and Gly-Ser linker in either
structure (Figure 6.3B). As the structural integrity was verified by mass spectrometry, this is
likely due to the flexibility of the insert. As for native heavy chain ferritin, the N-terminus and

C-terminus of each ferritin monomer projected towards the exterior and interior of the
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nanoparticle, respectively (Figure 6.3C). This supports E1F1 presenting the EBNAL epitope
on the surface of the nanoparticle, while the epitope is contained within the ferritin cage for

F1E1 and is consistent with the larger hydrodynamic radius measured for the ELF1 construct.
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Figure 6.3 Structural determination of E1F1 and F1E1. A) Structural superposition of the
nanoparticle assembly (left) and a single ferritin monomer (right) for E1F1 (green; RMSD =
0.33) and F1E1 (yellow; RMSD = 0.40) with native heavy chain ferritin (blue, PDB:1FHA).
B) Simulated annealing 2Fo-Fc composite omit maps (blue mesh, 1.5c) for the N-terminus of
EIF1 (green, Chain A; left) and C-terminus of FI1E1 (yellow, chain A; right). No electron
density was observed for the EBNA1 epitope for either construct. Terminal residues are shown
in cyan. The presented model is representative of each monomer forming the E1F1 and F1E1
nanoparticles. C) E1F1 (left) and F1E1 (right) modelled with the EBNA1 epitope.
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Table 6.2 Crystallographic statics for structures of E1F1 and F1EI.

E1F1 (PDB: 7KES)

F1E1 (PDB: 7KE3)

Wavelength (A)
Resolution range (A)
Space group
Unit cell
a, b, c(A)

o, B,y ()

Total reflections
Unique reflections
Multiplicity
Completeness (%)
Mean I/sigma(I)
Wilson B-factor
R-merge
R-meas
R-pim
CC1/2
Reflections used in refinement
Reflections used for R-free
R-work
R-free
Number of non-hydrogen atoms
macromolecules
ligands
solvent
Protein residues
RMS(bonds)
RMS(angles)
Ramachandran favoured (%)
Ramachandran allowed (%)
Ramachandran outliers (%)
Rotamer outliers (%)
Clashscore
Average B-factor
macromolecules
ligands
solvent

0.9537
483-2.8(29-28)4
P4,2,2

219.323 219.323 148.556
90 90 90
1766537 (126783)
85428 (8054)
20.7 (15.7)
91.01 (89.44)
7.48 (2.53)
28.80
0.2514 (0.8948)
0.2579 (0.9243)
0.05599 (0.2261)
0.998 (0.975)
81188 (7863)
4127 (396)
0.2726 (0.3180)
0.3141 (0.3808)
16844
16745
64
35
2064
0.009
0.99
98.58
1.42
0.00
2.02
3.81
27.79
27.80
29.31
21.05

0.9537
48.72-2.2(2.279-2.2)¢
P4,2,2

217.882 217.882 147.203
90 90 90
4871002 (477929)
177897 (17576)
27.4(27.2)
99.02 (98.17)
8.86 (1.94)
24.55
0.3341 (2.091)
0.3404 (2.131)
0.06503 (0.4079)
0.999 (0.911)
176417 (17273)
8842 (873)
0.2408 (0.3245)
0.2709 (0.3522)
17042
16263
68
711
2001
0.007
0.85
98.72
1.28
0.00
1.22
2.50
26.48
26.23
33.32
31.71

“ Statistics for the highest resolution shell are shown in parentheses.
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6.3.2 Evaluation of antigen-specific antibodies titers

To confirm the immunogenicity of purified engineered ferritin constructs, an in vivo model was
applied. The measurement of antigen-specific 1gG titers is an indicator of immunogenicity
induced by a vaccine. Compared to the EBNA1 epitope, both E1F1 and F1E1 showed stronger
humoral immunogenicity after the second and third immunizations indicated by greater 1gG
titers (Figure 6.4A). The immune response was improved significantly after the third
immunization. There was no obvious difference between E1F1 and F1E1 regarding humoral
immunogenicity. To identify the immunization pathway towards humoral immune response or
cell-mediated immune response, the ratio between 1gG2a and IgG1 was measured . If
1gG2a/1gG1 is greater than 1, the immune response tends to be Th1 biased, which is related to
a cell-mediated response. If this ratio is less than 1, the immune response tends to be Th2 biased,
indicating humoral immune response 3. Th1 mainly secretes cytokines including IL-12, TNF-
a and IFN-y, which activate a cytotoxic T lymphocyte (CTL) response that is necessary for the
control of a variety of bacterial and viral infections 2. Th2 mainly secretes cytokines including
IL-4, IL-5 and IL-6 to activate a humoral immune response and promote the antibody-
dependent cell-mediated cytotoxicity (ADCC) system 3. As shown in Figure 6.4B, the
lgG2a/lgG1 ratio induced by EBNAL short epitope without adjuvant was slightly greater than
1, suggesting similar level of humoral and cell-mediated immune response strength. However,
for both E1F1 and F1E1, which were administered with aluminum hydroxide adjuvant, the
ratio of 19G2a/lgG1 was <1, suggesting a humoral immune response was dominant for this

case.
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Figure 6.4 Production of antigen-specific antibodies in the sera of BALB/c mice. The dosage
of groups was 6 ug EBNAIL. (A) The antigen-specific IgG titers at day 14 (second
immunization) and day 28 (third immunization). (B) The ratio of IgG2a/IgG1 at day 28. Data
are expressed as mean £ SEM (n=6) (*p<0.05; **p<0.01; ***p<0.001), where n represents the
number of mice from each group.

6.3.3 T-cell proliferation assay

There are specific receptors on the surface of B cells and T cells that recognize antigens. After
being stimulated by specific antigen, in this case EBNAL epitope , the lymphocytes perform
mitosis 34, The level of splenocyte proliferative responses gives an indication of the strength of
the immune response induced by a vaccine, which is measured as proliferative index (PI) .
The PI for EBNAL epitope, E1F1 and F1E1 were 1.2, 1.5 and 2.3, respectively (Figure 6.5).
There was a significant difference in Pl depending on the insertion site of EBNAL epitope,
with F1E1 producing a greater Pl than E1F1 (***p<0.001), indicative of a stronger immune

response for C-terminus insertion.
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Figure 6.5 Proliferative responses of splenocytes responding to antigen simulation ex vivo.
Splenocytes were harvested 10 d after the third immunization and restimulated ex vivo with
antigen EBNAI1 (20 pg mL™). Splenocytes proliferation was measured using CCK-8 kit, and
the proliferation index was calculated. (EBNA1: 1.18; E1F1: 1.47; F1E1: 2.34) Data are
expressed as mean + SEM (n=6) (*p<0.05; **p<0.01; ***p<0.001), where n represents number
of mice from each group.

6.3.4 Lymphocyte activation

CD25 is regarded as an activation marker for B cells and T cells %, which represents the
activation level for B cells and T cells after stimulating with antigen, such as the EBNA1
epitope. CD4" T cells are T helper cells that play an important role in instigating adaptive
immune responses 3’. CD8" T cells, like CD4* helper T cells, are crucial for immune defense
against intracellular pathogens 8. After recognition by the antigen and activation, CD8* T cells
will secrete cytokines, mainly TNF-a and IFN-y, which are related to the cell-mediated immune
response. CD19 is a biomarker for B cells, which is important to maintain the balance between
humoral and antigen-induced response °. By measuring the relative number of CD4* T cells,
CD8*T cells and CD19" B cells, the strength of humoral immune response and cell-mediated
immune response could be compared. As shown in Figure 6.6, after activation, cellular levels
for CD4" T cells, CD8" T cells and CD197 B cells induced by E1F1 and F1E1 were significantly
increased compared to before activation (***p<0.001). EBNAL short peptide vaccine showed
negligible activation level (Figure 6.6A and Figure 6.6C). There were approximately 2 times
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CDA4* T cells (Figure 6.6A) and 6 times CD8" T cells (Figure 6.6B) more found in engineered
ferritin groups than EBNAL short peptide, which means activation by EBNA1 was more
effective for engineered ferritins with adjuvant groups than short peptide without adjuvant.
There were no obvious differences found between E1F1 and F1E1 for CD4* T cells and CD19*
B cells after activation (Figure 6.6A and Figure 6.6C). Amount of CD8" T cells after activation
for F1E1 was obviously 11 % greater than E1F1 (**p<0.01) (Figure 6.6B). This result further
supports that C-terminus insertion induced stronger cell-mediated immune responses than N-

terminus insertion.
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Figure 6.6 Frequencies of CD25+ in CD4+, CD8+ T cells and CD19+ B cells were determined
by flow cytometry. T cells amount were count for each group before and after activation by
short EBNA1 peptide (500 pL, 20 pg mL™!). Data are expressed as mean = SEM (n=6) (*p<0.05;
**p<0.01; ***p<0.001), where n represents the number of mice from each group. A)
Frequencies of CD25" in CD4". B) Frequencies of CD25" in CD8" T cells. C) Frequencies of
CD25"in CD19" B cells.

Before activation After activation Before act

6.3.5 Memory lymphocyte T cells differentiation

One of the purposes of vaccination is to acquire immunologic memory by maintaining memory
T cells (CD4" and CD8") to introduce fast and effective actions on the antigen-specific immune
response *°. Memory T cells are divided into effector T cells (Tem) and central memory T cells
(Tewm) #L. The differences between Tem and Tewm are: the start-up for Tewm is faster compared to

Tcm but with shorter lifetime. The process that Tem and Tcwm can be transferred to each other is
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activated by the stimulator (short EBNAL peptide). For a strong immune response, cells amount
for Tcm before the stimulation and Tewm after the stimulation, are expected to be significantly
high. The expression of CD44 and CD62L population indicates if memory T cells are Tcm or
Tem %2 Tem highly express both CD44 and CD62L (CD44" CD62L"), while Tewm are restricted
to highly express CD44 only (CD44" CD62L'"") %3, It was observed that before stimulation by
EBNAL epitope, the number of CD4* and CD8" Tcm for mice immunized with F1E1
was >1000 cells, 2 times greater than immunization with both EBNA1 epitope (~300 cells) and
E1F1 (~ 500 cells) (Figure 6.7B and Figure 6.7C). After stimulation by EBNA1 epitope, there
was a decreasing trend of Tcm found for both two groups, because CD4* and CD8" Tcm were
converted to Tem. Overall, the number of Tem for E1IF1 and F1E1 was 2 times greater than for
EBNAL epitope (Figure 6.7D and Figure 6.7E). While E1F1 and F1E1 caused similar CD4*
Tem levels after stimulation (Figure 6.7D), F1E1 induced 9 % greater number of CD8" effector
memory T cells than E1F1 (*p<0.05) (Figure 6.7E). Hence, C-terminus insertion produces a
stronger cell-mediated immune response than N-terminus insertion, because greater number of

Tewm before stimulation and Tem after the stimulation were found in F1E1 than E1F1.
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Figure 6.7 Frequencies of central (CD44hiCD62Lhi)/ effector (CD44hiCD62Llow) memory
CD4+ and CD8+ T cells. Mice were immunized three times. Splenocytes were harvested on
day 38 after the first immunization and stimulated ex vivo with antigen EBNA1 peptide (500
pL, 20 pg mL) for 60 hours. The frequency of CD44" CD62LY/CD4" T cells, CD44"
CD62L"/CD4" T cells, CD44" CD62L"/CD8" T cells, CD44" CD62L""/CD8" T cells were
measured by flow cytometry. FACS plots in A) are representative of the mean percentages of
six mice in each group. Data are expressed as mean = SEM (n=6) (*p<0.05; **p<0.01;
*#%p<(0.001), where n represents the number of mice from each group. A) FACS plots. B)
Frequencies of central (CD44"CD62L") memory CD4" T cells. C) Frequencies of central
(CD44MCD62LM) memory CD8" T cells. D) Frequencies of effector (CD44MCD62LY)
memory CD4" T cells. E) Frequencies of effector (CD44"CD62L'°") memory CD8" T cells.
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6.4 Discussion

This study presents the development of engineered ferritin vaccines against EBV, cooperation
with aluminum hydroxide adjuvant. Compared to the EBNAL1 short peptide without adjuvant,
both N-terminus insertion and C-terminus insertion induced potent humoral and cell-mediated
immune responses. The proliferative response was enhanced after applying ferritin as the
vaccine carrier. This all confirmed that human ferritin heavy chain is eligible to be treated as a
vaccine carrier. This is possibly caused by the molecular weight difference and addition of
adjuvant. Ferritin has uniform architecture with 24 subunits of total molecular weight around
504 kDa. The molecular weight for the short EBNAL epitope is 1.3 kDa. Hence, the ferritin
vaccine platform presenting antigens provides a larger structure than for the EBNA1 epitope
structure, explaining the greater induction of humoral and cell-mediated immune responses #*.
This also shows the limitations of peptide vaccine. Peptide vaccine induces weak immune
responses and is found to induce fairy weak immune responses even with adjuvant 44,
Therefore, peptide vaccine require carriers to counterbalance the low-molecular nature and low

efficiency.

The dominant immune response for the EBNA1 epitope was found to be different to the
engineered ferritins groups. The ratio of 1gG2a/lgG1 for the short peptide group was slightly
greater than 1. For engineered ferritins with adjuvant, the ratio is lowered and the dominant
immune response changed from cell-mediated to humoral immune response. The reason may
be that, for engineered ferritin groups, aluminum hydroxide adjuvant was added to increase the
vaccine efficacy and enhance the immunity “8. Aluminum adjuvants induce Th2 responses only,
which mostly activate humoral immune response, and they are unable to promote cytotoxic T

cell-mediated immunity 4>, EBNAL1 epitope without addition of aluminum adjuvants, can
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elicit Thil-type CD4" and CD8* T cells °2°3, which are mostly related to cell-mediated immune
response in principle. As a result, cell-mediated immune response is dominant for EBNA1

peptide group, while humoral immune response is dominant for engineered ferritins groups.

In this study, we inserted the antigen at either N-terminus or C-terminus of ferritin to produce
E1F1 and F1E1 vaccines, respectively. Structural characterization of the engineered ferritins
revealed that for N-terminus insertion EBNA1 epitope was presented on the exterior surface of
the ferritin, while C-terminus insertion placed the epitopes into the interior cavity of ferritin. It
was found that there was no obvious difference in humoral immune responses for N-terminus
insertion and C-terminus insertion. From previous research by Wang et al. 8, it was more likely
that when epitopes were inserted outside the ferritin cage (N-terminus insertion and the flexible
loop region), it was easier to induce greater antibody titers than inserting antigens inside the
ferritin cage (C-terminus insertion). Nonetheless, this finding does not really accord with our
findings here. We found that C-terminus insertion induces a comparable antibody titer to N-
terminus insertion. It may be that many factors result in different behaviours, including
different adjuvant types used and different epitopes applied. Hence, our findings suggest that
presenting epitopes outside or inside the nanoparticles will not directly determine a stronger or

weaker humoral immune response.

Desirable vaccines also achieve antigen-specific cellular response in addition to humoral
response. Both N-terminus and C-terminus insertion produced antigen-specific cellular
response after stimulation with EBNAL epitope. Dendritic cells (DCs), which are the most

important antigen-presenting cells that initiate and direct adaptive immune responses >*, orderly
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phagocytosed these engineered ferritin nanoparticles carrying EBNAL1 epitope °. Following
that, the processed EBNAL epitopes within endosomes were successfully displayed on the
surface of DCs with the major histocompatibility complexes (MHCs) MHCI and MHC 1, and
hence induced EBNAL epitope specific CD4" and CD8" T cells via their T cell receptors
(TCRs), shown in Figure 6.8. C-terminus insertion showed stronger proliferative responses
than N-terminus insertion. Meanwhile, from the evaluation of memory T cells, C-terminus
insertion presented a high number of central memory T cells (before stimulation) and effector
memory T cells (after stimulation). These results suggest that inserting epitopes at the C-
terminus of ferritins may be processed more efficiently by DCs than N-terminus insertions. It
is inferred that the positions of antigen and protein conformations result in different antigens-
processing pathways by DCs. The possible reason may be the structural differences between
E1F1 and F1EL. For N-terminus insertion, the epitopes and 15 units of soft linkers were fully
presented outside the ferritin cage. The role of soft linkers ensures the flexibility of epitopes >
in order to avoid unfavourable interactions between the epitopes and ferritin. On the other hand,
soft linkers are not rigid structures and can be easily broken away from the protein nanocage
because of changes in the surrounding environment 6. Antigens may thus be released from
ferritin. Compared to N-terminus insertion, epitopes and linkers are protected inside the ferritin
cage for C-terminus insertion. On this account, the effective antigen density for C-terminus
insertion would be greater than N-terminus insertion due to the protection afforded by the cage.
There would be more effective antigen processed by DCs for C-terminus insertion than N-

terminus insertion.
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Figure 6.8 Dendritic cell processing diagram by Biorender. Antigen presentation is mediated
by MHC class I molecules, and the class II molecules, found on the surface of antigen-
presenting cells (APCs), such as dendritic cell (DC). MHC class I and class Il molecules deliver
short peptides to the cell surface in a similar manner. CD8" T cells recognize peptides on the
surface of MHC I molecules while CD4" T cells recognize the ones on MHC II molecules. Ty
cells produce interferon gamma (IFN-y) that is critical for innate and adaptive immunity against
viral. Activated CD4" T cells and CD8" T cells are also the major sources of IL-2.
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6.5 Conclusions

In summary, we successfully produced engineered ferritin-based nanoparticles for the
prevention of EBV infections. N-terminus and C-terminus locations were selected as the
insertion site for the short peptide EBNA1 epitope. N-terminus insertion and C-terminus
insertion presented totally different protein structures. N-terminus insertion presented antigen
outside the nanoparticle cage, while C-terminus insertion protected antigens inside the cage.
This structural difference significantly affects the corresponding immunogenicity, especially
in terms of cell-mediated immune response. C-terminus insertion presented stronger
proliferative responses and cell-mediated immune response than N-terminus insertion. Our
study will be used as a preliminary immunology investigation as it has been proven that, E1F1
and F1E1 are able to induce potent humoral and cell-mediated immune response after
stimulating by the short EBNAL peptide. Our next-step plan will further test associated immune
response after stimulating by full-length EBNAL1 antigen and also perform virus neutralization
assay to further prove the potential of ELF1 and F1E1 in the prevention of EBV virus. In future
application, the type of adjuvant and the insertion site for specific antigens in the ferritin will
be extremely important to be considered to improve the immune response induced by

engineered ferritin vaccines.
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6.7 Supporting information

6.7.1 Supporting figures
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Figure S6.1 Standard curve for endotoxin determination experiment. The equation for this
standard curve was shown as above.

6.7.2 Supporting tables

Table S6.1 Calculation of endotoxin limit for the animal model mouse.

Protein sample name E1F1 F1E1
Dose (mg) 0.2 0.2

Dose in mg h! 0.0006 0.0006

Weight of mouse (kg) 0.018 0.018

M* (mg kg h'!) 0.033 0.033

K (EU kg) 5 5
Endotoxin limit K/M 152 152
(EU mg™)

*M 1is the maximum dose of product per kg of body weight in a single hour period, which is
based on the injection frequency of 0.2 mg per 14 days; K is the threshold human pyrogenic
dose of endotoxin per kg of body weight; K/M is the endotoxin limit for mouse with unit of

EU per mg of proteins.
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6.7.3 Other supporting information not included in online publication

Figure S6.2 showed successful construction of E1F1 and FIEI protein crystals by protein

crystallization.

e

Figure S6.2 Protein crystals for EIF1 and F1E1. A) E1F1 crystal construct (200-300 um). B)
F1E1 crystal construct (50 um).

306



Figure S6.3 showed the detailed gating information of cytometry for groups EBNAI, E1F1 and
FI1EL.
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Figure S6.3 Flow cytometry gates showing CD19, CD4 and CD8. CD19 is shown in red; CD
4 is shown in green; and CD8 is shown in blue. A) EBNATI short peptide. B) E1F1. C) FI1E].
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Human ferritin heavy chain, an example of a protein nanoparticle, has recently been used as a vaccine
delivery platform. Human ferritin has advantages of uniform architecture, robust thermal and chemical
stabilities, and good biocompatibility and biodegradation. There is however a lack of understanding about
the relationship between insertion sites in ferritin (N-terminus and C-terminus) and the corresponding
humoral and cell-mediated immune responses. To bridge this gap, we utilized an Epstein-Barr Nuclear
Antigen 1 (EBNA1) epitope as a model to produce engineered ferritin-based vaccines E1F1 (N-terminus
insertion) and F1E1 (C-terminus insertion) for the prevention of Epstein-Barr virus (EBV) infections. X-
ray crystallography confirmed the relative positions of the N-terminus insertion and C-terminus inser-
tion. For N-terminus insertion, the epitopes were located on the exterior surface of ferritin, while for
C-terminus insertion, the epitopes were inside the ferritin cage. Based on the results of antigen-
specific antibody titers from in-vivo tests, we found that there was no obvious difference on humoral
immune responses between N-terminus and C-terminus insertion. We also evaluated splenocyte prolif-
eration and memory lymphocyte T cell differentiation. Both results suggested C-terminus insertion pro-
duced a stronger proliferative response and cell-mediated immune response than N-terminus insertion.
C-terminus insertion of EBNA1 epitope was also processed more efficiently by dendritic cells (DCs) than
N-terminus insertion. This provides new insight into the relationship between the insertion site and
immunogenicity of ferritin nanoparticle vaccines.
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Epstein-Barr nuclear antigen 1
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1. Introduction

In the history of vaccine development, the first generation of
vaccines used live-attenuated strains of a pathogen or inactivated
lilled pathogen, both of which have known limitations. The live-
attenuated wvaccine strains impose high risks of reversion into
disease-causing viruses generating more virulent strains. The inac-
tivated killed vaccine pathogens require multiple dosage adminis-
trations and adjuvants because of weak immune reactions [1].
There has been a rapid development of innovative vaccine delivery
platforms, such as nanoparticle systems and proteins [2].

* Corresponding author.
E-mail address: jingxiubi@adelaide edu.au (J. Bi)

https:{/doi.org/10.1016/j.vaccine.2021.07.021
0264-410X/ 2021 Elsevier Ltd. All rights reserved.

Nanoparticle proteins self-assemble from multiple protein sub-
units into hollow structures with desirable features that may over-
come these limitations: high stability, biocompatibility and
biodegradability [3]. Human ferritin heavy chain is an example of
a protein nanoparticle. It is a single particle made up of 24 equiv-
alent monomers, giving inner and outer diameters of 8 and 12 nm
respectively [4]. As shown in Fig. 1A, human ferritin heavy chain
provides inner cavity by the hollow structure. Various properties
of protein nanoparticles have been characterized, revealing very
robust thermal and chemical stabilities [ 1], good ability to present
antigens and expose immunogens [5,6,7,8], low toxicity, high bio-
compartibility and good biodegradability [9]. These properties pre-
sent ferritin as a desirable nanoparticle vaccine platform. Each
monomer of ferritin has 3 commonly used insertion sites; the N-

309



Y. Qu, B. Zhang, Y. Wang et al.

A

B

Vaccine 39 (2021) 4830-4841

Flexible loop region

Fig. 1. Human ferritin heavy chain mimic diagram by the program Chimera. A) The native ferritin assembly structure (PDB ID: 1FHA). Orange label represents ferritin
monomer. B) Ferritin monomer. Red label represents N-terminus insertion site; Green label represents C-terminus insertion site; Blue label represents flexible loop region
insertion site. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article,)

terminus, C-terminus and a flexible loop region (Fig. 1B). N-
terminus insertion is considered as epitope insertion site in early
research exploring ferritin as a vaccine delivery platform. For
example, research conducted by Kanekiyo et al. [6] and Sliepen
et al. [5] both selected the N-terminus as the insertion site of epi-
topes. Up to date, to see if other insertions would result a better
dendritic cells (DCs) processing [10], some researchers started
selecting the C-terminus or loop region for epitope insertion
[8,11,12,13,14]. There are still limited studies investigating the
potential relationship between the insertion site and correspond-
ing immunogenicity. In this study, we focus on investigation of
the immunogenicity between N-terminus and C-terminus inser-
tion and in particular the ability of ferritin to accommodate a
selected epitope.

Epstein-Barr nuclear antigen 1 (EBNAT1) was used as the model
for exploring an EBNA1-associated vaccine against Epstein-Barr
virus (EBV) infection. EBV is one of the human herpesvirus types
| 15]. It infects B lymphocytes and some epithelial cells and causes
various diseases including Burkitt's lymphoma, Hodgkin's disease,
lymphomas and lymphoproliferative diseases | 16]. More than 90%
of human adult populations are infected by EBV and approximately
1.5% of all cancers in the world are associated with EBV infection
[ 15]. The co-infection of EBV and other viruses also increases the
risk of cancer. For example, EBV and human papillomavirus
(HPV) are related to 38% of all virus-associated cancers [17,18],
such as cervical cancer, breast cancer, prostate cancer and lung
cancer [17]. Unfortunately, therapy treatment for EBV infections
is still under development with a lack of licensed vaccines for
EBV infection [15]. EBNA1 is expressed in all EBV-carrying
tumours, which acts as a marker to differentiate the virus-
associated cancer cells from normal cells. EBNA1 is essential for
viral genome maintenance and controlling viral gene expression.
As a result, virus is dependent on EBNA1 to persist [19]. As such,
the development of an EBNA1 vaccine has the potential to prevent
EBV infection and EBV related cancer.

In this study, we inserted an EBNA1 epitope (HPVGEADYFEY),
which was found as the main immunogenic domain of EBNA1
[20], at the N-terminus or C-terminus of ferritin with 15 residues
of soft linker (GGSGGGGSGGGGSGG) between the antigen and
the ferritin. Our main purpose was to develop engineered ferritin
vaccines with different insertion sites (N-terminus and C-
terminus) to compare their potential immune response against
EBV infection. To achieve this aim, engineered ferritin vaccines,
EBNA1-ferritin (E1F1) (N-terminus insertion) and ferritin-EBNA1
(F1E1) (C-terminus insertion), were first successfully expressed
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and purified. Characterization experiments were also performed
to confirm purity, size and structure of E1F1 and F1E1. To deter-
mine if both E1F1 and F1E1 could induce potent immune
responses, mice were then injected with either engineered ferritin
vaccine to determine antigen-specific 1gG titers, proliferation
indices, and lymphocyte T cells differentiation. These results will
be used as a preliminary immunology study of E1F1 and F1E1 to
test the potential on if they are able to induce potent immune
responses after stimulating by the short EBNA1 peptide. Thus,
the successful outcomes will build confidence on further immunity
experiments design including stimulating by the full length of
EBNA1 antigen along with virus neutralization assay. Our study
provides new understanding regarding the relationship between
epitope insertion sites of ferritin and corresponding immunogenic-
ity, which might provide guidance for the future development of
ferritin-based vaccines that illicit strong immune responses.

2. Material & methods

2.1. Plasmid generation, expression and purification of recombinant
ferritins

The pET 30a vector was used to construct plasmids harboring
genes of two types of EBNA1 fused ferritins, E1F1 and F1E1,
inserted between the Nde I and BamH [ restriction sites. The epi-
tope was selected as EBNA1 (HPVGEADYFEY). A fifteen-residue lin-
ker (GGSGGGGSGGGGSGG) was inserted between the epitope and
ferritin in both ferritin complexes. The plasmids were transformed
into Escherichia coli (E. coli) BL21 (DE3). The expression process of
the two engineered ferritin constructs was the same. A single bac-
terial colony transformed with pET 30a containing E1F1 or F1E1
was inoculated in 50 ml LB medium supplemented with kanamy-
cin (100 pg/ml), and incubated overnight at 37 °C in an orbital
mixer incubator (Ratek), shaken at 180 rpm. A 10 ml of exponen-
tially growing bacterial culture was then transferred to 500 ml of
LB medium supplemented with kanamycin (100 pg/ml). The cul-
ture was grown at 37 °C and shaken at 200 rpm until ODgyg
reached 0.8, followed by induction with 1 mM IPTG at 37 °C for
4 h. Cells were collected by centrifugation at 13,751 xg. Cell pellets
were resuspended in lysis buffer (20 mM PBS, 2 mM EDTA, pH 7.0)
and lysed by mechanical disruption. The bacterial lysate was cen-
trifuged at 19,802 xg for 30 min to remove cell debris and super-
natant was harvested for protein purification.
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The protein purification processes for E1F1 and F1E1 were the
same, except they differed in the chromatographic resin used. First,
clarified supernatant was diluted with Milli-Q water to a final pro-
tein concentration of 4 mg/ml. NaCl and NaAc-HAc were added to a
final concentration of 1 M and 100 mM respectively and the pH
was adjusted to 5.0 to the diluted protein solutions and the mix-
tures underwent thermal precipitation at 60 °C for 10 min. Cen-
trifugation (19,802 xg at 4 °C for 10 min) was conducted to
remove precipitated impurities. The resultant supernatant pH
was adjusted to 6.5 by using 1 M phosphate buffer (PBS; Na,HPO,4-
NaH,PO4), pH 8.0, and 1 M ammonium sulfate was added for
purification by hydrophobic interaction chromatography (HIC).
HIC was performed on an AKTA pure system (GE Healthcare,
USA), with a HiTrap Octyl FF column (GE Healthcare, USA) used
for E1F1, and a HiTrap Butyl FF column (GE Healthcare, USA) used
for FIE1. The equilibration buffer was 100 mM PBS and 1 M ammo-
nium sulfate, pH 6.5. The elution buffer was 20 mM PBS, pH 6.5.
Briefly, samples were loaded onto columns equilibrated with equi-
libration buffer. After washing the column for 5 CV with equilibra-
tion buffer, a linear gradient elution of 0%-100 % elution buffer in 3
CV was conducted and the second eluted peak was collected.
Absorbance at 280 and 260 nm were recorded. Finally, collected
fractions from HIC were buffer-exchanged to 20 mM PBS, pH 7.0
using a HiTrap desalting column (GE Healthcare, USA). Protein
expression and purity were analyzed by SDS-PAGE.

2.2. Protein characterization

2.2.1. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE)

Analysis of protein expression and purification was performed
under 5% (w/v) SDS spacer gel and 12% (w/v) SDS separation gel.
Samples were diluted with the same amount of 5 x loading buffer
(6% (vfv) 1 M Tris-HCl pH 6.8, 25% (v/v) glycerol, 1 mg/ml bro-
mophenol blue, 2% (v/v) SDS and 5% (v/v) p-mercaptoethanol).
Treated samples were heated at 100 °C for 10 min and were sepa-
rated by electrophoresis (Bio-Rad). The gel was stained with 0.25%
(w/v) Coomassie R-250 for 60 min and the background was
washed using a washing buffer (10% (v/v) ethanol and 10% (v/v)
acetic acid) for 60 min.

2.2.2. Size exclusion chromatography coupled with multiple-angle
laser light scattering (SEC-MALS)

SEC-MALS was performed to determine hydrodynamic radius of
purified engineered ferritins, E1IF1 and F1E1. Superose 6 10/300 GL
(GE Healthcare, USA) was connected to High Performance Liquid
Chromatography (HPLC) (Shimazdu, Japan) coupled with Wyatt
Optilab refractive index (RI) and Wyatt DAWN MALLS detector
(USA). Equilibration buffer was 20 mM PBS, pH 7.0. Protein concen-
tration was 5 mg/ml. Loading volume was 50 puL. The output chro-
matogram was processed by Origin 2021 to calculate integrated
area for each peak. Purity level was estimated using Eq. (1).

Purity ('H} _ IA'I'.mm protein

A']'cn:al protein

(1)

where Ararget protein i the integrated area of target protein peak and
Atotal protein 1S the sum of integrated area of target protein peak and
impure protein peaks.

2.3. Mass spectrometry

Purified protein samples were analyzed using an Agilent 6230
TOF mass spectrometer (MS) equipped with Agilent 1260 LC sys-
tem. Instrument was tuned at 3200 m/z mass range in positive
ion mode. Using ESI source, 1 ml of the samples was injected into
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MS via the LC auto sampler and eluted without chromatographic
separation at a flow rate of 0.5 ml/min using isocratic elution of
50% buffer B, where buffer A is 0.1% formic acid in water and buffer
B is 0.1% formic acid in acetonitrile. Mass spectra were acquired
under the control of MassHunter Workstation software, LC-MS
Data Acquisition (version B.08.00, Agilent technologies, USA).

2.4. Transmission electron microscopy (TEM)

E1F1 and F1E1 samples were diluted to a concentration of
0.1 mg/ml. Carbon-coated copper grids were incubated face down
on 10 pL of sample for 10 min. The grid was washed 3 times in dro-
plets of Milli-Q water, and then negatively stained in 2% (v[v) ura-
nyl acetate for 2 min. Excess liquid was removed with filter paper.
Grids were analyzed with a Philips CM100 transmission electron
microscope operated at 100 kV (Field Electron and lon Company,
USA).

2.5. Protein crystallization and data processing

For crystallization, previously purified E1F1 and F1E1 were dia-
lyzed to 10 mM Tris pH 7.5 at concentrations of 5 mg/ml and
10 mg/ml respectively. Crystallization trials were completed using
the PEGION, Index and Crystal Screen sparse matrix screens
(Hampton Research) with 96 well Intelliplates (Art Robbins) in a
sitting drop format at 16 °C. Wells contained 80 pL of reservoir
solution, with drops consisting of 1 pL ferritin construct and 1 pL
of reservoir solution. Conditions for crystallization differed for
the two constructs. For E1F1, crystals were obtained in a reservoir
solution of 0.1 M ammonium citrate tribasic pH 7.0 with 12% PEG
3350. F1E1 crystals were obtained in a reservoir solution of 0.1 M
HEPES pH 7.0 with 30% Jeffamine M-600 pH 7.0. In both cases,
crystals formed within 1 week.

2.6. Data collection, processing and refinement

Crystals of E1F1 and F1E1 were transferred to Paratone-N for
cryoprotection and flash-frozen in liquid nitrogen. Diffraction
images were collected at the MX1 beamline of the Australian Syn-
chrotron [21]. Data were integrated and indexed using XDS [22],
and scaled and merged using Aimless (CCP4) [23]. The structures
of E1F1 and F1E1 were solved by molecular replacement with Pha-
ser, using a previously solved structure of heavy chain ferritin
(PDB: 6J4A) with solvent and ligands removed [24|. Solutions from
Phaser underwent multiple rounds of refinement in Phenix, fol-
lowed by multiple rounds of model building in Coot, until R-
factors converged [25,26]. Both structures possess good overall
geometry, with >98% of residues favored in the Ramachandran plot
and no outliers. All residues from aa. 5 — 176 were modelled,
except for aa. 88 - 96, which were unable to be completely mod-
elled for half of the chains of E1F1, and all chains of FIE1 due to
ambiguous electron density. Detailed crystallographic statistics
for E1F1 and F1E1 were recorded in Table 2.

2.7. Structure comparison and visualization

Structural superposition was completed by sequence indepen-
dent alignment in PyMol [27]. Figures for visualizing protein struc-
ture were generated using PyMol. Simulated annealing 2Fo-Fc
composite omit maps were generated in Phenix.

2.8. Endotoxin concentration determination
Pierce™ Chromogenic Endotoxin Quant Kit (Thermofisher, USA)

was used to determinate endotoxin concentration of each protein
sample (E1F1 and F1E1). High Standards (0.10, 0.25, 0.50 and
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1.00 EU/ml) of E. coli endotoxin standard solution was prepared
accordingly. Lyophilized amebocyte lysate and chromogenic sub-
strate were reconstituted with endotoxin-free water (EFW) of
1.7 ml and 3.4 ml, respectively. Protein samples (E1F1 and F1E1)
with protein concentration of 1 mg/ml in 20 mM PB buffer, pH
7.0, were diluted with EFW to protein concentration of 0.1 mg/ml.

The endotoxin-free 96-well plate was pre-equilibrated in a
heating black at 37 °C. 50 uL of endotoxin standard dilutions, blank
(EFW), and diluted protein samples (E1F1 and F1E1) were added
per well. Each sample, blank and standards were run in triplicate.
The plate was kept at 37 °C, and 50 pL of the reconstituted amebo-
cyte lysate reagent was added per well. Once the amebocyte lysate
reagent has been added to the plate well, the plate was removed
from the heater and mixed by tapping 10 times on the side of
the plate. The plate was then incubated at 37 °C for 12 min. After
exactly time 12 min, 100 pL of pre-warmed reconstituted chro-
mogenic substrate solution was added per well. Once the substrate
solution was added, the plate was removed from the heater and
mixed gently by tapping 10 times to facilitate mixing. The plate
was incubated at 37 °C for 6 min. After that, 50 uL of stop solution
(25% acetic acid) was added per well. Once the stop solution was
added, the plate was removed from the plate heater and mixed
by tapping 10 times on the side of the plate. The optical density
(OD) at 405 nm was read via microplate reader (BioTek, USA).
The average absorbance of the blank replicates was subtracted
from the average absorbance of all individual standards and sam-
ple replicates to calculate mean absorbance. The standard curve
(linear regression) was prepared by plotting the average blank-
corrected absorbance for each standard on the y-axis against the
corresponding endotoxin concentration in EU/ml on the x-axis.
The coefficient of determination, r # was required to be >0.98.
The endotoxin concentration of each protein sample was deter-
mined using the formulated standard curve. The final endotoxin
concentration of each protein sample was after multiplying by 10
times dilution.

2.9. Mice immunization

All animal experiments were approved by the Medical Ethics
Committee of ShanXi University of Chinese Medicine (Approval
Number 2019LL137).

Three groups (n = 6/treatment) of 6 to 8 week-old female BALB/
¢ mice were immunized intraperitoneally three times (Day 0, 14,
28) with 6 pg of EBNA1 short peptide epitope without adjuvant
(Group 1: control), purified E1F1 (1 mg/ml) and F1E1 (1 mg/ml)
in 200 pL PBS (Group 2 and 3: samples) (equivalent mass amount
of EBNA1 epitope) mixed with an equal volume amount of endo-
toxin free aluminum hydroxide (0.8 mg/ml). Two extra groups
(n = 6/treatment) of mice were treated with 200 uL PBS (negative
control) and 100 pg of Ovalbumin (OVA), respectively, used for
check if the system and animal models were working. The serum
was collected at 14 and 28 days after first time immunization
and stored at —80 °C.

2.10. Enzyme-linked immunosorbent assay (ELISA)

EBNA1 epitope (HPVGEADYFEY) was adsorbed overnight at 4 °C
in 96-well plates at 10 pg/ml in 50 mM sodium carbonate buffer
pH 9.6. After being blocked with PBS containing 1% bovine serum
albumin (BSA) for 2 h at 37 °C, the plate was incubated with serial
dilutions of mouse sera, collected at 14, 28 days after the first
immunization from each group, for 2 h at 37 °C. The plate was
washed three times with PBS containing 0.1% Tween-20. A goat
anti-mouse IgG horseradish peroxidase-conjugated antibody was
applied at a 1:5000 dilution, and 200 pL were added to the plate.
After being incubated at 37 °C for 2 h, the plates were washed,
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and 3,3',5,5'-Tetramethylbenzidine (TMB) Single-Component Sub-
strate solution was added for color development. After 10 min,
1 M sulphuric acid was added to stop the color development. After
10 min, the plates were analyzed using a microplate reader (Per-
long, China) at wavelength 450 nm. Endpoint titers were defined
as the highest serum dilution that resulted in an absorbance value
two times greater than that of negative control sera derived from
the non-immunized mice.

2.11. Antigen-specific IgG isotype

The procedure for antigen-specific IgG isotype followed ELISA
method as outlined in Section 2,10, EBNAT1 short peptide (HPVGEA-
DYFEY) was absorbed overnight at 4 °C in 96-well plates at 10 pg/
ml in 50 mM sodium carbonate buffer at pH 9.6. After being
blocked with phosphate-buffered saline (PBS) containing 1%
bovine serum albumin (BSA) for 2 h at 37 °C, the plate was incu-
bated with 100 uL diluted mouse sera (same dilution of end point)
prepared before for ELISA, for 2 h at 37 °C. The plate was washed
three times with PBS containing 0.1% Tween-20. Antibodies goat
anti-mouse 1gG1 and IgG2a were applied at 1:1000 dilution, and
100 pL were added to the plate. A rabbit anti-goat IgG horseradish
peroxidase-conjugated antibody was applied at a 1:5000 dilution,
and 200 uL were added to the plate. The remained procedure
was exactly same as Section 2.10.

2.12. T-cell proliferation assay

Murine splenocytes were harvested using red blood cell lysing
buffer (Sigma). Single-cell suspensions were prepared (4 = 10°
cells/ml) and cultured in RPMI 1640 (Gibco, Germany) with a short
EBNA1 epitope at 20 pg/ml. The plates were then incubated for
48 h before the addition of 10 uL of CCK-8 (Dojindo, Japan) per
well. The absorbance at 450 nm was recorded in a microplate
reader (Perlong, China) after 4 h incubation at 37 °C. The results
were presented as proliferation indexes (PI) using the following
equations (Eq. (2) and Eq. (3)).

A(sample) — Ag(control)
Ap(control)

(2)

Proliferation rate =

A(sample): Ayso nm of the sample group with CCK-8 and stim-
ulator (EBNA1 epitope, E1F1 or F1E1)
Ag(control): Aysp nm of the control group with CCK-8 only

Proliferation rate (sample)

Proliferation rate (PBS) 3)

Proliferation Index =

2.13. Lymphocyte activation

Splenocytes from immunized mice were cultured for 60 h at
37 °C with and without EBNA1 epitope before staining with FITC
CD4 Monoclonal antibody, PerCP-Cy 5.5 CD8a Monoclonal anti-
body, APC-eFluor 780 CD19 Monoclonal antibody and APC CD25
Monoclonal antibody (Thermo fisher, USA) at 4 °C. After washing
with PBS, fluorescence patterns were analyzed using a FACSCanto
Il (BD Bioscience, USA). The percentage of CD25/CD4 T cells,
CD25/CD8 T cells and CD25/CD19 B cells were recorded and ana-
lyzed using FACSCanto II software (BD Bioscience, USA).

The procedure to detect memory lymphocyte T cells differenti-
ation was same as above. After the gate for CD25 was circled, gates
for CD44 and CD62L were circled in CD4" T and CD8" T cells,
respectively.
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2.14. Statistical analysis

Data generated from in vivo immunology studies were pre-
sented in Mean Standard deviation (SD). GraphPad Prism 9 was
applied to determine statistical significance of results in antigen-
specific antibodies titers, T-cell proliferation assay and lymphocyte
activation following One-way ANOVA method. P-value < 0.05 (*)
was considered as significant. P-value < 0.01 (**) was moderately
significant. P-value < 0.001 (***) was highly significant.

Vaccine 39 (2021) 4830-4841
3. Results
3.1. Characterization of engineered ferritins

The production procedures (including expression and purifica-
tion) for engineered ferritins were general by applying advantages
of native ferritins, such as robust thermal and chemical stabilities.
Characterization of engineered ferritins are significant to check if
they meet quality criteria in terms of satisfied purity and well-
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Fig. 2. Characterization of E1F1 and F1E1. (A) SDS PAGE analysis post purification: Marker: protein marker; lane 1: E1F1; lane 2: F1E1. (B) Hydrodynamic radius
measurements and purity level estimation from size exclusion chromatography with multiple-angle laser light scattering (SEC-MALS). (C) Mass spectra of EIF1 and F1E1. The
molecular weights for the E1F1 and FIE1 monomers were determined as 23.48 and 23.35 kDa, respectively. (D) TEM image of E1F1. (E) TEM image of F1E1.
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assembled structures, before performing animal experiments. It
also helps reveal the potential structural differences between
E1F1 and F1E1, in order to build connections with further
immunology results. The molecular weight for monomer of E1F1
and F1E1 is 23.35 kDa based on amino acid sequence estimation
by ExPaSy Bioinformatics Resource Portal (SIB Swiss Institute of
Bioinformatics, Swiss). E1IF1 and F1E1 showed the same molecular
weight by SDS-PAGE as expected (Fig. 2A). From the mass spec-
trum, the molecular weight for the monomers of E1F1 and F1E1
were 23.48 and 23.35 kDa, respectively (Fig. 2C), matching the
expected size of the engineered ferritins with the EBNA1 epitope
intact. The slight difference in mass of E1F1 and F1E1 seems like
matching the start methionine (M). It may suggest that, for F1E1,
M was removed in E. coli because of similarity with bacterial fer-
ritin. The hydrodynamic radius measured by SEC-MALS indicated
a particle size difference between E1F1 and F1E1, with sizes 7.26
and 6.65 nm, respectively (Fig. 2B). These sizes were consistent
with previous measured hydrodynamic radii of ferritin nanoparti-
cles (6.7 nm) [28]. Both SDS-PAGE and SEC results confirmed that
purity of E1F1 and F1E1, which were 99.50% and 99.45%, respec-
tively (Fig. 2A, B). It indicates that less than 0.6% impurity is
process-related proteins (for example, host cell protein (HCP) of
E. coli) and product-related proteins (for example, dissociated or
denature HFn). The high purity of protein sample for vaccine per-
formance evaluation is critical.

The endotoxin determination experiment was conducted to
ensure the immunology result and vaccine performance valida-
tion is accurate. The endotoxin standard curve was shown in
Fig. S1 (Supporting Information). The equation was valid with
R-squared greater than 0.98. Shown by Table 1, the endotoxin
concentration in the injection protein sample for E1F1 and
F1E1 were 9.67 and 9.56 EU per mg of protein, respectively.
They are much less than the endotoxin limit of 152 EU/mg pro-
tein for preclinical research animal models. The detail of endo-
toxin limits for preclinical research animal models is calculated
and shown in Table S1, which is based on the threshold pyro-
genic human dose of 5 EUfkg [29].

Purified proteins E1F1 and F1E1 both presented well-assembled
structures based on TEM images (Fig. 2D, E). To verify the location
of epitopes for different insertion site, the structures of E1F1 and
F1E1 were solved by x-ray crystallography to 2.8 and 2.2 A resolu-
tion, respectively (Table 2). Both engineered ferritin constructs dis-
played the same nanoparticle assembly and monomer structure
compared to native heavy chain ferritin (Fig. 3A). No electron den-
sity was observed for the EBNA1 epitope and Gly-Ser linker in
either structure (Fig. 3B). As the structural integrity was verified
by mass spectrometry, this is likely due to the flexibility of the
insert. As for native heavy chain ferritin, the N-terminus and C-
terminus of each ferritin monomer projected towards the exterior
and interior of the nanoparticle, respectively (Fig. 3C). This sup-
ports E1F1 presenting the EBNA1 epitope on the surface of the
nanoparticle, while the epitope is contained within the ferritin
cage for FIE1 and is consistent with the larger hydrodynamic
radius measured for the E1F1 construct.

Table 1

Endotoxin concentration of protein samples.
Protein sample name E1F1 F1E1
Average 0D (405 nm) 1.35 1.33
Endotoxin concentration by 10 dilution (EU/ml) 0967 0.956
Actual endotoxin concentration (EU/ml) 9.67 9.56
Total protein injection (mg) 0.2 0.2
Total Endotoxin amount per dose (EU/mg protein) 967 9.56
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Table 2
Crystallographic statistics for structures of E1F1 and F1E1.

E1F1 (PDB: 7KES5) F1E1 (PDB: 7KE3)

Wavelength (A) 0.9537 0.9537
Resolution range (A) 48.3-2.8 (29-28)" 48.72-2.2(2.279-22)
Space group P4,2,2 P4,2,2
Unit cell
ab.c(A) 219.323 219.323 217.882 217.882
a By (?) 148.556 147.203
90 90 90 90 90 90

Total reflections
Unique reflections

1,766,537 (126783)
85,428 (8054)

4,871,002 (477929)
177,897 (17576)

Multiplicity 207 (15.7) 27.4(27.2)
Completeness (%) 91.01 (89.44) 99.02 (98.17)
Mean Ifsigma(l) 7.48 (2.53) 8.86 (1.94)
Wilson B-factor 28.80 24,55
R-merge 0.2514 (0.8948) 0.3341 (2.091)
R-meas 0.2579 (0.9243) 0.3404 (2.131)
R-pim 0,05599 (0.2261) 0.06503 (0.4079)
cc1)2 0,998 (0,975) 0.999 (0.911)
Reflections used in 81,188 (7863) 176,417 (17273)
refinement
Reflections used for R-free 4127 (396) 8842 (873)
R-work 0.2726 (0.3180) 0.2408 (0.3245)
R-free 0.3141 (0.3808) 0.2709 (0.3522)
Number of non-hydrogen 16,844 17,042
atoms
macromolecules 16.745 16.263
ligands 64 68
solvent 35 711
Protein residues 2064 2001
RMS(bonds) 0.009 0.007
RMS(angles) 0.99 0.85
Ramachandran favoured (%) 98.58 98.72
Ramachandran allowed (%) 1.42 1.28
Ramachandran outliers (%)  0.00 0.00
Rotamer outliers (%) 2,02 1.22
Clashscore 3.81 2.50
Average B-factor 27.79 26.48
macromolecules 27.80 26.23
ligands 29.31 3332
solvent 21.05 317

* Statistics for the highest resolution shell are shown in parentheses,

3.2. Evaluation of antigen-specific antibodies titers

To confirm the immunogenicity of purified engineered ferritin
constructs, an in vivo model was applied. The measurement of
antigen-specific IgG titers is an indicator of immunogenicity
induced by a vaccine. Compared to the EBNA1 epitope, both E1F1
and F1E1 showed stronger humoral immunogenicity after the sec-
ond and third immunizations indicated by greater IgG titers
(Fig. 4A). The immune response was improved significantly after
the third immunization. There was no obvious difference between
E1F1 and F1E1 regarding humoral immunogenicity. To identify the
immunization pathway towards humoral immune response or
cell-mediated immune response, the ratio between IgG2a and
IgG1 was measured [30]. If 1gG2a/lgG1 is greater than 1, the
immune response tends to be Th1 biased, which is related to a
cell-mediated response. If this ratio is less than 1, the immune
response tends to be Th2 biased, indicating humoral immune
response [31]. Th1 mainly secretes cytokines including IL-12,
TNF-2 and IFN-v, which activate a cytotoxic T lymphocyte (CTL)
response that is necessary for the control of a variety of bacterial
and viral infections [32]. Th2 mainly secretes cytokines including
IL-4, IL-5 and IL-6 to activate a humoral immune response and pro-
mote the antibody-dependent cell-mediated cytotoxicity (ADCC)
system [33]. As shown in Fig. 4B, the IgG2aflgG1 ratio induced
by EBNAT short epitope without adjuvant was slightly greater than
1, suggesting similar level of humoral and cell-mediated immune
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Fig. 3. Structural determination of E1F1 and F1E1 (A) Structural superposition of the nanoparticle assembly (left) and a single ferritin monomer {right) for E1F1 (green;
RMSD = 0.33) and F1E1 (yellow; RMSD = 0.40) with native heavy chain ferritin (blue, PDB:1FHA). (B) Simulated annealing 2Fo-Fc composite omit maps (blue mesh, 1.5¢) for
the N-terminus of E1F1 (green, Chain A; left) and C-terminus of F1E1 (yellow, Chain A; right). No electron density was observed for the EBNA1 epitope for either construct.
Terminal residues are shown in cyan. The presented model is representative of each monomer forming the E1F1 and F1E1 nanoparticles. (C) E1F1 (left) and F1E1 (right)
modelled with the EBNA1 epitope. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

response strength. However, for both E1F1 and F1E1, which were
administered with aluminum hydroxide adjuvant, the ratio of
1gG2a/IgG1 was < 1, suggesting a humoral immune response was
dominant for this case.

3.3. T-cell proliferation assay

There are specific receptors on the surface of B cells and T cells
that recognize antigens. After being stimulated by specific antigen,
in this case EBNA1 epitope, the lymphocytes perform mitosis [34].
The level of splenocyte proliferative responses gives an indication
of the strength of the immune response induced by a vaccine,
which is measured as proliferative index (PI) [35]. The PI for EBNA1
epitope, E1F1 and F1E1 were 1.2, 1.5 and 2.3, respectively (Fig. 5).
There was a significant difference in PI depending on the insertion
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site of EBNA1 epitope, with F1E1 producing a greater PI than E1F1
(***p < 0.001), indicative of a stronger immune response for C-
terminus insertion.

3.4. Lymphocyte activation

CD25 is regarded as an activation marker for B cells and T cells
[36], which represents the activation level for B cells and T cells
after stimulating with antigen, such as the EBNA1 epitope. CD4*
T cells are T helper cells that play an important role in instigating
adaptive immune responses [37]. CD8* T cells, like CD4" helper T
cells, are crucial for immune defense against intracellular patho-
gens [38]. After recognition by the antigen and activation, CD8" T
cells will secrete cytokines, mainly TNF-o and IFN-y, which are
related to the cell-mediated immune response. CD19 is a biomar-
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Fig. 4. Preduction of antigen-specific antibodies in the sera of BALB/c mice. The dosage of groups was 6 pug EBNAL. (A) The antigen-specific I1gG titers at day 14 (second
immunization) and day 28 (third immunization). (B) The ratio of 1gG2a/lgG1 at day 28. Data are expressed as mean SEM (n=8) ("p < 0.05; **p < 0.01; ***p < 0.001), where n

represents the number of mice from each group.
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Fig. 5. Proliferative responses of splenocytes responding to antigen simulation
ex vivo. Splenocytes were harvested 10 d after the third immunization and
restimulated ex vivo with antigen EBNAT (20 pg/ml). Splenocytes proliferation was
measured using CCK-8 kit, and the proliferation index was calculated. (EBNAT:
1.18; E1F1: 1.47; F1E1: 2.34) Data are expressed as mean SEM (n=6) ("p < 0.05;
“p < 0.01; **p < 0,001), where n represents number of mice from each group.

ker for B cells, which is important to maintain the balance between
humoral and antigen-induced response [39]. By measuring the rel-
ative number of CD4" T cells, CD8" T cells and CD19" B cells, the
strength of humoral immune response and cell-mediated immune
response could be compared. As shown in Fig. 6, after activation,
cellular levels for CD4" T cells, CD8" T cells and CD19" B cells
induced by E1F1 and F1E1 were significantly increased compared

to before activation (***p < 0.001). EBNA1 short peptide vaccine
showed negligible activation level (Fig. 6A and C). There were
approximately 2 times CD4" T cells (Fiz. 6A) and 6 times CD8" T
cells (Fig. 6B) more found in engineered ferritin groups than EBNA1
short peptide, which means activation by EBNA1 was more effec-
tive for engineered ferritins with adjuvant groups than short pep-
tide without adjuvant. There were no obvious differences found
between E1F1 and F1E1 for CD4" T cells and CD19" B cells after
activation (Fig. 6A and C). Amount of CD8" T cells after activation
for FIE1 was obviously 11% greater than E1F1 (**p < 0.01)
(Fig. 6B). This result further supports that C-terminus insertion
induced stronger cell-mediated immune responses than N-
terminus insertion.

3.5. Memory lymphocyte T cells differentiation

One of the purposes of vaccination is to acquire immunologic
memory by maintaining memory T cells (CD4" and CD8") to intro-
duce fast and effective actions on the antigen-specific immune
response [40]. Memory T cells are divided into effector T cells
(Tem) and central memory T cells (Tey) [41]. The differences
between Ty and Tgy are: the start-up for Tgy is faster compared
to Tew but with shorter lifetime. The process that Tgy and Tew
can be transferred to each other is activated by the stimulator
(short EBNA1 peptide). For a strong immune response, cells
amount for Tey before the stimulation and Tgy after the stimula-
tion, are expected to be significantly high. The expression of
CD44 and CD62L population indicates if memory T cells are Tey
or Tgy [42]. Tew highly express both CD44 and CDG2L (CD44"
CDG62L"™), while Tgy are restricted to highly express CD44 only
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Fig. 6. Frequencies of CD25" in CD4", CD8" T cells and CD19" B cells were determined by flow cytometry. T cells amount were count for each group before and after activation
by short EBNAT peptide (500 plL, 20 pg/ml). Data are expressed as mean  SEM (n =6) [*p < 0.05; **p < 0.01; ***p < 0,001}, where n represents the number of mice from each
group. (A) Frequencies of CD25" in CD4". (B) Frequencies of CD25" in CD8" T cells. (C) Frequencies of CD25" in CD19" B cells.
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Fig. 7. Frequencies of central (CD44"CD62L™)/ effector (CD44™CD62L'*") memory CD4" and CD8” T cells. Mice were immunized three times. Splenocytes were harvested on
day 38 after the first immunization and stimulated ex vivo with antigen EBNA1 peptide (500 uL, 20 pg/ml) for 60 h. The frequency of CD44" CD62L"/CD4™ T cells, CD44"
CD62LY/CD4" T cells, CD44" CD62LY/CD8* T cells, and CD44" CD621'°%/CD8" T cells were measured by flow cytometry. FACS plots in (A) are representative of the mean
percentages of six mice in each group. Data are expressed as mean SEM (n=6)(*p <0.05; **p <0.01; ***p < 0.001), where n represents the number of mice from each group.
(A) FACS plots. (B) Frequencies of central (CD44™CD62L"") memory CD4" T cells. (C) Frequencies of central (CD44"CD62L") memory CD8* T cells. (D) Frequencies of effector
(CD44MCD62L'"") memory CD4" T cells. (E) Frequencies of effector (CD44"'CD62L'°") memory CD8' T cells.

(CD44" CD62L'°%) [43]. It was observed that before stimulation by
EBNA1 epitope, the number of CD4" and CD8" T¢y for mice immu-
nized with F1E1 was >1000 cells, 2 times greater than immuniza-
tion with both EBNA1 epitope (~300 cells) and E1F1 (~500 cells)
(Fig. 7B and C). After stimulation by EBNA1 epitope, there was a
decreasing trend of Ty found for both two groups, because CD4*
and CD8" Ty were converted to Tey. Overall, the number of Ty
for E1F1 and F1E1 was 2 times greater than for EBNA1 epitope
(Fig. 7D and E). While E1F1 and F1E1 caused similar CD4" Tgy
levels after stimulation (Fig. 7D), F1E1 induced 9% greater number
of CD8" effector memory T cells than E1F1 (*p < 0.05) (Fig. 7E).
Hence, C-terminus insertion produces a stronger cell-mediated
immune response than N-terminus insertion, because greater
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number of Ty before stimulation and Tgy, after the stimulation
were found in F1E1 than E1F1.

4. Discussion

This study presents the development of engineered ferritin vac-
cines against EBV, cooperation with aluminum hydroxide adjuvant.
Compared to the EBNAT short peptide without adjuvant, both N-
terminus insertion and C-terminus insertion induced potent
humoral and cell-mediated immune responses. The proliferative
response was enhanced after applying ferritin as the vaccine car-
rier. This all confirmed that human ferritin heavy chain is eligible
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to be treated as a vaccine carrier. This is possibly caused by the
molecular weight difference and addition of adjuvant. Ferritin
has uniform architecture with 24 subunits of total molecular
weight around 504 kDa. The molecular weight for the short EBNA1
epitope is 1.3 kDa. Hence, the ferritin vaccine platform presenting
antigens provides a larger structure than for the EBNA1 epitope
structure, explaining the greater induction of humoral and cell-
mediated immune responses |44]. This also shows the limitations
of peptide vaccine. Peptide vaccine induces weak immune
responses and is found to induce fairy weak immune responses
even with adjuvant [45,4G,47 ). Thus, peptide vaccine require carri-
ers to counterbalance the low-molecular nature and low efficiency.

The dominant immune response for the EBNA1 epitope was
found to be different to the engineered ferritins groups. The ratio
of IgG2a/1gG1 for the short peptide group was slightly greater than
1. For engineered ferritins with adjuvant, the ratio is lowered and
the dominant immune response changed from cell-mediated to
humoral immune response. The reason may be that, for engineered
ferritin groups, aluminum hydroxide adjuvant was added to
increase the vaccine efficacy and enhance the immunity [48]. Alu-
minum adjuvants induce Th2 responses only, which mostly acti-
vate humoral immune response, and they are unable to promote
cytotoxic T cell-mediated immunity [49,50,51]. EBNA1 epitope
without addition of aluminum adjuvants, can elicit Thl-type
CD4" and CD8" T cells [52,53], which are mostly related to cell-
mediated immune response in principle. As a result, cell-
mediated immune response is dominant for EBNA1 peptide group,
while humoral immune response is dominant for engineered fer-
ritins groups.

In this study, we inserted the antigen at either N-terminus or C-
terminus of ferritin to produce E1F1 and F1E1 vaccines, respec-
tively. Structural characterization of the engineered ferritins
revealed that for N-terminus insertion EBNA1 epitope was pre-
sented on the exterior surface of the ferritin, while C-terminus
insertion placed the epitopes into the interior cavity of ferritin. It
was found that there was no obvious difference in humoral
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® o
®
o]
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immune responses for N-terminus insertion and C-terminus inser-
tion. From previous research by Wang et al. [8], it was more likely
that when epitopes were inserted outside the ferritin cage (N-
terminus insertion and the flexible loop region), it was easier to
induce greater antibody titers than inserting antigens inside the
ferritin cage (C-terminus insertion). Nonetheless, this finding does
not really accord with our findings here. We found that C-terminus
insertion induces a comparable antibody titer to N-terminus inser-
tion. It may be that many factors result in different behaviors,
including different adjuvant types used and different epitopes
applied. Hence, our findings suggest that presenting epitopes out-
side or inside the nanoparticles will not directly determine a stron-
ger or weaker humoral immune response.

Desirable vaccines also achieve antigen-specific cellular
response in addition to humoral response. Both N-terminus and
C-terminus insertion produced antigen-specific cellular response
after stimulation with EBNA1 epitope. Dendritic cells (DCs), which
are the most important antigen-presenting cells that initiate and
direct adaptive immune responses [54], orderly phagocytosed
these engineered ferritin nanoparticles carrying EBNA1 epitope
| 10]. Following that, the processed EBNA1 epitopes within endo-
somes were successfully displayed on the surface of DCs with the
major histocompatibility complexes (MHCs) MHCI and MHC I,
and hence induced EBNA1 epitope specific CD4" and CD8" T cells
via their T cell receptors (TCRs), shown in Fig. 8. C-terminus inser-
tion showed stronger proliferative responses than N-terminus
insertion. Meanwhile, from the evaluation of memory T cells, C-
terminus insertion presented a high number of central memory T
cells (before stimulation) and effector memory T cells (after stim-
ulation). These results suggest that inserting epitopes at the C-
terminus of ferritins may be processed more efficiently by DCs
than N-terminus insertions. It is inferred that the positions of anti-
gen and protein conformations result in different antigens-
processing pathways by DCs. The possible reason may be the struc-
tural differences between E1F1 and F1E1. For N-terminus insertion,
the epitopes and 15 units of soft linkers were fully presented out-

MHC class |

TR

Fig. 8. Dendritic cell processing diagram by Biorender. Antigen presentation is mediated by MHC class I molecules, and the class Il molecules, found on the surface of antigen-
presenting cells (APCs), such as dendritic cell (DC). MHC class | and class 1l molecules deliver short peptides to the cell surface in a similar manner. CD8* T cells recognize
peptides on the surface of MHC | molecules while CD4" T cells recognize the ones on MHC Il molecules, Ty cells produce interferon gamma (IFN-v) that is critical for innate
and adaptive immunity against viral. Activated CD4" T cells and CD8" T cells are also the major sources of IL-2.
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side the ferritin cage. The role of soft linkers ensures the flexibility
of epitopes [55] in order to avoid unfavorable interactions between
the epitopes and ferritin. On the other hand, soft linkers are not
rigid structures and can be easily broken away from the protein
nanocage because of changes in the surrounding environment
[56]. Antigens may thus be released from ferritin. Compared to
N-terminus insertion, epitopes and linkers are protected inside
the ferritin cage for C-terminus insertion. On this account, the
effective antigen density for C-terminus insertion would be greater
than N-terminus insertion due to the protection afforded by the
cage. There would be more effective antigen processed by DCs
for C-terminus insertion than N-terminus insertion.

In summary, we successfully produced engineered ferritin-
based nanoparticles for the prevention of EBV infections. N-
terminus and C-terminus locations were selected as the insertion
site for the short peptide EBNA1 epitope. N-terminus insertion
and C-terminus insertion presented totally different protein struc-
tures. N-terminus insertion presented antigen outside the
nanoparticle cage, while C-terminus insertion protected antigens
inside the cage. This structural difference significantly affects the
corresponding immunogenicity, especially in terms of cell-
mediated immune response. C-terminus insertion presented stron-
ger proliferative responses and cell-mediated immune response
than N-terminus insertion. Our study will be used as a preliminary
immunology investigation as it has been proven that, E1F1 and
F1E1 are able to induce potent humoral and cell-mediated immune
response after stimulating by the short EBNA1 peptide. Our next-
step plan will further test associated immune response after stim-
ulating by full-length EBNA1 antigen and also perform virus neu-
tralization assay to further prove the potential of E1F1 and F1E1
in the prevention of EBV virus. In future application, the type of
adjuvant and the insertion site for specific antigens in the ferritin
will be extremely important to be considered to improve the
immune response induced by engineered ferritin vaccines.
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Abstract

Human heavy-chain ferritin (HFn) and hepatitis B virus core (HBc) are both nanoparticle
proteins presenting well-oriented architecture with constant size and shape, which can be
engineered to carry epitopes on the surface of nanoparticle protein cage enabling vaccine
design. This study aims to investigate the immunogenicity differences between engineered HFn
and chimeric HBc bearing the same epitope. As proof of concept, the model epitope Epstein-
Barr nuclear antigen 1 (EBNAZ1) is inserted at N-terminus of HFn and HBc subunit to produce
two vaccine candidates named EBNA1-HFn (E1F1) and EBNA1-HBc (E1H1), respectively.
From in vivo immunogenicity studies, E1H1 demonstrates the capability to prompt significant
humoral and cell-mediated immune response in adjuvant-free formulation. When formulated
with aluminum hydroxide adjuvant, EIH1 produces approximately 5x higher titer and 2x
stronger proliferative index (PI) than E1F1. These results confirm that the HBc carrier induces
a stronger humoral immune response than HFn. On the other hand, from lymphocyte activation
experiments, E1F1 induces stronger cell-mediated immune response indicated by 5x more
CD8* T cells and 2x more effector memory T cells in the E1F1 group versus the E1H1 group.
Through this study, HFn and HBc are shown to be potentially effective vaccine carrier

nanoparticles having subtly different immunological responses.

o
Dendritic

E1H1E 8

KEYWORDS: Protein-based vaccine molecule design, hepatitis B virus core, virus like
particles, human ferritin heavy chain, Epstein-Barr nuclear antigen 1

325



7.1 Introduction

The current COVID-19 pandemic has increased urgency for new-engineered reliable vaccines.
It has increased the need to develop vaccine platforms meeting criteria including fast
manufacture at large scale in response to a pandemic threat and high safety yet will optimal
efficacy and efficiency to generate potent and protective immune responses. There is
considerable interest in applying recombinant protein nanoparticles as a vaccine delivery
system because (i) they can be produced at large scale via cost-effective expression systems
such as bacteria >%; (ii) protein nanoparticles are regarded as safe with minimal risks compared
to traditional vaccines such as killed or inactivated pathogen vaccines *; (iii) nanoparticle
proteins are highly repetitive structures that can be developed as efficacious and efficient
vaccines to induce potent immune responses 4. There is a wide selection of sizes (5 to 100
nm) 7. Ferritins and virus like particles (VLPs) are two common examples of nanoparticle

proteins.

Ferritins are self-assembling nanoparticle proteins with 24 protein subunits that form spherical
cage structures 8. The inner and outer diameters for a ferritin particle are 8 nm and 12 nm,
respectively °. Ferritin has recently been explored as a vaccine carrier due to its various
advantages including robust thermal and chemical stabilities %, suitable presentation of
antigens and presentation of immunogens %214 Jow toxicity, high biocompatibility and good
biodegradability **°. Recombinant human heavy-chain ferritin (HFn) is one of the well-
understood ferritins 6. The molecular weight of each subunit is about 21 kDa. It was found by
Broxmeyer et al. that human ferritin heavy chain suppressed immune activity in human in
vivol”8, They also noticed that ferritin heavy chain notably reduced growth of granulocyte-

macrophage, erythroid and multipotential progenitor cells 1"-*°, On this account, it is a common
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practice that engineered ferritin-based vaccines are often administrated with adjuvants to boost

potential immune responses 101214,

Virus-like particles (VLPs) are constructed by viral capsid proteins assembled to a hollow
nanocage lacking infectious nucleic acids *8. VLPs are applicable vaccine carriers as they
present antigens in a multi-meric and well-organized manner, which induces desirable humoral
and cell-mediated immune responses #>2°22. One of the well-characterized VLPs is the
hepatitis B virus core protein (HBc). HBc is made up of 180 equal subunits (T=3) with outer
diameters of 27-31 nm *2, There is also a proportion of HBc comprising 240 equal subunits
(T=4) with an external diameter of 35 nm 24 The molecular weight for each subunit is
approximately 21 kDa. Because of its strong immunity and extreme flexibility to insert peptide
or epitope with up to 300 residues with negligible effects on assembled structure 22/, HBc is

highly promising as a vaccine carrier.

Currently, research directly comparing the immune responses induced by HFn and HBc as
vaccine carriers bearing the same epitope has not been reported. Herein, we applied Epstein-
Barr nuclear antigen 1 (EBNAL) as the model epitope to develop two vaccine candidates with
different molecular designs targeting Epstein-Barr virus (EBV). EBNAL can be expressed in
all EBV-associated tumours to support maintenance and expression of EBV 28, EBV, belonging
to the human herpesviruses family 2, result in serious disease (e.g. Hodgkin’s disease,
lymphomas and lymphoproliferative disease) 2°. There is no current licensed vaccine available
to combat EBV infection 2. There is some urgency to develop EBV-associated vaccines for

controlling EBV infection.
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To reveal differences between HFn and HBc as vaccine carriers, short EBNA1 peptide was
inserted at the N-terminus of HFn and HBc. The resulting vaccine are candidates named
EBNA1-HFn (E1F1) and EBNA1-HBc (E1H1). Before in-vivo immunization test, molecular
structure was characterized by SDS-PAGE, SEC-MALS and TEM to confirm the purity of
E1H1 (> 95 %) and E1F1 (> 95 %), hydrodynamic radius and molecular weight (E1H1: 17.4
nm and 4740 kDa; E1F1: 7.3 nm and 562 kDa). After immunization in mice with (E1H1 and
E1F1) and without (E1H1) adjuvant, immune response (humoral and cell-mediated),
proliferative index between E1H1 and E1F1 were compared. In-vivo experiment demonstrates
HBc VLP carrier can induce potent immune response in adjuvant-free formulation. Boosted by
adjuvant, E1H1 induces greater humoral immune and proliferative response than E1F1.
However, E1F1 induces greater cell-mediated immune response than E1H1. This paper sheds
new light on chimeric protein as vaccine carriers to boost immunogenicity and vaccine efficacy,
which can be produced at large scale in a short period via cost-effective process to against

pandemic infection.
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7.2 Experimental Section
7.2.1 Nanoparticle proteins expression

The detailed information about plasmid construction for EBNA1-ferritin (E1F1) can be found
in our previous research 1. For EBNA1-HBc (E1H1), plasmid was built using pET 30a vector.
The restriction sites were Nde | and BamH 1 L. Information about protein sequence is shown
in Table S7.1, Supporting Information. E.coli BL21 (DE3) (Invitrogen, USA) was used to
transform plasmids. Epitope short EBNAL peptide (HPVGEADYFEY) (taken from EBNAL
aa 407 to aa 417), was inserted at N-terminus of either HFn or HBc. Single colony expressing
each protein was incubated in lysogeny broth (LB) medium with antibiotic kanamycin (1 mM).
The growing process was at 37 °C for 14-16 h in a shaking incubator at 180 rpm. In every 500
mL LB-kanamycin (100 pg mL™) medium, 10 ml of cultured medium from 50 mL was added
to further grow bacteria (37 °C, 200 rpm, 4 h, ODesoo = 0.8), then 1 mM IPTG was added to
express proteins (37 °C, 200 rpm, 4 h). Bacterial solution was centrifuged to collect bacteria
pellet. The sonication followed the procedure ** with lysis buffer (E1F1: 20 mM phosphate
buffer (PB), 2 mM EDTA, pH 7.0; E1H1: 20 mM Tris-HCI, 3 mM EDTA, 1 mM
Phenylmethanesulfonyl fluoride (PMSF), 0.1 % Triton X100, pH 8.0). Soluble expressed
protein was collected by centrifuging bacterial lysate at 13,751 xg for 30 min. SDS-PAGE

(12 %) was conducted to check soluble expression level for ELF1 and E1H1.

7.2.2 Purification of recombinant E1F1 and recombinant E1H1

For purification of E1F1, supernatant of cell lysate containing soluble expressed protein was
diluted to protein concentration to 4 mg mL' with Mili-Q water !!. The pH of diluted
supernatant was altered to 5.0 utilizing 1 M NaCl, NaAc-HAc (1M, pH 5.0). Heating (60 °C,

10 min) was applied to precipitate protein impurities, following by centrifugation (19,802 xg,
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4°C, 10 min). Resultant supernatant was mixed with an ammonium sulfate (AS) solution (3M),
and a phosphate buffer (1M) to final AS concentration 1 M at pH 6.5. Hydrophobic interaction
chromatography (HIC) was applied to separate nucleic acid. A HiTrap Octyl FF column (GE
Healthcare Life Sciences) was used for E1F1 purification by binding process and AKTA Pure
(GE Healthcare Life Sciences) was adopted. The column was firstly equilibrated by 0.1 M PB
with 1 M AS, pH 6.5. After discarding the flow through fraction, target protein EIH1 was
directly eluted by 100 % elution buffer (20 mM PB, pH 6.5). The collected fractions from the
HIC column were then injected into a HiTrap Desalting column (GE Healthcare Life Sciences)

to buffer exchange into 20 mM PB, pH 7.0 for further use.

In terms of E1H1 purification, different purification steps were applied. Briefly, supernatant
containing soluble E1H1 of cell lysate was mixed with 1 M ammonium sulfate and equilibrated
for 30 min at 25 °C, pH 7.4. The mixture was centrifuged (19,802 xg, 4 °C, 10 min) to harvest
EI1HI. Pellets of EIHI were collected and dissolved in 20 mM Tris-HCI, 4 M Urea, pH 9.0.
Dissolved E1H1 was then dialyzed against 20 mM PB, pH 7.0 for further use. Purity of E1F1

and E1H1 was analysed using 12% reducing SDS-PAGE.

7.2.3 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE)

Expression level of soluble protein and purity after purification were determined by SDS-
PAGE. The procedure followed our previous research !!. Briefly, diluted samples (1 mg mL")
mixing with loading buffer !! were disassembled by heating (100 °C, 10 min). Lanes were
separated by electrophoresis (Bio-Rad, USA). Stain the gel for 1 h and wash the background

using washing buffer !!.
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7.2.4 Transmission electron microscopy (TEM)

TEM was utilized to characterize conformations of purified E1F1 and E1H]1. Purified E1F1
and E1H1 were diluted to 0.1 mg mL"!. Protein samples (10 pL) were added on grids (carbon-
coated copper) and settled for 5 min. Grids were then cleaned by RO water and negatively
stained for 2 min . Grids were analysed with TEM (Philips CM100, 100 kV)(Field Electron

and Ion Company, USA).
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7.2.5 Size exclusion chromatography multi-angle light scattering (SEC-
MALYS)

SEC-MALS was demonstrated to detect hydrodynamic radius and molecular weights of
purified proteins. For E1F1 characterization, Superose 6 Increase 10/300 GL (GE Healthcare,
USA) was connected to High Performance Liquid Chromatography (HPLC) (Shimazdu, Japan)
coupled with a multi-angle laser light scattering (MALS) Wyatt DAWN® HELEOS II and
Optilab T-rEx (Wyatt Technology, Santa Barbara, CA USA) !''. The equilibration buffer was 20
mM PB, pH 7.0. For E1H1 characterization, TSKgel G4000SW XL (TOSOH Bioscience, Japan)
was attached to HPLC-MALS. The equilibration buffer was 20 mM PB, pH 7.4. The loading
volume was 50 pl and minimum protein concentration was: EIF1=5 mg mL"! and EIH1=1 mg
mL!, respectively. The signal intensity at 280 nm versus retention time was plotted, and protein

hydrodynamic radius and molecular weight were analysed by ASTRA software (v. 6.1).

7.2.6 Adjuvant adsorption percentage determination
Purified E1F1 and E1H1 were diluted with Mili-Q water to Img mL™'. Aluminum hydroxide

adjuvant (750 uL, 0.8 mg mL!, SERVA, Sweden) was mixed with 750 uL diluted protein
samples (E1F1 and E1H1), and were stored at room temperature (25 °C) for 24 hours. After
incubation, protein-adjuvant mixtures were centrifuged at 2100g for 20 min. The supernatants
were collected to measure protein concentration by Bradford method (Bio-Rad, USA). The
adjuvant adsorption (%) was calculated using following equation (7.1).

Adjuvant adsorption (%) = (Mi1-M2)/M; X 100% (7.1)
Mi: mass of protein before adding adjuvant

M2:: mass of protein in the supernatant after adding adjuvant and centrifugation
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7.2.7 Particle size measurement

Mastersizer 2000 (Malvern, USA) was used to measure the particle size for aluminum
hydroxide adjuvant (10 mg mL™"), E1F1 with adjuvant (10 mg mL"), and E1H1 with adjuvant
(5 mg mL™"). The measurement options were set as: Refiactive index: 1.66; Adsorption: 0.01.
For each sample, 5 mL was added to make detectable particle size measurements. Each sample
was measured for three times. All measurements were analysed by Mastersizer software

(Malvern, USA).

7.2.8 Animal immunization

Animal immunization experiments were planned and undertaken by authors in China and were
approved by the Medical Ethics Committee of ShanXi University of Traditional Chinese

Medicine (Approval Number 2019LL137).

Sample groups (n=10/treatment) of 6-8-week-old female BALB/c mice were immunized via
intraperitoneal injection applied into the peritoneum *° (Group 1: 100 pg purified E1F1 (1 mg
mL") in PBS with 200 uL adjuvant (0.8 mg mL"); Group 2: 100 pg purified EIH1 (I mg mL"
1) in PBS; Group 3: 100 ug purified EIH1 (1 mg mL™") in PBS with 200 uL adjuvant (0.8 mg
mL!). All three samples were injected with equivalent 6 pg of EBNA1 epitope. The detailed
calculation was shown in supporting information S3. Another two control groups
(n=10/treatment) were injected with 200 uL PBS (Blank) and 100 pg of Ovalbumin (OVA) *°,
respectively. Serum was collected 10 days after the first (at day 24) and the second boost (at

day 38) and stored at -80 °C before further measurement.
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7.2.9 Enzyme-linked immunosorbent assay (ELISA) and antigen-specific
1gG isotype
The detailed procedure followed our published research 3°. Short EBNAI peptide

(HPVGEADYFEY) was adsorbed for 14 h at 4 °C in 96-well plates *°. After being blocked
with serum at 37 °C for 2 h, the plate was added with mouse sera of serial dilutions collected
before (Day 24 and Day 38). The plate was further incubated at 37 °C for 2vh. After washing
with PBS for three times, 200 pL goat anti-mouse IgG horseradish peroxidase-conjugated
antibody of 1:5000 dilution was added to the plate and incubated at 37 °C for 2 h **. Colour
was developed by 3,3',5,5'-Tetramethylbenzidine (TMB) Single-Component Substrate solution
for 10 min. Sulphuric acid (1 M) was utilized to stop this reaction. Microplate reader (Perlong,

China) (450 nm) was used to examine plates.

Steps prior to plates washing were similar to ELISA *°. Antibodies goat anti-mouse IgG1 and
IgG2a (1:1000 dilution, 100 pL) were loaded to each plate *°. 200 uL of rabbit anti-goat IgG
horseradish peroxidase-conjugated antibody (1:5000 dilution) was loaded to the plate. The

following steps were same as ELISA to develop colour, stop reaction and plates analysis.

7.2.10 T-cell proliferation assay

Single-cell suspensions (4 x 10° cells mL™") were cultured in RPMI 1640 (Gibco, Germany)
with antigen (EBNA1: 20 pg mL™!), and incubated at 37 °C for 2 days. CCK-8 (10 ul) (Dojindo,
Japan) was added per well (37 °C, 4 h). Microplate reader (Perlong, China) was used to analyse

results. The proliferation indexes (PI) was calculated by equations 7.23% and 7.3%°;

A(sample)—Ay(control)
Ao (control)

Proliferation rate = (7.2)

A (sample): A450 nm of the sample group with CCK-8 and stimulator (short EBNA1 peptide)
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Ao (control): A450 nm of the control group with CCK-8 only

Proliferation rate (sample)
Proliferation rate (PBS)

Proliferation Index = (7.3)

7.2.11 Lymphocyte activation and memory T-cells of splenocytes

The procedure to culture splenocytes (10° cells) from immunized mice followed referenced
procedure *!. Splenocytes were stained with fluorescent-labelled anti-mouse antibodies: CD4,
CD8a (PerCP-Cy 5.5) monoclonal antibody, CD19 (eFluor 780), CD25, CD44 (PE-Cyanine 7)
and CD62L (L-Selectin) monoclonal antibodies (Thermo fisher, USA) at 4 °C *°. Number of
cells for CD25/CD4 T, CD25/CD8 T, CD25/CD19 B, activated lymphocytes (CD69"), central
memory T-cells (CD44MCD62LM), and effector memory T-cells (CD44"CD62LY) was
measured by a FACSCanto II flow cytometry 3%3!. After flow cytometry was calibrated using
standard BD beads, gates were circled to locate CD4" T, CD8" T and CD19" B cells first. CD25
was circled in CD4" T, CD8" T and CD19" B cells to determine lymphocyte activation. Cross
gates of CD44 and CD62L in CD4" T, CD8" T and CD19" B cells were drawn to detect memory

T cells. FACSCanto II software was used to demonstrate data analysis.

7.2.12 Statistics

Data were shown in Mean + Standard deviation (SD).*° Statistics was analysed by GraphPad
Prism (2021). P-value was calculated using One-way ANOVA method (GraphPad Prism 2021),

where *p<0.05, **p<0.01 and ***p<0.001.
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7.3 Results and discussion
7.3.1 Characterization of E1F1 and E1H1

Nanoparticle protein characterization is important to confirm that key quality criteria including
good purity and quaternary structure are satisfied prior to biological experiments. As shown by
Figure 7.1A, both E1F1 and E1H1 achieved purity above 95 %. The molecular weight of E1F1
monomer by SDS- PAGE (Figure 7.1A) is around 24 kDa (lane 3), slightly larger than E1H1
(20 kDa) (lane 6). Based on the molecular weight prediction server ExPaSy Bioinformatics
Resource Portal (SIB Swiss Institute of Bioinformatics, Swiss), the theoretical molecular
weight for E1IF1 monomer and E1IH1 monomer were 23.3 kDa and 22.4 kDa, respectively,
consistent with experiment. Figure 7.1B portrays the assembled structures for HFn and HBc
carrier. Both assembled HFn and HBc show particulate structure; HBc comprises more
subunits than HFn and therefore has a larger structure. Monomer structures for ELF1 and E1H1
are also displayed to portray how antigens were inserted. Model epitope EBNA1 was inserted
at the N-terminus of HFn and HBc monomers (Figure 7.1B). Hence, for both HFn and HBc,
epitopes were exposed on the surface of the protein nanoparticles. Compared to HBc monomer,
an extra 15-residues (GGSGG)3 of soft linker was inserted for E1F1 between the epitope and
ferritin monomer to confer flexibility. As shown in Figures 7.1C and 7.1D, the molecular
weight and hydrodynamic radius measured by SEC-MALS for assembled E1F1 nanoparticles
were 562 kDa and 7.3 nm, comparing with 4740 kDa and 17.4 nm for assembled E1H1 (T=3).
E1H1 is 8 times heavier and 2 times larger than E1F1. Theoretical assembled E1H1 (T=3) and
E1F1 molecular weights are 4032 kDa and 559.2 kDa, respectively. The difference between
measured data and theoretical prediction is likely due to error in the MALS measurement. The
reported particle diameter for HBc and HFn are 35 nm and 12 nm, respectively. The measured
sizes show reasonable correlation with these (E1H1 diameter: 33.8 nm; E1F1: 14.6 nm). Lastly,

TEM images confirmed that both E1F1 and E1H1 were successfully assembled and confirmed
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the size difference, which is consistent with the hydrodynamic radius result (Figures 7.1E and
7.1F). Overall, characterization confirmed that the protein nanoparticles exhibited high quality,
were properly formed, and were virus-like particles rather than merely virus-sized aggregates,

giving confidence that biological results would be meaningful.
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Figure 7.1 Characterization of E1F1 (ferritin carrier) and E1H1 (HBc carrier). A) Coomassie
blue stained sodium dodecyl sulfate (SDS): lane 1, protein marker 1; lane 2, HFn marker (~21
kDa); lane 3, E1F1 (~24 kDa); lane 4, protein marker 2; lane 5, impurities (N/A); lane 6: E1H1
(~20 kDa). B) Mimic diagrams by Discovery Studio 2020. Red denotes carrier, blue denotes
EBNAL short peptide epitope, and green denotes soft linkers (GGSGG); (i) E1F1 monomer;
(i1)) EIH1 monomer; (ii1) assembled HFn; (iv) assembled HBc. C) Molar weight and particle
size of assembled E1F1 measured by SEC-MALS; D) Molar weight and particle size of
assembled E1H1 measured by SEC-MALS; E) Assembled E1F1 TEM image; F) Assembled
E1H1 TEM image.
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7.3.2 Antigen-specific antibodies titers evaluation

Sera I1gG responses to short EBNA1 peptide were determined to compare humoral immune
response induced by E1F1 with that caused by E1H1. It was clearly observed from Figure 7.2A
that, after the second boost (Day 38), both E1H1 with and without adjuvant produced 5 times
higher titers than E1F1 with adjuvant (***p<0.001). In addition, the minor difference between
E1H1 with and without adjuvant (*p<0.5) proved that non-adjuvanted E1H1 can induce a
potent humoral immune response. This result reveals the advantage of HBc VLP as a potential
vaccine carrier able to achieve a stronger humoral immune response than that for a ferritin

vaccine carrier.
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Figure 7.2 EBNA1-specific antibodies in sera of BALB/c mice. A) IgG titers 10 days after 1st
boost (Day 24) and 2nd boost (Day 38). B) IgG2a/IgG1 at Day 38. Data are shown in mean +
SEM (n=3) (*p<0.05; **p<0.01; ***p<0.001).

To identify whether immunization response was dominant in humoral or cell-mediated, 1gG2a
and 1gG1 were compared 2. 19G2a/lgG1 is an indicator, which defines that: Thl-favored
immunization pathway if 19G2a/IgG1 < 1; and/or Th2-biased response if 19G2a/lgG1 > 1 *.

The Th1 response involves secretion of cytokines, for example, IL-12, TNF-a and IFN-y. These

cytokines initiate cell-mediated response for growing cytotoxic T lymphocyte (CTL) cells to
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combat viral infections 3>, The Th2 response regulates cytokines (IL-4, IL-5 and IL-6). These
cytokines are important to initiate humoral immune responses 3°3°. From Figure 7.2B,
lgG2a/lgG1 ratios for all three groups (E1F1 with adjuvant, ELIH1 with or without adjuvant),

were lower than 1, indicating a humoral immune response bias for all three groups.

7.3.3 Comparisons of splenocytes proliferative responses

Proliferative responses induced by E1F1 and E1H1 were determined by splenocyte
proliferation assay. The level of splenocyte proliferative responses by using proliferative index
(P1) can reflect the strength of immune response induced by E1H1 or E1F1 3. The individual
Pl for E1F1 with adjuvant and for ELH1 with or without adjuvant were 2.0, 3.9 and 3.1 (Figure
7.3). It was also found that E1IH1 with or without adjuvant induced a higher PI than E1F1 with

adjuvant (**p<0.01). PI of E1H1 without adjuvant is slightly lower than E1H1 with adjuvant.

* %k

Proliferation index

Figure 7.3 Proliferation index for E1HI1 with adjuvant, EIH1 w/o adjuvant and E1H1 with

adjuvant measured by CCK-8 kit. Splenocytes were cultured at Day 38 (10 days after 2nd boost)
and restimulated ex vivo with EBNA1 antigen. Data are shown in mean + SEM (n=6) (*p<0.05;

*#p<0.01; ***p<0.001).

340



7.3.4 Lymphocyte activation

To compare the strength of humoral with cell-mediated immune responses induced by E1F1
and E1H1, CD25 activation level on CD19"B cells, CD4T cells, and CD8"T cells was found
37 CD25 is a premature marker *’, to examine B and T cell activation level after stimulation by
short EBNA1 *°. CD19, as a B cell biomarker, is significant to regulate humoral responses %,
The primary role for CD4*T cells, T helper cells, is to drive on adaptive immune responses .
Figure 7.4A showed that CD4"T cells identify peptides displayed on major histocompatibility
complex (MHC) class Il molecules, from antigen presenting cells (APCs) “°. Dendritic cells
(DCs) are examples of APCs, which activate and control adaptive immune responses .
Compared with CD4'T cells, CD8'T cells mainly communicate peptides presented by MHC |
class molecules . After recognition and activation by EBNA1, CD8'T cells secret cytokines
such as TNF-a and IFN-y correlated to the cell-mediated immune response *°. Overall, the
number of CD19"B cells reflects the strength of the humoral immune response, while CD8*T

cell number indicates the strength of the cell-mediated immune response.
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Figure 7.4 Activation of dendritic cell by EBNA1 antigens determined by flow cytometry. A)
Mimic dendritic cell processing diagram by Biorender©. B) Frequency of CD25+ in CD19+ B
cells. C) CD25+ in CD4+ T cells. D) CD25+ in CD8+ T cells. Data are shown in mean = SEM
(n=6) (*p<0.05; **p<0.01; ***p<0.001).

In accordance with IgG titer results, cellular level of CD19"B cells for E1IH1 with adjuvant
were the highest (Figure 7.4B), approximately 4 times higher than E1F1 with adjuvant. There
was no significant difference between E1H1 with and without adjuvant regarding the number
of CD19"B cells after activation. This result suggests E1H1 can induce a potent humoral
immune response by itself without adjuvant boost. Number of CD4™T cells in three groups was
similar (Figure 7.4C). CD8*T cell number after activation for E1F1 was roughly 5 times higher

than the other two groups (Figure 7.4D). This result suggests E1F1 with adjuvant produces the

strongest cell-mediated immune response.
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7.3.5 Memory lymphocyte T cells differentiation

To test if ELIH1 and E1F1 have the ability to confer long-term protection, memory lymphocyte
T cells were further determined #2. Memory T cells can be classified as effector T cells (Tewm)
and central memory T cells (Tcwm) . Tem cells work faster than Tewm cells, nevertheless, the
effect period is shorter. Marked by CD44 and CD62L, Tem cell is represented as CD44"
CD62L"", whereas Tcwm cell is represented as CD44" CD62L".* Figure 7.5A showed the flow
cytometry cross gates for CD44 and CD62L. The detailed gating information is shown in
Figure S7.1 (Supporting Information). Before the stimulation by the short peptide EBNAL, the
number of CD4" and CD8" Tcm cells in E1IF1 group was 2 times higher than E1IH1 with or
without adjuvant groups (HBc carrier) (Figure 7.5B and 7.5C). After the stimulation by short
EBNAL peptide, the number of Tem cells increased as CD4" and CD8" Tcwm cells were
converted to Tem cells. There were approximately 8 % greater as many CD4" Tem cells found
in the E1F1 compared with EIH1 (***p < 0.001) (Figures 7.5D). It was found that
approximately 5 % and 3 % greater as many CD8" Tem cells in E1F1 group than E1IH1 w/o
adjuvant and E1H1 with adjuvant, respectively (***p < 0.001) (Figure 7.5E). The percentage
of CD4" and CD8" Tcwm cells were significantly low (<1 %) compared with CD4* and CD8"
Tewm cells (>10 %). These results were considered as valuable by comparing these with the
research using similar immunology study methods while humoral immune response was
dominant (Tcm cells: ~1 %; Tem cells: ~10 %) 3. Based on the above results, E1IF1 induces a

stronger cell-mediated immune response than E1H1 with or without adjuvant.
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(%). Data are shown in mean + SEM (n=6) (*p<0.05; **p<0.01; ***p<0.001).
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7.6.6 Adjuvant adsorption fraction determination and epitope density
calculations

To confirm whether E1F1 and E1H1 can be adsorbed by aluminum hydroxide adjuvant,
adjuvant adsorption fraction was determined. E1F1 was completely adsorbed by adjuvant
(Table 7.1), whereas average adsorption percentage for ELH1 was 54 %. The particle size for
E1F1 and E1H1 after being adsorbed by aluminum hydroxide adjuvant was confirmed by
Mastersizer (Figure S7.2, Supporting Information). The particle size distribution for E1F1 and
E1H1 with adjuvant was similar (Table S7.2, Supporting Information), and there was only a

minor shift compared to the fresh aluminum hydroxide adjuvant size distribution.

Table 7.1 Adjuvant adsorption percentage for E1F1 and E1HI.

Sample name Adjuvant adsorption (%)
1 2 3 Average
EBNAI1-Ferritin 100 100 100 100+ 0 %
EBNA1-HBc 52 54 56 54+1.63 %

To understand differences in terms of epitope density, further calculations were performed. It
is assumed that effect of epitope density on the immunity responses is based on the difference

in antigen organization on the single protein particle.

Each single E1H1 protein particle carried 240 (T=4) or 180 epitopes (T=3), while each single
E1F1 protein particle carried 24 epitopes. The epitope density ratio of EIH1 and E1F1 was 10
(T=4) or 7.5 (T=3) (S7.4, Supporting Information). That demonstrates the epitope density of

E1H1 was always higher than E1F1
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7.4. Discussion

For all three groups, namely, E1F1 with adjuvant, E1H1 with or without adjuvant, the dominant
immune response was humoral. The EBNA1 short peptide (HPVGEADYFEY) itself belongs
to CD4" T cells epitope and primarily triggers Thi responses “°, which are responsible for
activating cell-mediated immune response. However, these were not consistent with our results.
This immune response shift has been found in several previous studies 48, mostly because of
effects of the adjuvant and vaccine carrier. Aluminum hydroxide has been proven to be one of
the adjuvants that mainly induces a Th2 response to primarily activate humoral immune
response “9°2, Therefore, the dominant immune response for E1F1 with adjuvant depends on
aluminum hydroxide adjuvant. The HBC VLP itself has been known to induce a predominantly
IgG1 antibody response (Th2) *3. Thus, E1H1 with or without adjuvant tends to be humoral

immune response dominant.

Moreover, with the same antigen applied (EBNAL), HFn (E1F1) and HBc (E1H1) showed
different immunogenicity. 1gG titers demonstrated that E1H1 produced greater humoral
immune responses than E1F1. The proliferation assay indicated that EIH1 enhanced the
proliferation index compared to E1F1. There are three possible reasons. In the first place, HBc-
VLP has self-immunogenicity in the human body while HFn does not **. HFn-based vaccines
are expected to be co-administrated with adjuvant to boost the immune response %1214 By
contrast, it has been confirmed by the IgG titer results that adjuvant-free EIH1 induced a potent
humoral immune response. This highlights the advantage of HBc-VLP as vaccine carrier. The
adjuvant-free formulation is significantly favored in vaccination, because aluminum adjuvant
was found to have risks in serious immunological disorders >°. Secondly, HBc (5040 kDa) is
obviously a larger molecule than HFn molecule (504 kDa), and also has larger particle size of
35 nm compared with 12 nm. Research by Chang et al. suggests that protein nanoparticle
vaccine size affects significantly the immune responses, especially in terms of dendritic cell
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(DC) processing 6. The optimal nanoparticle size range to induce strong immune responses is
from 40 nm to 3 um °"°8, Therefore, E1IH1 (HBc based vaccine) is expected to induce stronger
immune responses. Last but not least, the epitope density difference between E1F1 and E1H1
results in different immunogenicity. Studies have demonstrated that epitope density is closely
associated with humoral immune responses specific to epitopes *°%1, Findings showed that
humoral immune response was enhanced with increasing epitope density . Study by Liu et al.
demonstrated that fusion proteins (S-transferase) carrying higher M2e influenza epitopes
(M2es) induced polyclonal antibodies with greater an average affinity constant, and showed
higher average avidity, compared with the one of low epitope density (M2e1, M2e4) 2. It can
be concluded here that single protein particle with high epitope density induces stronger
immunogenicity compared with the one with low epitope density. Proven by experimental data
in vivo, E1H1 produces stronger humoral immune response than E1F1, which is consistent with

the calculated data, EIH1 shows a higher epitope density than E1F1.

Cell-mediated immune responses for E1IF1 and E1H1 were also compared in our study.
Interestingly, from both lymphocyte activation and memory lymphocyte T cells differentiation
results, E1F1 induced an enhanced cell-mediated immune response than E1H1. This underlines
the advantage of human ferritin in T cell immunology. It was noted by Lee et al. that, compared
with other nanoparticle proteins (E. coli DNA binding protein, Thermoplasma acidophilum
proteasome and HBV capsid) %, a ferritin vaccine carrier fast drift to lymph nodes (LNs) with
short incubation time (< 1 min), and the accumulation of human heavy-chain ferritin in the LNs
lasted for an adequately long time (6 days) %3, This is presumably caused by that human ferritin
can interact with T lymphocytes °. It has been found that, human ferritin has a strong binding

affinity to mucin domain-2 (TIM-2) and T cell immunoglobulin to control cellular immunity
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96465 The prolonged accumulation of human ferritin ensures that antigens can be efficiently
exposed to immune cells in LNs °, which may in turn enhance the immunogenicity of a vaccine
%6, This may explain why E1F1 (HFn carrier) showed a stronger cell-immune response than

E1H1 (HBc vaccine carrier).

7.5. Conclusion

This study proves the success of developing HFn and HBc as vaccine carriers inserting EBNA1
short peptide, to potentially combat EBV infections. Both nanoparticles prompt significant
humoral and cell-mediated immune responses. Importantly, EBNA1-HBc (E1H1) can induce
immune responses without adjuvant. HBc vaccine carrier (E1H1) also has a higher epitope
density than ferritin carrier (E1F1). This explained well why E1H1 produced more than 5 times
the antibody titer and 2 times stronger proliferative responses than E1F1. On the other hand,
E1F1 utilized the benefit of HFn on strong binding to T cell immunoglobulin. The prolonged
accumulation of HFn in lymph nodes likely ensured that sufficient epitopes can be processed
to immune cells. This in turn induced a stronger cell-mediated immune response than E1H1.
Overall, this study has shown a successful application of HFn and HBc as vaccine carriers.
This initial proof-of-concept study can potentially lead to further vaccine development against

urgent viral challenges, such as EBV and new emerging viruses.
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7.7 Supporting Information

7.7.1 Supporting figures
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Figure S7.1 Flow cytometry gates showing CD19, CD4 and CD8. CD19 is shown in red colour;

CD 4 is shown in green; and CDS8 is shown in blue. A) E1F1 with adjuvant. B) EIH1 without
adjuvant. C) E1H1 with adjuvant.
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Figure S7.2 Particle size for aluminum hydroxide adjuvant, E1F1 with adjuvant and
E1H1 with adjuvant by Mastersizer.

7.7.2 Supporting tables

Table S7.1 Amino acid sequence of E1F1 and E1HI.

Name

Amino acid Sequence

EBNAI1-Ferritin

(Ferritin with inserted EBNA1 epitope at the N-
terminus of ferritin)

EBNA1-HBc

(HBc with inserted EBNAT1 epitope at the N-
terminus of HBc)

HPVGEADYFEYGGSGGGGSGGGGSGGTTASTSQVRQNYHQDSEAAINRQINLELYASYV

YLSMSYYFDRDDVALKNFAKYFLHQSHEEREHAEKLMKLQNQRGGRIFLQDI

KKPDCDDWESGLNAMECALHLEKNVNQSLLELHKLATDKNDPHLCDFIETHYLNEQVK

AIKELGDHVTNLRKMGAPESGLAEYLFDKHTLGDSDNES

HPVGEADYFEYMDIDPYKEFGASVELLSFLPSDFFPSIRDLLDTASALYREALESPEHCSPH

HTALRQAILCWGELMNLATWVGSNLEDPASRELVVSY VNVNMGLKIRQLLWFHISCLTFG

RETVLEYLVSFGVWIRTPPAYRPPNAPILSTLPETTVVRRRGRSPRRRTPSPRRRRSQSPRRR

RSQSRESQC
Table S7.2 Particle size by Mastersizer.
Name d (0.1) pm d (0.5) pm d (0.9) pm
Aluminium 1.95 (+ 0.03) 5.66 (x0.10) 66.44 (£ 0.62)
adjuvant
E1F1 with 1.96 (£ 0.02) 5.61 (£0.21) 80.20 (= 5.25)
adjuvant
E1HI with 1.99 (= 0.09) 5.62 (x0.13) 81.76 (+ 8.59)
adjuvant

*d (0.1), d (0.5) and d (0.9) represents the diameter of a sphere at which 10 %, 50 % or 90 %
of the particles in the samples are smaller on a number basis.
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7.7.3 Calculation of injected antigen dose

EBNALTI short antigen: Mw = 1326 Da
E1F1 carries 24 antigens in each particle, whereas E1H1 carries 240 (T=4) or 180 (T=3)
antigens in each particle.

EIF1
m = 100 pg; Mw = 559.2 kDa; n = == = 1.79 X 1071% mol

Moles of antigen = 1.79 X 10710 x 24 = 4.29 x 10~° mol
Mass of antigen = 4.29 X 107° X 1326 =~ 6 ug

E1H1
m =100 pg;

T=4
Mw = 5376 kDa; n = Mi = 1.86 x 1011 mol

Moles of antigen = 1.86 x 10711 x 240 = 4.46 x 10~ mol
Mass of antigen = 4.46 X 107° X 1326 ~ 6 ug

T=3
Mw = 4032 kDa; n = Mi = 2.48 x 10~ mol

Moles of antigen = 2.48 x 10711 x 180 = 4.46 x 10~ mol
Mass of antigen = 4.46 X 107° X 1326 ~ 6 ug

7.7.4 Calculation of epitope density ratio (number basis)

E1H1 (T=4)

Epitope densitygiy; 240 10
Epitope densitygp; 24
E1HI1 (T=3)

Epitope densitygiy; 180 7.5

Epitope densityg,p; 24

Epitope density is expressed in number of epitopes per single protein particle.
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ABSTRACT: Human heavy-chain ferritin (HFn) and hepatitis B virus core (HBc) are both
nanoparticle proteins presenting a well-oriented architecture with constant size and shape, which
can be engineered to carry epitopes on the surface of the nanoparticle protein cage, enabling
vaccine design. This study aims to investigate the immunogenicity differences between engineered
HFn and chimeric HBc bearing the same epitope. As a proof of concept, the model epitope
Epstein—Barr nuclear antigen 1 (EBNAL) is inserted at the N-terminus of the HFn and HBc
subunit to produce two vaccine candidates named EBNAl—HFn (E1F1) and EBNAI-HBc
(E1H1), respectively. From in vivo immunogenicity studies, EIH1 demonstrates the capability to
prompt significant humoral and cell-mediated immune responses in adjuvant-free formulation.
When formulated with the aluminum hydroxide adjuvant, E1HI1 produces approximately $x
higher titer and 2X stronger proliferation index (PI) than E1F1. These results confirm that the
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HBc carrier induces a stronger humoral immune response than HFn. On the other hand, from lymphocyte activation experiments,
E1F1 induces a stronger cell-mediated immune response indicated by 5X more CD8'T cells and 2X more effector memory T cells in
the E1F1 group versus the E1H1 group. Through this study, HFn and HBc are shown to be potentially effective vaccine carrier

nanoparticles having subtly different immunological responses.

KEYWORDS: protein-based vaccine molecule design, hepatitis B virus core, virus like particles, human ferritin heavy chain,

Epstein—Barr nuclear antigen 1

1. INTRODUCTION

The current COVID-19 pandemic has increased urgency for
new-engineered reliable vaccines. It has increased the need to
develop vaccine platforms meeting criteria, including fast
manufacture at a large scale in response to a pandemic threat
and high safety yet with optimal efficacy and efficiency to
generate potent and protective immune responses. There is
considerable interest in applying recombinant protein nano-
particles as a vaccine delivery system because (i) they can be
produced at large scale via cost-effective expression systems
such as bacteria;"” (ii) protein nanoparticles are regarded as
safe with minimal risks compared to traditional vaccines such
as killed or inactivated pathogen vaccines;” and (iii) nano-
particle proteins are highly repetitive structures that can be
developed as efficacious and efficient vaccines to induce potent
immune rcsponscs.'h(’ There is a wide selection of sizes (5—
100 nm).” Ferritins and virus-like particles (VLPs) are two
common examples of nanoparticle proteins.

Ferritins are self-assembling nanoparticle proteins with 24
protein subunits that form spherical cage structures.” The inner
and outer diameters for a ferritin particle are 8 and 12 nm,
respectively.” Ferritin has recently been explored as a vaccine
carrier due to its various advantages including robust thermal
and chemical stabilities,"”"" suitable Fresentation of antigens
and presentation of immunogens,'”"*™"* low toxicity, high

© 2021 American Chemical Society
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biocompatibility and good biodegradability.'"'* Recombinant
human heavy-chain ferritin (HFn) is one of the well-
understood ferritins.'® The molecular weight of each subunit
is about 21 kDa. It was found by Broxmeyer ef al. that human
ferritin heavy chain suppressed immune activity in human in
vivo."”"" They also noticed that ferritin heavy chain notably
reduced growth of granulocyte-macrophage, erythroid and
multipotential progenitor cells.”~'? On this account, it is a
common practice that engineered ferritin-based vaccines are
often administrated with adjuvants to boost potential immune
responses. "7

VLPs are constructed by viral capsid proteins assembled to a
hollow nanocage lacking infectious nucleic acids.** VLPs are
applicable vaccine carriers as they present antigens in a multi-
meric and well-organized manner, which induces desirable
humoral and cell-mediated immune responses.””**~** One of
the well-characterized VLPs is the hepatitis B virus core

s

Received: June 28, 2021
Published: September 8, 2021

https://doi.org/10.1021/acsabm.1c00738
ACS Appl. Bio Mater. 2021, 4, T147-7156



ACS Applied Bio Materials

www.acsabm.org

protein (HBc). HBc is made up of 180 equal subunits (T = 3)
with outer diameters of 27—31 nm."® There is also a
proportion of HBc comprising 240 equal subunits (T = 4) with
an external diameter of 35 nm.”* The molecular weight for
each subunit is approximately 21 kDa. Because of its strong
immunity and extreme flexibility to insert peptide or epitope
with up to 300 residues with negligible effects on assembled
structure,”’ HBc is highly promising as a vaccine carrier.

Currently, research directly comparing the immune
responses induced by HFn and HBc as vaccine carriers
bearing the same epitope has not been reported. Herein, we
applied Epstein—Bart nuclear antigen 1 (EBNA1) as the model
epitope to develop two vaccine candidates with different
molecular designs targeting Epstein—Barr virus (EBV). EBNAI1
can be expressed in all EBV-associated tumors to support
maintenance and expression of EBV.”" EBV, belonging to the
human herpesviruses family,”® result in serious disease (eg
Hodgkin’s disease, lymphomas and lymphoproliferative dis-
ease).”” There is no current licensed vaccine available to
combat EBV infection.”® There is some urgency to develop
EBV-associated vaccines for controlling EBV infection.

To reveal differences between HFn and HBc as vaccine
carriers, short EBNAI peptide was inserted at the N-terminus
of HFn and HBc. The resulting vaccine are candidates named
EBNA1-HFn (E1F1) and EBNA1—HBc (E1H1). Before in
vive immunization test, molecular structure was characterized
by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), size exclusion chromatography multi-angle light
scattering (SEC-MALS) and transmission electron microscopy
(TEM) to confirm the purity of EIH1 (>95%) and E1FI
(>959%), hydrodynamic radius and molecular weight (E1H1:
17.4 nm and 4740 kDa; E1F1: 7.3 nm and 562 kDa). After
immunization in mice with (E1H1 and E1F1) and without
(E1I11) adjuvant, immune response (humoral and cell-
mediated), proliferation index between E1H1 and E1F1 were
compared. In vivo experiment demonstrates HBc VLP carrier
can induce potent immune response in adjuvant-free
formulation. Boosted by adjuvant, E1IHI1 induces greater
humoral immune and proliferative response than EI1FI,
However, E1F1 induces greater cell-mediated immune
response than E1HI1. This paper sheds new light on chimeric
protein as vaccine carriers to boost immunogenicity and
vaccine efficacy, which can be produced at large scale in a short
period via cost-effective process to against pandemic infection,

2. EXPERIMENTAL SECTION

2.1. Nanoparticle Protein Expression. The detailed informa-
tion about plasmid construction for EBNA1—ferritin (E1F1) can be
found in our previous research.'' For EBNA1—HBc (E1H1), plasmid
was built using the pET 30a vector. The restriction sites were Nde I
and BamH I.'" Information about protein sequence is shown in Table
S1, Supporting Information. Escherichia coli BL21 (DE3) (Invitrogen,
USA) was used to transform plasmids. Epitope short EBNAIL peptide
(HPVGEADYFEY) (taken from EBNA1 aa 407 to aa 417) was
inserted at the N-terminus of either HFn or HBc. Single colony
expressing each protein was incubated in the lysogeny broth (LB)
medium with antibiotic kanamycin (1 mM). The growing process was
at 37 °C for 14—16 h in a shaking incubator at 180 rpm. In every 500
mL of the LB—kanamycin (100 pg/mL) medium, 10 mL of the
cultured medium from 50 mL was added to further grow bacteria (37
°C, 200 rpm, 4 h, ODg, = 0.8), then 1 mM IPTG was added to
express proteins (37 °C, 200 rpm, 4 h). Bacterial solution was
centrifuged to collect the bacteria pellet. The sonication followed the
procedure' ' with lysis buffer (E1F1: 20 mM phosphate buffer (PB), 2
mM EDTA, pH 7.0; E1H1: 20 mM Tris-HCl, 3 mM EDTA, 1 mM
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phenylmethanesulfonyl fluoride, 0.1% Triton X-100, pH 8.0). Soluble-
expressed protein was collected by centrifuging bacterial lysate at
13,751g for 30 min. SDS-PAGE (12%) was conducted to check the
soluble expression level for E1F1 and E1HI.

2.2. Purification of Recombinant E1F1 and Recombinant
ETH1. For the purification of E1F1, the supernatant of the cell lysate
containing soluble expressed protein was diluted to protein
concentration to 4 mg/mL with Mili-Q water.'" The pH of the
diluted supernatant was altered to 5.0 utilizing 1 M NaCl, NaAc—HAc
(1 M, pH 5.0). Heating (60 °C, 10 min) was applied to precipitate
protein impurities, followed by centrifugation (19,802, 4 °C, 10 min)
to remove protein impurities. The resultant supernatant was mixed
with an ammonium sulfate (AS) solution (3 M) and a phosphate
buffer (1 M) to final AS concentration 1 M at pH 6.5. Hydrophobic
interaction chromatography (HIC) was applied to separate nucleic
acid. A HiTrap Octyl FF column (GE Healthcare Life Sciences) was
used for E1F1 purification by the binding process and AKTA Pure
(GE Healthcare Life Sciences) was adopted. The column was first
equilibrated by 0.1 M PB with 1 M AS, pH 6.5. After discarding the
flow through the fraction, target protein E1H1 was directly eluted by
100% elution buffer (20 mM PB, pH 6.5). The collected fractions
from the HIC column were then injected into a HiTrap Desalting
column (GE Healthcare Life Sciences) to buffer exchange into 20
mM PB, pH 7.0 for further use.

In terms of EIHI purification, different purification steps were
applied. Briefly, the supernatant containing soluble EIH1 of the cell
lysate was mixed with 1 M ammeonium sulfate and equilibrated for 30
min at 25 °C, pH 7.4. The mixture was centrifuged (19,802, 4 °C, 10
min) to harvest EIHI. Pellets of E1IH1 were collected and dissolved
in 20 mM Tris-HCl, 4 M urea, pH 9.0. Dissolved EIH1 was then
dialyzed against 20 mM PB, pH 7.0 for further use. Purity of E1F1
and E1H1 was analyzed using 12% reducing SDS-PAGE.

2.3. Sodium Dodecyl Sulfate Polyacrylamide Gel Electro-
phoresis. Expression level of the soluble protein and purity after
purification were determined by SDS-PAGE. The procedure followed
our previous research.'’ Briefly, the diluted samples (1 mg/mL)
mixed with loading buffer'' were disassembled by heating (100 °C, 10
min). Lanes were separated by electrophoresis (Bio-Rad, USA). The
gel for 1 h was stained and the background was washed using washing
buffer."'

2.4, Transmission Electron Microscopy. TEM was utilized to
characterize conformations of purified E1F1 and E1H1. Purified E1F1
and E1HI1 were diluted to 0.1 mg/mL. Protein samples (10 uL) were
added on grids (carbon-coated copper) and settled for 5 min. Grids
were then cleaned by RO water and negatively stained for 2 min'*
Grids were analyzed with TEM (Philips CM100, 100 kV) (Field
Electron and Ton Company, USA).

2.5, Size Exclusion Chromatography Multiangle Light
Scattering. SEC-MALS was demonstrated to detect hydrodynamic
radius and molecular weights of purified proteins. For EIF1
characterization, Superose 6 Increase 10/300 GL (GE Healthcare,
USA) was connected to high-performance liquid chromatography
(HPLC) (Shimadzu, Japan) coupled with a multiangle laser light
scattering (MALS) Wyatt DAWN HELEOS II and Optilab T-rEx
(Wyatt Technology, Santa Barbara, CA USA)."" The equilibration
buffer was 20 mM PB, pH 7.0. For EIHI characterization, TSKgel
G4000SWXL (TOSOH Bioscience, Japan) was attached to HPLC-
MALS. The equilibration buffer was 20 mM PB, pH 7.4. The loading
volume was 50 uL and minimum protein concentration was as
follows: E1IF1 = 5 mg/mL and E1H1 = 1 mg/mL, respectively. The
signal intensity at 280 nm versus retention time was plotted, and
protein hydrodynamic radius and molecular weight were analyzed by
ASTRA software (v. 6.1).

2.6. Adjuvant Adsorption Percentage Determination.
Puriied E1F1 and E1H1 were diluted with Mili-Q water to 1 mg/
mL. An aluminum hydroxide adjuvant (750 gL, 0.8 mg/mL, SERVA,
Sweden) was mixed with 750 uL of the diluted protein samples (E1F1
and E1H1) and stored at room temperature (25 °C) for 24 h. After
incubation, protein-adjuvant mixtures were centrifuged at 2100g for
20 min. The supernatants were collected to measure the protein

hitps:/fdol.ong/10.1021/acsabm.1c00738
ACS Appl. Bio Mater, 2021, 4, 71477156
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Figure 1. Characterization of E1F1 (ferritin carrier) and E1H1 (HBc carrier). (A) Coomassie blue stained sodium dodecyl sulfate (SDS): lane 1,
protein marker 1; lane 2, HFn marker (~21 kDa); lane 3, EIF1 (~24 kDa); lane 4, protein marker 2; lane 5, impurities (N/A); and lane 6: EIH1
(~20 kDa). (B) Mimic diagrams by Discovery Studio 2020. Red denotes carrier, blue denotes EBNA1 short peptide epitope, and green denotes
soft linkers (GGSGG), (i) EIF1 monomer; (ii) E1HI monomer; (iii) assembled HFn; and (iv) assembled HBc. (C) Molar weight and particle size
of assembled E1F1 measured by SEC-MALS; (D) molar weight and particle size of assembled E1H1 measured by SEC-MALS; (E) assembled

EIF1 TEM image; and (F) assembled EIH1 TEM image.

concentration by the Bradford method (Bio-Rad, USA). The adjuvant
adsorption (%) was caleulated using the following equation (eq 1).

Adjuvant adsorption (%) = (M, — M,)/M, x 100% (1)
M,: mass of protein before adding adjuvant. M,: mass of protein in
the supernatant after adding the adjuvant and centrifugation.

2.7. Particle Size Measurement. A Mastersizer 2000 (Malvern,
USA) was used to measure the particle size for the aluminum
hydroxide adjuvant (10 mg/mL), EIF1 with an adjuvant (10 mg/
mL), and EIH1 with an adjuvant (5 mg/mL). The measurement
options were set as follows: refractive index: 1.66 and adsorption:
0.01. For each sample, 5 mL was added to make detectable particle
size measurements. Each sample was measured three times. All the
measurements were analyzed by Mastersizer software (Malvern,

USA).
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2.8. Animal Immunization. Animal immunization experiments
were planned and undertaken by authors in China and were approved
by the Medical Ethics Committee of ShanXi University of Traditional
Chinese Medicine (Approval Number 2019LL137).

Sample groups (n = 10/treatment) of 6—8 week-old female BALB/
¢ mice were immunized via intraperitoneal injection applied into the
peritoneum™’ group 1: 100 g of purified E1F1 (1 mg/mL) in PBS
with 200 L of adjuvant (0.8 mg/mL); group 2: 100 ug of purified
E1HI (1 mg/mL) in PBS; group 3: 100 ug of purified E1HI (1 mg/
mL) in PBS with 200 pL of the adjuvant (0.8 mg/mL). All the three
samples were injected with equivalent & ug of the EBNAI epitope.
The detailed calculation was shown in Supporting Information, §3.
Another two control groups (n = 10/treatment) were injected with
200 uL of PBS (blank) and 100 ug of ovalbumin,™ respectively. The
serum was collected 10 days after the first (at day 24) and the second
boost (at day 38) and stored at —80 °C before further measurement.

https:/fdol.org/10.1021/acsabm.1c00738
AC5 Appl. Bio Mater. 2021, 4, 7147-7156
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Figure 2. EBNAl-specific antibodies in sera of BALB/c mice. (A) IgG titers 10 days after first boost (day 24) and second boost (day 38). (B)

IgG2a/lgG1 at day 38. Data are shown in mean

SEM (n = 3) (*p < 0.05; **p < 0.01; ¥**p < 0,001).

2.9. Enzyme-Linked Immunosorbent Assay and Antigen-
Specific 1gG Isotype. The detailed procedure followed our
published research.’” Short EBNAL peptide (HPVGEADYFEY) was
adsorbed for 14 h at 4 °C in 96-well plates.”” After being blocked with
the serum at 37 °C for 2 h, the plate was added with mouse sera of
serial dilutions collected before (day 24 and day 38). The plate was
further incubated at 37 °C for 2 h. After washing with PBS three
times, 200 uL of goat anti-mouse IgG horseradish peroxidase-
conjugated antibody of 1:5000 dilution was added to the plate and
incubated at 37 °C for 2 h."” Color was developed by 3,3,5,5'-
tetramethylbenzidine single-component substrate solution for 10 min.
Sulfuric acid (1 M) was utilized to stop this reaction. A microplate
reader (Perlong, China) (450 nm) was used to examine plates.

Steps prior to plate washing were similar to the enzyme-linked
immunosorbent assay (ELISA)." Antibodies goat anti-mouse IgGl
and IgG2a (1:1000 dilution, 100 uL) were loaded to each platc.ju 200
uL of rabbit anti-goat IgG horseradish peroxidase-conjugated
antibody (1:5000 dilution) was loaded to the plate. The following
steps were the same as ELISA to develop color, stop reaction, and
plate analysis.

2.10. T-Cell Proliferation Assay. Single-cell suspensions (4 X
10° cells/mL) were cultured in RPMI 1640 (Gibco, Germany) with
an antigen (EBNAL: 20 pg/mL) and incubated at 37 °C for 2 days.
CCK-8 (10 uL) (Dojindo, Japan) was added per well (37 °C, 4 h). A
microplate reader (Perlong, China) was used to analyze results. The
proliferation indexes (PI) was calculated by egs 2 and 3%

A(sample) — Ag(control)
A (control)

proliferation rate =

(2)

A (sample): A, o nm of the sample group with CCK-8 and stimulator
(short EBNAL1 peptide). A, (control): A5y nm of the control group
with CCK-8 only

proliferation rate (sample)

proliferation rate (PBS)

proliferation index =

(3

2.11. Lymphocyte Activation and Memory T-Cells of
Splenocytes. The procedure to culture splenocytes (10° cells)
from immunized mice followed the referenced procedme."l
Splenocytes were stained with fluorescent-labeled anti-mouse anti-
bodies: CD4, CD8a (PerCP-Cy 5.5) monoclonal antibody, CD19
(eFluor 780), CD25, CD44 (PE—Cyanine 7), and CD62L (1-
selectin) monoclonal antibodies (Thermo Fisher, USA) at 4 °C.*"
The number of cells for CD25/CD4 T, CD25/CD8 T, CD25/CD19
B, activated lymphocytes (CD69"), central memory T-cells
(CD44"CD62L"), and effector memory T-cells (CD44"CD62L")
was measured by a FACSCanto Il flow cytometry.’”"' After flow
cytometry was calibrated using standard BD beads, gates were circled
to locate CD4°T, CD8*T, and CD19'B cells first. CD25 was circled
in CD4'T, CD8'T, and CDI19'B cells to determine lymphocyte
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activation. Cross gates of CD44 and CD62L in CD4'T, CD8'T, and
CD19°B cells were drawn to detect memory T cells. FACSCanto 11
software was used to demonstrate data analysis.

2.12. Statistics. Data were shown in mean  standard deviation.™
Statistics was analyzed by GraphPad Prism (2021). The P-value was
calculated using the one-way ANOVA method (GraphPad Prism
2021), where *p < 0.05, **p < 0.01, and ***p < 0.001.

3. RESULTS

3.1. Characterization of E1F1 and ET1H1. Nanoparticle
protein characterization is important to confirm that key
quality criteria including good purity and quaternary structure
are satisfied prior to biological experiments. As shown by
Figure 1A, both E1F1 and E1H1 achieved purity above 95%.
The molecular weight of the EIF1 monomer by SDS-PAGE
(Fig‘ure 1A) is around 24 kDa (lane 3), slightly larger than
EIH1 (20 kDa) (lane 6). Based on the molecular weight
prediction server ExPaSy Bioinformatics Resource Portal (SIB
Swiss Institute of Bioinformatics, Swiss), the theoretical
molecular weights for E1IF1 monomer and E1HI monomer
were 23.3 and 22.4 kDa, respectively, consistent with the
experiment. Figure 1B portrays the assembled structures for
HFn and HBc carriers. Both assembled HFn and HBc show a
particulate structure; HBc comprises more subunits than HFn
and thus has a larger structure. Monomer structures for E1F1
and E1H1 are also displayed to portray how antigens were
inserted. Model epitope EBNAl was inserted at the N-
terminus of HFn and HBc monomers (Figure 1B). Hence, for
both HFn and HBc, epitopes were exposed on the surface of
the protein nanoparticles. Compared to the HBc monomer, an
extra 15-residues (GGSGG); of the soft linker was inserted for
E1F1 between the epitope and ferritin monomer to confer
flexibility. As shown in Figure 1C,D, the molecular weight and
hydrodynamic radius measured by SEC-MALS for assembled
E1F1 nanoparticles were 562 kDa and 7.3 nm, comparing with
4740 kDa and 17.4 nm for assembled E1H1 (T = 3). E1H1 is
eight times heavier and two times larger than EIFI.
Theoretical assembled EIH1 (T = 3) and EI1F1 molecular
weights are 4032 and 559.2 kDa, respectively. The difference
between the measured data and theoretical prediction is likely
due to the error in the MALS measurement. The reported
particle diameter for HBc and HFn are 35 and 12 nm,
respectively. The measured sizes show a reasonable correlation
with these (E1H1 diameter: 33.8 nm; E1F1: 14.6 nm). Lastly,
TEM images confirmed that both E1F1 and E1HI1 were

https://dol.org/10.1021/acsabm.1c00738
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successfully assembled and confirmed the size difference,
which is consistent with the hydrodynamic radius result
(Figure 1E;F). Overall, characterization confirmed that the
protein nanoparticles exhibited high quality, were properly
formed, and were VLPs rather than merely virus-sized
aggregates, giving confidence that biologica.l results would be
meaningful.

3.2, Antigen-Specific Antibody Titer Evaluation. Sera
IgG responses to the short EBNAI peptide were determined to
compare the humoral immune response induced by E1F1 with
that caused by EIHI. It was clearly observed from Figure 2A
that, after the second boost (day 38), both E1IH1 with and
without an adjuvant produced five times higher titers than
E1F1 with an adjuvant (***p < 0.001). In addition, the minor
difference between E1H1 with and without the adjuvant (*p <
0.5) proved that non-adjuvanted E1H1 can induce a potent
humoral immune response. This result reveals the advantage of
HBc VLP as a potential vaccine carrier able to achieve a
stronger humoral immune response than that for a ferritin
vaccine carrier.

To identify whether the humoral or cell-mediated
immunization response was dominant, IgG2a and IgGl were
compared.‘*"’ IgG2a/IgGl is an indicator, which defines that:
Thi-favored immunization pathway if IgG2a/TgG1 < 1 and/or
Th2-biased response if IgG2a/IgG1 > 1.** The Th1 response
involves the secretion of cytokines, for example, IL-12, TNF-a,
and IFN-y. These cytokines initiate a cell-mediated response
for growin§ cytotoxic T lymphocyte cells to combat viral
infections.””*" The Th2 response regulates cytokines (IL-4, IL-
5, and IL-6). These cytokines are important to initiate humoral
immune res;pons;es;m""i From Figure 2B, IgGZa/ IgG1 ratios for
all the three groups (E1F1 with an adjuvant, EIH1 with, or
without an adjuvant) were lower than 1, indicating a humoral
immune response bias for all three groups.

3.3. Comparisons of Splenocyte Proliferative Re-
sponses. Proliferative responses induced by EIF1 and
E1HI were determined by the splenocyte proliferation assay.
The level of splenocyte proliferative responses by using
proliferation index (PI) can reflect the strength of the immune
response induced by E1HI or EIF1.’® The individual PT for
E1F1 with the adjuvant and for EIH1 with or without adjuvant
were 2.0, 3.9, and 3.1 (Figure 3). It was also found that E1H1

5

*%

Proliferation index

E1H1 with

g

jjuvant

Figure 3. PI for E1H1 with the adjuvant, E1H1 w/o the adjuvant, and
E1HI with the adjuvant measured by a CCK-8 kit. Splenocytes were
cultured at day 38 (10 days after second boost) and restimulated ex
vivo with the EBNAI antigen. Data are shown in mean  SEM (n =
6) (fp < 0.05; **p < 0.01; and ***p < 0.001).
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with or without adjuvant induced a higher PI than E1F1 with
the adjuvant (**p < 0.01). PI of ELH1 without the adjuvant is
slightly lower than E1IH1 with the adjuvant.

3.4. Lymphocyte Activation. To compare the strength of
humeral with cell-mediated immune responses induced by
E1F1 and E1H]1, the CD25 activation levels on CD19'B cells,
CD4'T cells, and CD8'T cells were found.”” CD25 is a
premature marker”” to examine B- and T-cell activation level
after stimulation by short EBNAL’ CD19, as a B-cell
biomarker, is significant to regulate humoral res.l:)cu'lses.'“JL
The primary role for CD4™T cells, T helper cells, is to drive on
adaptive immune responses.”’ Figure 4A shows that CD4™T
cells identify peptides displayed on major histocompatibility
complex (MHC) class 1I molecules, from antigen presenting
cells (APCs)."” Dendritic cells (DCs) are examples of APCs,
which activate and control adaptive immune responses.®'
Compared with CD4"T cells, CD8"T cells mainly communi-
cate peptides presented by MHC I class molecules.” After
recognition and activation by EBNAI1, CD8'T cells secret
cytokines such as TNF-a and IFN-y correlated to the cell-
mediated immune ra:sponse.3 ® Overall, the number of CD19°B
cells reflects the strength of the humoral immune response,
while the CD8"T cell number indicates the strength of the cell-
mediated immune response.

In accordance with IgG titer results, the cellular level of
CDI19™B cells for E1IH1 with the adjuvant was the highest
(Figure 4B), approximately 4 times higher than E1F1 with the
adjuvant. There was no significant difference between EIH1
with and without adjuvants regarding the number of CD19"B
cells after activation. This result suggests E1H1 can induce a
potent humoral immune response by itself without an adjuvant
boost. The number of CD4°T cells in three groups was similar
(Figure 4C). CD8"T cell number after activation for E1IF1 was
roughly five times higher than the other two groups (Figure
4D). This result suggests E1F1 with an adjuvant produces the
strongest cell-mediated immune response.

3.5. Memory Lymphocyte T-Cell Differentiation. To
test if EIH1 and EIF1 have the ability to confer long-term
protection, memory lymphocyte T cells were further
determined.” Memory T cells can be classified as the effector
T cells (Try) and central memory T cells (Tey).™ Try cells
work faster than Ty cells, nevertheless, the effect period is
shorter. Marked by CD44 and CD62L, the Ty cell is
represented as CD44" CD62L°", whereas the Tgy cell is
represented as CD44" CD62LM.* Figure SA shows the flow
cytometry cross gates for CD44 and CD62L. The detailed
gating information is shown in Figure S1 (Supporting
Information). Before the stimulation by the short peptide
EBNALI, the number of CD4" and CD8" T, cells in the E1F1
group was two times higher than E1HI1 with or without
adjuvant groups (HBc carrier) (Figure 5B,C). After the
stimulation by the short EBNAI peptide, the number of Tgy
cells increased as CD4" and CD8" T, cells were converted to
Tgy cells. There were approximately 8% greater CD4" Tpy
cells found in the E1F1 compared with EIH1 (***p < 0.001)
(Figure SD). It was found that approximately S and 3% greater
CD8" Tgy cells in the E1F1 group than the EIH1 w/o
adjuvant and EIH1 with the adjuvant, respectively (***p <
0.001) (Figure SE). The percentage of CD4* and CD8" Ty
cells were significantly low (<1%) compared with CD4" and
CD8" Ty cells (>10%). These results were considered as
valuable by comparing these with the research using a similar
immunology study methods while the humoral immune

hitps:/fdal.org/10.1021/acsabm. 1000738
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SEM (1 = 6) (*p < 0.05; **p < 0.01;

response was dominant (T cells: ~1%; Tpy cells: ~10%)."
Based on the above results, EIF1 induces a stronger cell-
mediated immune response than EIH1 with or without
adjuvants.

3.6. Adjuvant Adsorption Fraction Determination
and Epitope Density Calculations. To check if E1F1 and
E1H1 can be adsorbed by the aluminum hydroxide adjuvant,
the adjuvant adsorption fraction was determined. E1F1 was
completely adsorbed by the adjuvant (Table 1), whereas the
average adsorption percentage for EIH1 was 54%. The particle
size for E1F1 and E1HI after being adsorbed by the aluminum
hydroxide adjuvant was confirmed by Mastersizer (Figure S2,
Supporting Information). The particle size distribution for
E1F1 and E1H1 with the adjuvant was similar (Table S2,
Supporting Information), and there was only a minor shift
compared to the fresh aluminum hydroxide adjuvant size
distribution.

To understand the differences in terms of epitope density,
further calculations were performed. It is assumed that the
effect of epitope density on the immunity responses is based
on the difference in the antigen organization on the single
protein particle.

Each single E1H1 protein particle carried 240 (T = 4) or
180 epitopes (T = 3), while each single E1F1 protein particle
carrying 24 epitopes. The epitope density ratio of EIHI and
E1F1 was 10 (T = 4) or 7.5 (T = 3) (S4, Supporting
Information). This demonstrates that the epitope density of
E1H1 was always higher than E1F1.

4. DISCUSSION

For all three groups, namely, E1F1 with an adjuvant, EIH1
with, or without adjuvant, the dominant immune response was
humoral. The EBNAL short peptide (HPVGEADYFEY) itself
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belongs to CD4" T-cell epitope and primarily triggers Thl
responses,”” which are responsible for activating the cell-
mediated immune response. However, these were not
consistent with our results. This immune response shift has
been found in several previous studies,’” " mostly because of
the effects of the adjuvant and vaccine carrier. Aluminum
hydroxide has been proven to be one of the adjuvants that
mainly induces a Th2 response to primarily activate the
humoral immune response.””>* Therefore, the dominant
immune response for E1F1 with the adjuvant depends on the
aluminum hydroxide adjuvant. The HBC VLP itself has been
known to induce a predominantly IgG1 antibody response
(Th2).** Thus, EIH1 with or without adjuvant tends to be
humoral immune response dominant.

Moreover, with the same antigen applied (EBNA1), HFn
(E1F1), and HBc (E1H1) showed different immunogenicity.
IgG titers demonstrated that EIH1 produced greater humoral
immune responses than EI1F1. The proliferation assay
indicated that E1H1 enhanced the PI compared to EIFI.
There are three possible reasons. In the first place, HBc-VLP
has self-immunogenicity in the human body while HFn does
not.”* HFn-based vaccines are expected to be co-administrated
with the adjuvant to boost the immune response.'”'”'" B
contrast, it has been confirmed by the IgG titer results that the
adjuvant-free E1IH1 induced a potent humoral immune
response. This highlights the advantage of HBc-VLP as a
vaccine carrier. The adjuvant-free formulation is significantly
favored in vaccination because the aluminum adjuvant was
found to have risks in serious immunological disorders.”®
Second, HBc (5040 kDa) is obviously a larger molecule than
the HFn molecule (504 kDa) and also has larger particle size
of 35 nm compared with 12 nm. Research by Chang et al.
suggests that the protein nanoparticle vaccine size affects

https://doi.org/10.1021/acsabm.1¢00738
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Table 1. Adjuvant Adsorption Percentage for E1F1 and
E1H1

adjuvant adsorption (%)

sample name 1 2 3 average (%)
EBNAT1—ferritin 100 100 100 100 0
EBNAI-HBc¢ S2 54 56 54 163

significantly the immune responses, especially in terms of DC
processing.”” The optimal nanoparticle size range to induce
strong immune responses is from 40 nm to 3 pm.*7
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Therefore, EIH1 (HBc based vaccine) is expected to induce
stronger immune responses. Last but not least, the epitope
density difference between E1F1 and E1H1 results in different
immunogenicity. Studies have demonstrated that epitope
density is closely associated with humoral immune responses
specific to epitopes.”” ' Findings showed that the humoral
immune response was enhanced with increasing epitope
density.”” The study by Liu et al. demonstrated that fusion
proteins (S-transferase) carrying higher M2e influenza epitopes
(M2eg) induced polyclonal antibodies with a greater average
affinity constant and showed higher average avidity, compared

https://doi.org/10.1021/acsabm.1¢00738
ACS Appl. Bio Mater. 2021, 4, 7147-7156
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with the one of low epitope density (M2e, and M2e,).” It can
be concluded here that a single protein particle with high
epitope density induces stronger immunogenicity compared
with the one with low epitope density. Proven by experimental
data in vive, E1HI produces a stronger humoral immune
response than E1F1, which is consistent with the calculated
data, E1H1 shows a higher epitope density than E1F1.
Cell-mediated immune responses for EIF1 and E1H1 were
also compared in our study. Interestingly, from both
lymphocyte activation and memory lymphocyte T-cell differ-
entiation results, E1F1 induced an enhanced cell-mediated
immune response than E1H1. This underlines the advantage of
human ferritin in T cell immunology. It was noted by Lee et al.
that, compared with other nanoparticle proteins (E. coli DNA
binding protein, Thermoplasma acidophilum proteasome and
HBV capsid),”’ a ferritin vaccine carrier fast drifts to lymph
nodes (LNs) with a short incubation time (<1 min) and the
accumulation of human heavy-chain ferritin in the LNs lasted
for an adequately long time (6 days).”® This is presumably
caused due to the fact that human ferritin can interact with T
lymphocytes.” It has been found that human ferritin has a
strong binding affinity to mucin domain-2 (TIM-2) and T-cell
immunoglobulin to control cellular immunity.”*"** The
prolonged accumulation of human ferritin ensures that
antigens can be efliciently exposed to immune cells in LNs,”
which may in turn enhance the immunogenicity of a vaccine.*®
This may explain why E1F1 (HFn carrier) showed a stronger
cell-immune response than E1IH1 (HBc vaccine carrier).

5. CONCLUSIONS

This study proves the success of developing HFn and HBc as
vaccine carriers by inserting the EBNAI short peptide to
potentially combat EBV infections. Both nanoparticles prompt
significant humoral and cell-mediated immune responses.
Importantly, EBNAl-HBc (E1H1) can induce immune
responses without the adjuvant. The HBc vaccine carrier
(E1H1) also has a higher epitope density than the ferritin
carrier (E1F1). This explained well why E1H1 produced more
than five times the antibody titer and two times stronger
proliferative responses than E1F1. On the other hand, E1F1
utilized the benefit of HFn on strong binding to the T-cell
immunoglobulin. The prolonged accumulation of HFn in LNs
likely ensured that sufficient epitopes can be processed to the
immune cells. This in turn induced a stronger cell-mediated
immune response than EIH1. Overall, this study has shown a
successful application of HFn and HBc as vaccine carriers. This
initial proof-of-concept study can potentially lead to further
vaccine development against urgent viral challenges, such as
EBV and new emerging viruses.
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8.1 Conclusions

The current COVID-19 pandemic has increased urgency to develop reliable vaccines.
Traditional vaccines, for example, live-attenuated vaccine strains or inactivated killed vaccine
pathogens, have disadvantages of imposing high risks of reversion into disease-causing viruses,
or inducing weak immune responses. Therefore, modern vaccines using nanoparticles are
developed. EBC vaccine, as one of examples, is practically promising because it has: 1) a
precise control over the structure and functionality; and 2) mimics viral structures to boost
antigen presentation and strong immunogenicity. EBC vaccine is structured with three (3) main

components, NPC, linker and epitope.

In this Thesis, HFn was the main interested NPC to be developed as an EBC vaccine. Based
on findings from Chapter 2, it was found that HFn exhibits a number of advantages including
a: 1) highly organized unique protein nanocage in order to convenient display of epitopes; 2)
strong protein stability against thermal and chemical denaturants; 3) highly safe self-assembled
human proteins with low toxicity, good biocompatibility and biodegradability; and 4) ability to
induce potent cell-mediated immune response by strong binding to T cell immunoglobulin and
TIM-2. This Thesis follows the process: molecular design — protein purification and

characterization — vaccine immunology study.

Key conclusions from this thesis work include:
1. With applied same epitope (EBNAT), both MDS and experimental data confirmed that
engineered ferritin with N-terminus insertion (E1F1) was more hydrophobic and less
stable against thermal, pH and chemical denaturants than that from C-terminus insertion

(F1EI). The less hydrophobic SASA provided F1E1 less interactions between non-
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polar residues with water molecules. Therefore, a more stable protein structure was

observed (Chapter 3).

. Flexible linker length molecular design can be used to significantly boost protein
stability. N-terminus insertion with long linker (15 residues) (EiLisF1) exhibited less
protein surface hydrophobicity because of steric shielding, and greater stability against
thermal and chemical denaturants (GdnHCI and urea) than that with short linker (3
residues) (E1L3F;). C-terminus insertion with long linker (15 residues) (FiLisE) had
similar hydrophobicity to short linker (3 residues) (FiL3E:), and greater thermal
stability together with GdnHCl-denaturant stability. However, stability against urea

denaturant for both two groups was similar (Chapter 4).

C-terminus of HFn has shown significant potential for maintaining protein stability,
therefore, variant study of helix E in C-terminus was performed. The hot spots in helix
E were predicted by MDS as aa 167 and aal71. Five (5) variants (C1, C2, C3, C4 and
C5) were constructed by altering electrostatic or hydrophobic interfaces. It was found
that variants C1, C2 and C5 can be folded properly with good conformational stability.
However, variant C3 exhibited significant proportion of aggregates, and variant C4 was
not folded properly. All of five variants had decreased thermal stability confirmed by

both MDS and experimental data (Chapter 5).

. Immunology study confirmed that the insertion site is affected significantly on vaccine
immunogenicity, especially in terms of cell-mediated immune response. C-terminus
insertion (F1E1) presented stronger proliferative responses and cell-mediated immune

response than N-terminus insertion (E1F1) (Chapter 6).
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5.

Immunology study demonstrated that vaccine immunogenicity was significantly
affected by particle size and molecular weight of NPCs. E1F1 utilised the benefit of
HFn on strong binding to T cell immunoglobulin to induce stronger cell-mediated
immune response than E1H1. However, EIH1 (HBc vaccine carrier) induced stronger
humoral immune response and proliferative response than E1F1 (HFn vaccine carrier)

because of higher epitope density (Chapter 7).
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8.2 Future research directions

This Thesis work has underscored the importance of vaccine rational design by considering
epitope-insertion sites, linker length and hot spots replacements in order to produce highly
stable and efficacious HFn-based vaccines. The preliminary immunology study has revealed

the great potential of HFn as vaccine carrier. Future research directions will necessarily include:

1. Flexible loop region is another promising insertion site when applying HFn as vaccine
carrier. Corresponding immunology study is expected to get direct comparisons of
immunogenicity amongst these 3 insertion sites (N-terminus, C-terminus and flexible

loop region).

2. Flexible linker composition is the other interesting aspect to affect protein stability. By
altering amino acid compositions, effect of flexible linker with different composition

on protein stability can be investigated.

3. A focus on using MDS to predict replacement of which amino acids with hot spots to
boost protein stability. This will build on the finding that this Thesis has shown that
replacement of hot spots with positive-charged, non-charged, more hydrophobic or

more hydrophilic residues, all significantly affect protein folding and stability.

4. DSC analysis indicated multiple denaturing temperature values for some HFn
derivatives. Future analysis based on SEC-MALS can be coupled with DSC, CD and
fluorescence spectrometry to generate in-depth understandings of intermediate stages

of HFn-based nanoparticles during thermal denaturation.

5. Immunity experiments including stimulating by the full length of EBNA1 antigen
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together with virus neutralisation assay to confirm the efficacy of vaccines.

6. A more detailed cell immunity examination for HFn based vaccine to confirm that HFn

possibly regulates cell immunity more efficiently than HBc.
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Abstract

The COVID-19 pandemic has underscored the importance of reliable vaccines. Protein-based
vaccines are attractive because of efficacy and safety. Epitope-based chimeric vaccines have
attracted significant research interest because it exhibits: 1) a wide range of size from 5 to 100
nm; 2) cost-effective production, and; 3) highly repetitive structures to induce immune
response(s). The practical challenge however is to carefully design innovative epitope-based
chimeric vaccine, rather than rely on time-consuming and costly experiments. Molecular
dynamics simulation(s) (MDS) is an emerging and important computational tool with
application to vaccine development. Despite this, the use of MDS to aid chimeric vaccine
nanoparticle design has not been reviewed in detail. Here we present a timely review to provide
a critical assessment of use of MDS in design of nanoparticle protein-based vaccines. We focus
sequentially on: 1) epitope immunogenicity prediction; 2) predicting fusion protein structures,
and; 3) evaluating protein stability. We show that MDS can be used judiciously to design a
highly stable and strongly immunogenic vaccine that can be readily examined later
experimental validation(s). We conclude that MDS can significantly boost confidence in
vaccine manufacture. Findings will be significant to researchers in simulation methods to guide

practical vaccine development.
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Al Introduction

Timely and reliable vaccine development is important. This is underscored by the recent
COVID-19 pandemic. The practical challenge is to design and develop innovative protein-
based vaccines to replace traditional ones, such as live attenuated vaccines and inactivated
pathogens, to increase immunogenicity and safety »2. The overarching aims with innovative
epitope-based chimeric (Ebc) vaccine include, to induce strong immune responses, be safe and

to remain stable.

EBC vaccines consists of two (2) parts, 1) nanoparticle protein cage (NPC), and; 2) inserted
epitope; these are shown schematically in Figure Al. Ebc are advantageous because they
exhibit, 1) a wide range of sizes from 5 to 100 nm 3, 2) cost-effective production,* and; 3)

highly repetitive structures to induce immune response(s) 4.

There are however significant practical challenges to development of EBC vaccines 7.
Development of vaccines includes but is not limited to: 1) molecular design/selection of
epitopes; 2) design of energy-minimized fusion protein structures; 3) protein expression by

host cell lines; 4) protein purification, and; 5) in vitro and in vivo testing.

Significant time-consuming and costly experiments are needed to develop desirable vaccine
candidates. This is because there are many unknown factors, including epitope immunogenicity

and protein stability. The result is often a low rate of successful vaccine production °.

Molecular dynamics simulation (MDS) is an emerging design tool that appears to reduce the
need for experimental testing and has potential to increase the likely success rate in vaccine

development.
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e

Epitope

Protein Nanocage (NPC)

Epitope-based
chimeric vaccine

Figure Al Schematic of epitope-based chimeric vaccine consisting of protein nanocage and

epitope in BioRender®.

MDS is used to determine physical movement of three dimensional (3D) particles in a given
dynamic environment and an applied force field. Since parallel developments in high-
performance computing (HPC), large protein molecules can now be investigated in silico using
MDS. Recent applications of MDS in protein field focus on prediction of peptides and protein

structures 13, molecular docking and drug design 48, and prediction of protein stability 178,

A schematic showing how MDS is used to design and predict performance of proposed
nanoparticle protein-based vaccines is given as Figure A2. It is seen from the figure there are
3 serial steps, namely, prediction of: M1) epitope immunogenicity; M2) protein structure, and,;

M3) protein stability, via in silico analyses.
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Figure A2 Schematic of Molecular Dynamics Simulation (MDS) for monitoring performance

of nanoparticle protein-based vaccines in which DSC = Differential Scanning Calorimetry and

Highly stable,
immunogenetic
protein
structure
screening

equipment were prepared in BioRender®.

Prediction of epitope immunogenicity by MDS (Figure A2, M1) filters the suitable epitope

silico by calculating the binding energy between epitopes and receptors. The lowest binding
energy indicates the strongest binding with receptors. MDS is used to filter the epitope-receptor

complex with greatest stability. The selected epitope is the most likely to induce significant
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immune response °. Step M1 significantly improves success rates in later experimental
immunological studies (Figure A2, E3) *°. Step M2 is achieved via construction of energy-
minimized molecular-structure for nanoparticle proteins (NPs) inserted with epitopes. If the
crystal structure of NPCs has been registered in the Protein Data Bank (PDB) 2°, M2 can be
readily applied following assessing of structural stability data. However, where NPCs cannot
be found in PDB, and limited molecular structural information is available, MDS becomes a
critical tool to simulate protein folding and to predict energy-minimized protein structure with
insertion of the epitopes 2. Step M2 ensures protein structural resonance to support an optimal

vaccine production (Figure A2, E1).

Step 3, M3 stability studies in MDS, have been found to be highly consistent with experimental
data. This consistency between MDS prediction and experiment is advantageous to design the
most stable vaccine with reduced time and cost. For example, protein thermal stability in silico
agreed well with experimentally determined protein melting temperature using differential
scanning calorimetry (DSC) 2*?3. MDS can provide protein secondary structure in silico
information.'?* This is advantageous as it can replace experiments using circular dichroism
(CD) %2, Protein stability studies via MDS achieves the same purpose, and it gives the most

stable structures for experiment (E2) with both optimized time and cost.

It is clear that there is therefore practical benefit in using MDS to predict performance of

nanoparticle protein-based vaccine. Despite this however it has not been reviewed in detail.

Here for the first time we present a timely review to provide a critical assessment of uses of
MDS for designing nanoparticle protein-based vaccine. We focus sequentially on: 1) epitope

immunogenicity prediction, M1; 2) predicting fusion protein structures, M2, and; 3) evaluating
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protein stability, M3

We use case studies to show that when used judiciously, MDS can be relied on in the design of
highly stable and strongly immunogenic vaccine, which can be readily identified for later
experimental validation(s). We conclude that MDS can significantly boost confidence in
vaccine manufacture. We discuss future application and challenges arising from MDS. We
expect findings to be significant to researchers in simulation methods to guide practical vaccine

development.

A2 Prediction of epitope immunogenicity

It is the most important in vaccination to achieve high immunogenicity by inducing potent
immune responses. Therefore, selection, optimization and validation of suitable epitopes are

important to ensure efficacy and safety.

A flowchart for the method to epitope design and immunogenicity prediction via computation
is presented as Figure A3 2%, This shows serial steps including: 1) viral strain selection, 2)
protein sequence preparation, 3) epitope prediction, 4) vaccine structure construction, 5)
allergenicity and toxicity, 6) population convergence analysis, 7) molecular docking analysis,

and; 8) MDS.

Prior to molecular docking analyses, a number of databases are available to predict and analyze
epitopes including IEDB *2, SYEPEITHI 3 and ProPred1 **. These databases are all designed
to screen and predict epitopes of interest for a target disease 2-*'. The immunogenicity for
specific epitopes is then predicted by considering interactions between epitopes and viral

strains.
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Together, Molecular docking analysis and MDS, are of particular interest in this Review. This
is because Molecular docking and MDS quantify interaction between epitope and alleles i.e.
Molecular docking is the step prior to MDS to prepare a ‘ligand-receptor’ complex %
Molecular docking is a technique used to predict how the ligand interacts with the receptor.
This is done by calculating the binding energy between the ligand and receptor 3. Epitopes, or
antigens, are identified as ‘ligands’, whilst different alleles and immune receptors are treated
as ‘receptors’, Figure A4. The docking analysis scores these complexes based on binding
affinities. Binding affinities are computed from Equation A1 %, which gives numerically the
energy difference between bound and unbound ligands and proteins. The complex with the
most negative value for binding affinity is transferred to MDS to validate the binding

interaction 28, and to determine stability %’

AGblnd ( bound nbound) + (Vbound unbound) + ( bound 1fnblound + ASconf)
Equation Al

Where L is ligand; P is receptor; conf is conformational entropy.
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Figure A3 Flowchart for prediction of epitope immunogenicity.
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Figure A4 Schematic of antigen-immune receptors interaction in BioRender®. The antigen is

considered as ‘ligand” and immune receptor as ‘receptor’.

A2.1 Application of MDS in epitope immunogenicity prediction

Hasan et al. conducted research to develop a vaccine against Marburg virus 2’. PEP-FOLD3 is
an online server to predict peptide structures based on amino acid sequences via a de novo
approach . By defining the specific patch of a protein, all possible peptide-protein complexes
are predicted.®® Through this tool, they obtained 12 T-cell epitopes, 6 from envelope
glycoprotein and 6 from matrix protein VP40. All selected epitopes were confirmed by
performing docking analysis with Human leukocyte antigen (HLA) molecules, named,

respectively, HLA-A*11:01 and HLA-DRB1*04:01.

It was found that the epitope with sequence VQEDDLAAGLSWIPF from the envelope
glycoprotein was bound by HLA-DRB1*04:01 (-7.8 kcal mol?), and the epitope with sequence

VPAWLPLGIMSNFEY from matrix protein VP40 demonstrated binding energy of -7.0 kcal
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mol™?) . VP1-epitope ‘APIDFDPVP’ was found to interact with HLA-A*11:01 most strongly

in terms of the least free binding energy (-9.5 kcal/mol) ',

These authors focused on MDS to investigate stability and mobility of proteins with selected
epitopes via normal mode analysis (NMA) which includes calculation of deformability,
eigenvalues, B-factors and covariance 2. Deformability determines the degree to which
applying a force can make a given molecule change its shape. Eigenvalue is related to the
motion stiffness, which is proportional to energy input to deform the structure. The less the

eigenvalue, the more readily likely the deformation “°.

The eigenvalue for the complex V1-TLR3 with highly immunogenic epitopes, such as VP1,
was 1.02e%*. However, these authors did not state whether this value was sufficiently low so
as to result in deformation of the structure. They rather claimed that deformation of the structure
was unlikely to occur, based on location of hinges in the chain (Figure SA1, Supporting
Information). They compared the essential dynamics of V1-TLR3 from MDS with its normal
mode of protein and found that the deformability value was < 1 for all residues. This is

considered not significant.
This work by Hasan et al. focused on using molecular docking analysis to determine
immunogenicity of listed epitopes based on binding affinity. Importantly, however, there was

a lack of MDS to validate complex stability.

Docking analysis is actually weak in analyzing interactions between epitopes and immune

receptors. MDS will be more accurate in predicting binding interactions if a dynamic system
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is considered at the atomic level 1%, MDS docking analysis followed by MDS determine both

binding interaction and complex stability 28293147,

Gupta et al. applied docking analysis to develop vaccines against carcinoembryonic antigen-
related cell adhesion (CEACAM). These is a highly conserved region in cancers 28, Seven (7)
predicted epitopes were docked to HLA allele. The complexes formed were confirmed using

ligand interaction study in MDS.

These authors compared the stability of the epitope-HLA complexes to that of original HLA
complex structures. The free binding energy was computed to justify immunogenicity of varied
epitopes. Findings showed the designed vaccine was highly likely to be efficacious. This was
because: 1) epitopes bound strongly to the major histocompatibility complex (MHC) molecules

were screened, and; 2) stability of complex with selected epitope over time has been validated.

A2.2 Analysis

Lessons from the case studies above underscore that the common analysis to predict epitope
immunogenicity include: 1) molecular mechanical (MM) Poisson-Boltzmann surface area
(PBSA) model “8; 2) root-mean-square deviation (RMSD); 3) root-mean-square fluctuation
(RMSF) of each residues, and; 4) radius of gyration (Rg) 282931474952 Definitions are given in

Table Al.

Predictions of epitope immunogenicity were demonstrated through computation of these
parameters and were found to be consistent with experimental immune results. For example,
Deng et al. developed a multivalent enterovirus subunit vaccine for the prevention of HFMD

(hand, foot and mouth disease) 2. By showing strong binding energy via the PBSA tool and
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high stability of formed complex via RMSD and RMSF, the designed multivalent enterovirus

vaccine was then able to be expressed and purified. Test results in vivo demonstrated significant

humoral and cell-mediated immune responses.

Recently, additional parameters have been identified through MDS to predict epitope

immunogenicity. For example, 2 constructs designed as potential vaccine for multiple sclerosis

disease, namely, Construct 1 and Construct 2, can be considered, Figure A5. By showing that

the surface area of myelin oligodendrocyte glycoprotein (MOG) antigen in Construct 1 was

similar to antigenic domain in Construct 2, and surface area of myelin basic protein (MBP) in

Construct 1 was greater than for Construct 2. Construct 1 was concluded to carry antigenic

property for vaccination 3. This is because the construct with greater antigenic domain area is

more likely to induce stronger immune response in the body.

MOG: 99-
107
Isoform 1

BamHI
cleavage
site

Enterokinase
(EK) linker

MBP: 84-
104
Isoform
18.5 KD

BamHI
cleavage
site

C terminal
of IL16
Isoform 1

Peptide Sequence
MFFRDHSYQEGSG DDDDKG[N PVVHFFKNIVTP RTPPPSQG]GSIVI PDLNSSTDSAASASAASDVSV

ESTAEATVCTVTLEKMSAGLGFSLEGGKGSLHGDKPLTINRIFKGAASEQSETVQPGDEILQLGTAMQ
GLTRFEAWNIIKALPDGPDGPVTIVIRRKSLQSKETTAAGDS

MOG: 99-
107
Isoform 1

BamHI
cleavage
site

Enterokinase
(EK) linker

MBP: 84-
104
Isoform
18.5 KD

BamHI
cleavage
site

C terminal
of IL 16
Isoform 1

Peptide Sequence
MFFRDHSYQEGSGDDDDKGYGSLPQKSHGRTQDENPYVHFGSMPDLNSSTDSAASASAASDVSY
ESTAEATVCTVTLEKMSAGLGFSLEGGKGSLHGDKPLTINRIFKGAASEQSETVQPGDEILOQLGTAMQ
GLTRFEAWNIIKALPDGPDGPVTIVIRRKSLOSKETTAAGDS

Figure A5 Peptide sequence for Construct 1 and Construct 2 reproduced from Banisharif-

Dehkordi et al.>® Copyright 2019, with permission from PMC, 10.4103/1735-5362.251849.
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Additionally, a case study on COVID-19 by Kumar et al. employed MDS to assess the potency

and specificity of the vaccine with target receptors 4,

Rather than computing RMSD, RMSF or Rg, they used a Normal Node Algorithm (NNA) to
show that there were few atomic fluctuations in the complex system (vaccine and virus specific

membrane receptor TLR-2) “°. This finding implied low system deformations >*.

An Eigen score was computed of 3 x 108, Figure A6A, that confirmed the rigidity of the
complex movements °*. A low Eigen score suggests the structure is less stable and more easily

deformed *’.
However, this is not sufficient to draw any conclusions. This is because Kumar et al. did not
report comparison of Eigen scores with controls. Through confirming a low deformation index

of 0.1to 1.0 A, Figure A6B, they concluded that the complex was rigid and stable.

It is concluded that epitope immunogenicity prediction using MDS is therefore critical to

understand each analysis, and to be validated by experimental data.
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Figure A6 MDS analysis of vaccine construct with TLR-2 (A) Eigen value, (B) Deformability
reproduced from Kumar et al.*. Copyright 2020, with permission from the Royal society of

Chemistry, 10.1039/DORA06849G.

A2.3 Computational limitations and experiments

It is not uncommon to observe weak connection, or even no connection, between simulation
predictions and later experimental data. This is because of limitations in computing. These
derive from 2 sources: 1) MDS uses shorter time-scales compared with actual biological
processes °8. This can be obviated at some level with development of parallel algorithms,
software and hardware (supercomputer) °%2 and; 2) selection of empirical force fields limiting
approaches to actual biological systems. There are limited selections of force fields suitable for
modeling actual biological system 86384 As is stated by Flower et al., ‘There is a tension
between what we would wish for and what is available to us’ °®. This statement appears
practically true when considering the gap between computational systems and actual biology;
biological systems for the present are more complex than computational code. For example,

existing methods to predict MHC binding typically rely on large-sets of experimentally-
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measured binding affinities ®. The quality of these methods is highly dependent on the
available experimental data . In addition, MHC binding data are limited to cover all of MHC
alleles existed in the human population %. Approaches predicting MHC binding are trying to

close this gap, but with mixed success 8.

We conclude however that these case studies highlight the significant practical potential of
MDS for predicting epitope immunogenicity, compared with direct testing of immunogenicity
of a vaccine via experiment. MDS can be reliably used to predict potency and specificity of

selected epitopes through addressing complex binding energy and stability.

Despite some limitations, ‘MDS predictions should be used before taking action’. This is
because development time and costs for new vaccines are reduced, together with boosted

success rates for efficacious vaccines.

A3 Prediction of protein structure

Following careful selection of epitopes with strong immunogenicity, prediction of the structure
of epitope-based chimeric vaccine is the MDS following step. Step M2 (Figure A2) is
considered an essential preparation before step M3, Protein Stability Study. Without an
accurate predicted fusion protein structure, vaccine stability predicted by MDS will not match

with experimental data.

A3.1 Prediction methods for protein structure

There are 2 protein structure prediction methods, namely, 1) template-based modeling (TBM),

and; 2) template-free modeling (TFM), as is shown schematically in Figure A7.
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TBM searches all protein structures determined from prior experiment from the Protein Data
Bank (PDB), RCSB %78 Comparative modeling (also called homology modeling) and
threading are 2 usual TBM methods %8¢°. Homology modeling is performed by assuming that
2 homologous proteins share similar structures. The accuracy of the model is calculated by the

degree of similarity of the sequences -2,

As is seen from Figure A7, the black-colored structure represents existing template with known
protein information, and the red-colored structure represents the predicted part. The red-colored
structure is formed by matching the sequence of black structure and proceeding template
alignment. Threading is particularly used for fold recognition. By using certain parts of the

target sequence giving high homology, the correct fold can be reliably selected, Figure A7 374,

TFM is more computationally challenging compared with TBM. This is because it predicts
protein tertiary structure based on primary amino acid sequence without sufficient structural
information (Figure A7) %7576 De novo, or ab initio, is TFM modeling that builds 3D protein
models based on first principles ">"""®, The more successful predictions for protein assembled
structure usually contain fragments information from known protein structures !, such as
Rosetta’®® and QUARK 8. Because it requires highly significant computational resources to
maintain time-scales, time-length and significant number of interactions for construction of
energy function, this predictor is found to work only for small proteins with length up to 120
amino acids 828, such as chignolin (10 residues, PDB ID: 1UAQ) and Crambin (46 residues;
PDB ID: 1CRN) "3, The design of a fusion protein can be computationally demanding due to
greater risks with mis-folding than with single-domain proteins.

Therefore, correct folding, stability and interaction between domains have to be investigated

8 Two (2) cases are presented here to predict fusion protein structure.
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Case-1 is applied when the structure of NPC is known. The construction of NPC inserted with
epitopes focused on TEM homology modeling of similar protein structures, and introduction
of linkers depends on design purposes. For NPCs that are not available in the PDB, Case-2 is
applied to predict NPC, followed by prediction of NPC-epitopes structure. Case-2 therefore

requires additional steps compared with Case-1.

In the following, we therefore focus on Case-2 type studies.

In the following, we therefore focus on Case-2 type studies.

A Template-based modelling B Template-free modelling
- - - -
| r'J__ F) = Primary == Tertiary
PROTEIN DATA BANK TTASTSQVRQNYHQDSEA j

AINRQINLELYASYVYLSM

@ @ SYYFDRDDVALKNFAK... M‘“\___

Comparative  Threading ab initiof de novo
modelling

Figure A7 Two example methods for prediction of protein structure. (A) Template-based
modelling (TBM). For TBM, for comparative modelling, black-colour represents existing
structure in Protein Data Bank (PDB), whilst red is predicted structure. For threading, black
represents recognized region, and red, predicted region. (B) Template-free modelling (TFM).
For TFM, protein primary information, amino acid sequence, is the only available information.

By performing ab initio, or de novo, protein tertiary structure (3D) is predicted.
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A3.2 Case-2 type protein structure prediction

Shamriz et al. confirmed the advantages of MDS to predict initially unknown structures **. This
study aimed to design and predict structure for a fusion protein, Plasmodium falciparum cell-
traversal protein (PfCelTOS), inserted with human interleukin-2 (IL-2) as adjuvant and M cell-
specific peptide ligand (Col) as antigen. This fusion protein was developed as vaccine for

prevention of malaria infection.

Via molecular simulation of PfCelTOS and designed fusion proteins using iterative-threading
assembly refinement (I-TASSER), 3D structures were generated. These structures were
confirmed in PyMOL by showing majority of residues located on the permitted region of
Ramachandran Plot. MDS at an usual condition (300 K) were then carried out for analysis of
energy (total, kinetic and potential) and structure stability (RMSD, Ry and H bond

formation/deformation).

Designed fusion protein structures were critically compared in MDS. The desirable energy
trend is for constant total energy, constant or decreasing kinetic energy, together with constant
or increasing potential energy. An increasing kinetic energy level reflects breakdown of folded

protein structures 3%

, whilst decreasing potential energy instability of designed protein
structures . The authors reported stable designed structures based on low values of RMSD

and Rg. A constant number for H bonds confirmed the accuracy of designed fusion protein

structures.

Sometimes, there exists limited structural information for NP. A combined study is then applied
to predict protein structure. For example, Mobini ef al. built a VLP-based vaccine using

hepatitis B core antigen (HBcAg) as the carrier, with inserted Myrcludex and hepatitis B
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surface antigen (HbsAg) *¢. Homologous structures for HBcAg and HBsAg were searched for
prediction of protein tertiary structures. It was found that HBcAg was 94 % identical to the
control (PDB ID: 1QGT) for domain of the protein in the N-terminal (residues 1-140). There
was no available structural information for the nanopeptides (residues 141-149) and C-terminal
domain (150-183) in existing database. A combined homology modeling and ab initio was

applied to predict structure for HBcAg proteins.

A total of 10* models were scored based on the discrete optimized potential energy (DOPE)
and the top 10 with the lowest DOPE score were readied for conformational analysis. For HbsA,
ab initio was performed. The quality of the final model was evaluated by Z-score in comparison

with experimentally validated structure of proteins.

The conformational behavior of the designed vaccine was confirmed via a low value RMSD

and Rg.

A3.3 Current challenges and innovative MDS
In practice, using MDS to predict large protein structure can be a practical challenge. At present

de novo predictors are difficult for large proteins 7>7-88,

A number of de novo approaches for assembling proteins are built on short peptide fragments.
These are suitable for small proteins containing less than 1000 amino acids ¥*°. A certain time-
length is required to perform umbrella-sampling and proceed to protein folding °!. Current
computer resources are limited for microsecond-based simulations °2. However, protein folding

can take microseconds to tens-of-minutes to complete.
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Therefore some slow-folding protein simulations are likely to fail in protein correct folding *°.
However, innovations in MDS are expected to improve accuracy and performance on protein

structure prediction.

Cheung et al. applied a method titled NiDelta with ultra-fast MDS to predict 18 large proteins,
with more than 100 residues from sequence to tertiary structures '°. This is shown schematically
as Figure A8. It is seen in the figure that three (3) steps were involved in this method, Data

Processing (Figure A8A), Prediction (Figure A8B), and Simulation (Figure A8C).

NiDelta has two (2) restraints, namely, 1) predicted torsion angle, and; 2) residue-contacts for
performing a coarse-grained molecular dynamics (CGMD)-Upside °. There are 2 stages
involved to process a given target sequence: Stage-1 is to build Phsior by constructing a ‘non-
redundant sequence’ set of data from the PDB library and filter it through PISCES °*, and;

Stage-2 is to predict residue-contacts via sequence alignments. Additional detail was provided

75

An ultra-fast MDS simulation was accomplished with Upside in which each model was
displayed by a reduced chain representation, but with sufficient structural information, such as,
backbone, Ca and C atoms. For each of 18 large proteins, 500 Upside simulations were carried
out beginning with an unfolded structure. Each was folded in several CPU h. Nine (9)
representative residue contacts were compared with native ones by computing Ca-RMSD and

TM-score based on experimental reference structures.

It was found that many protein structures were predicted sufficiently, despite ‘noises’ from

incorrect predictions caused by false positive inferences (Figure A9 below is an example of
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noises). For example, protein C-H-RAS P21 (PDB ID: 5P21) was sufficiently predicted with
lowest Ca-RMSD of 3 A and the same fold with TM-score of 0.76. These findings gave
confidence for practical potential of this innovative approach of Upside to predict large protein

structures.

This study highlighted however a number of important limitations. These included: 1) Residue-
residue contacts were not able to be predicted without alignment of sufficient multiple
sequences; 2) Despite sufficient sequences, there were failed predictions; false positive
prediction in the pairwise contacts caused incorrect building of protein 3D structure, and; 3) It
was difficult to accurately predict torsion angles. It is concluded that overall however this study
can be reasonably regarded as a successful demonstration of innovative MDS to predict large

protein structures.
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Figure A8 Schematic for innovative approach to predict protein tertiary structure following
three (3) steps. (A) Step 1, Data Process (sic). MSA stands for multiple sequence alignment.
(B) Step 2, Prediction using Phsior and plmDCA. (C) Step 3, Simulation. By performing
CGMD, protein tertiary structure with highest resolution is refined and filtered. This figure is
reprinted from Cheung et al.”” Copyright 2018, with permission from PIOS ONE,

10.1371/journal.pone.0205819.g001.
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Figure A9 Examples of noises from false positive inferences. Noises are denoted as blue-color
dots in green circle. This figure is reprinted from Cheung et al.”> Copyright 2018, with

permission from PIOS ONE, 10.1371/journal.pone.0205819.

Recent innovative MDS considers implications of suitable force fields on studying protein
folding or mis-folding. There is a special group of NPs called repeat proteins. The simulation
for repeat proteins folding is practically difficult to achieve.

Zheng et al. applied a coarse-grained protein force field, AWSEM (Associative Memory,
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Water-mediated, Structure and Energy Model), into MDS to investigate the folding of fused
dimers of SH3 domains and Ig domains from human titin °°. They reported that the frequency
of mis-folding was decreasing by reducing the sequence identity between monomers in the
fused dimer. This is supported by the hypothesis that evolution favored low sequence identity

between nearby regions in repeat proteins °.

This finding is practically useful for future epitope-based chimeric vaccine design. For
repeating proteins, by altering epitope sequence or length, each monomer can have unequal
sequence identity. This is desirable for protein folding and readier downstream processing

development.

These studies have shown that overall, MDS has been successfully applied to predict protein
structure. A detailed picture of protein folding, which is practically difficult to ascertain from
experiment, is gained through simulations. However, contrary to small protein structure

prediction, there are additional difficulties involved for large protein application of MDS.

There is a number of recently released, advanced software that apply deep machine learning
artificial intelligence (AI) to predict protein structure, with reported high accuracy.
DeepMind™ released an open-source version of a deep-learning neural network, AlphaFold2
%7 This was developed for prediction of accurate protein structure when there are no
homologous structures available. The key input is protein primary amino acid sequence, and
aligned sequences of homologues (multiple sequence alignments and pairwise features). These
are processed by the trunk of the network called Evoformer. The detailed procedure is reported

1_97

by Jumper et al.”’. AlphaFold has demonstrated a near experimental accuracy in predicting

protein 3D structures. Accuracy was comparable with other computing methods with a median
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backbone accuracy confirmed 0.96 A RMSD for Co. (compared with another ‘best method’ of

RMSD for Co of 2.8 A).

Another method called RoseTTA fold was developed by Baek et al., and can obtain accurate
models of protein-protein complexes *®. The authors report application to a three-track network
to process sequence, distance and coordinate information concurrently to rapidly generate
protein structures with an similar to that from DeepMind. This software advantageously speeds
up generation of accurate models for protein structures in MDS to predict performance of Ebc

vaccine, together with boosted user confidence.

A4 Protein stability

Protein stability is mandatory in epitope-based chimeric vaccine development. Stable proteins
ensure the functionality and integrity of vaccines, and avert negative reactions due to
aggregates. Unstable proteins result in protein degradation with loss of function, or
aggregation. This reduces biological activity **. MDS can be used to predict protein dynamics,

structures and functions at an atomistic level 17:100.101,

A4.1 Parameters for computation

Analyses commonly computed for determination of protein stability are summarized in Table

Al. It is required to make connections between these and experimental data.

RMSD is widely used to reveal protein structural stability via determining conformational
stability changes in proteins 9219, RMSD varies significantly in the initial timeframes in
simulation, and reaches steady-state when the simulation system is stable. Comparing RMSD
values at steady-state is important so as to present an accurate estimation of protein
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conformation stability. The greater the RMSD, the less stable the protein structure is in MDS

17,18,99,104-106

Ry is regarded as the fundamental measurement of protein overall size. This serves to show
protein structure change in MDS 192197 Ry depends on both original protein size, and protein
stability change in time. A low Rq value indicates a compacted protein structure that results in

greater stability 18105108.109

RMSF is a basic analysis commonly computed to specify the flexibility of individual residues.
It is associated with RMSD and Ry. The greater RMSF value, the more flexible movement
106,110.111 "RIMSF is related to protein stability. Low average RMSF values indicate individual
amino acid residues that help preserve protein stability during MDS2. High RMSF values
confirm flexible regions on proteins. Therefore, RMSF is a practically useful analysis for

mutant designs with stabilized flexible regions 11314,
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Table A1l. Common parameters determined in Molecular Dynamics Simulation (MDS) to

study protein stability.

Parameter

Role

Root-mean-square
(RMSD)deviation

Radius of gyration (Ry)

Root-mean-square
fluctuation (RMSF)

Native contacts (Q)

Hydrogen bonds (HBs)
Solvent-accessible-surface-
area (SASA)

Secondary structure analysis

Ramachandran Plot

Characterization of conformational change in proteins.

Basic measurement of overall size of a chain molecule and indication of
conformational change in protein rigidity.

Determination of flexibility differences amongst residues.

Indication of native contacts preserved under conditions such as
hyperthermal or with existence of chemical denaturants (urea).
Maintenance of overall stability of the protein structure.
Examination of unfolding of proteins exposing buried hydrophobic
residues to water.

Description of conformational change by determination of secondary

structure elements change, such as, helical content. Most common element

is a-helices.

A phase diagram of two (2) torsion angles ¢ and y showing if residues are

in permitted regions of residue conformations.

The general use of these analyses appears to work well for natural conditions. However, to

ensure a detailed study of protein stability at molecular level, it is necessary to run MDS under

conditions including, elevated temperature, range of pH, and/or chemical denaturants. The

reason for doing this is to understand the mechanism by which proteins unfold from native

structure.
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The fraction of exhibited native contacts, Q, indicates the stability of proteins under these more-
extreme conditions, such as hyperthermal, or in the presence of chemical denaturants *’. Less
stable proteins normally unfold rapidly, resulting in a reduction of native contacts compared
with stable proteins over the same simulation time *"15-17, Hydrophobic interactions between
each residue of the protein and water are quantified by native contacts and hydrogen bond
(HB). HB contribute favorably to protein stability 8119 especially, maintaining secondary

structure (a-helices) 1%, The fewer number of HBs in proteins leads to markedly lower stability

17,106

Another analysis closely related to hydrophobic interactions, is solvent accessible surface area
(SASA). SASA of proteins is considered important to observe protein folding and stability,
which is stated as ‘protein surface surrounded by a hypothetical center of a solvent sphere with
the van der Waals contact surface of the molecule’ *?°. This value is dependent on the
interactions of hydrophilic and hydrophobic residues with solvent, and also, the surface tension
around protein-solvent surface. During unfolding, the SASA of the protein will increase
because hydration of the hydrophobic core results in disturbance of hydrophobic interactions
amongst non-polar residues 7. It was reported also by Berhanu et al. that residues that were
located inside protein cage from the solvent had smaller SASA than residues exposed to the
solvent 2. The display of polar residues is energy-favorable, however, exposure of
hydrophobic residues increases the free energy of the system, which is unfavorable. This can

be used to determine the stability of protein conformations 2.,

Zhang et al. reported that SASA for apoMb, and its variants E109G and E109A, increased in
the presence of urea as unfolding proceeded 1’. E109G exhibited a steeper increase in SASA

than wild-type apoMb, whilst EL09A showed a reduced increase. Based on this finding, it was
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concluded that E109A improved the stability of wild-type apoMb and E109G had a

destabilizing impact.

The connection between SASA and protein stability however may not be significantly obvious
without more-extreme conditions. For example, Kumar et al. deduced a contrary conclusion
196, They assessed SASA for wild-type and mutant PMP22 structures. They illustrated a greater
SASA for the mutant protein structure than for the wild-type protein, making the mutant
structure more stable %122, However based on SASAs, the difference between wild-type and
mutant was not significant. It is difficult therefore to draw an estimate of protein stability from

these SASA data.

Muneeswaran et al. computed both RMSD and SASA for wild-type cytochrome (Cyt) ¢ and
its mutants (Y67E, K72W) 2. Low RMSD values for both backbone and Co showed wild-
type Cyt ¢ was the more stable compared to its mutants. However, the value for SASA was
greatest amongst these three. It is not possible to confidently link protein stability with
computed SASA from native MDS. This however can be more confidently made for more-

extreme conditions.

MDS analysis of secondary structure is gaining momentum in studying protein stability. To
address why it necessary to analyze protein secondary structures, it is important to understand

the limitation(s) of MDS.

For large protein molecules there are computational time limitations. Experiments, including
heating of proteins until denaturation, requires a significant time (min). This is not ideal given

the maximum simulation time is ps. Therefore, changes of protein tertiary structure caused by
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denaturants without sufficient treatment time are not obvious in MDS, whilst protein secondary
structure changes are more visible in given MDS-time length. By analyzing key secondary
structure elements (e.g. a helix, B sheet, coil, bend and turn) 182476124125 'nrotein stability can

be estimated.

For example, Amir et al. analyzed the changes in secondary structure in wild-type STN1
protein and its mutants R13T and D157. It was found that D157Y mutant resulted in a
significant decrease in secondary structure in comparison with R135T, where there was no
significant change 2*. This finding evidenced that D157 mutation impacted conformational
stability of STN1. Another study by Schaller et al. focused on change in a-helical content in
analyzing thermal stability of biosurfactant DAMP4 22, By comparing initial helix content (%)
and end-point helix content (%) of all variants, loss of secondary structure was identified and

stability was assessed. A significant loss of helix content underscored an instability of protein.

The Ramachandran plot is closely related to protein secondary structure analyses.
Ramachandran plot is a phase diagram, made by 2 torsion angles ¢ and y for each amino acid
residue. It is used to identify whether the conformation of amino acids are in permitted regions
108,126-128 ' An example of a Ramachandran plot is presented as Figure A10. Most residues
marked as black-color in the figure, were concentrated in the preferred regions (marked in red-

color) 1%, This finding evidenced a stable secondary structure conformation.
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Figure A10 Example Ramachandran plot for Rop protein. Red-colour represents most
preferred regions; transition of yellow from dark to light represents most to least favourable

conformations. This figure is reprinted from Arnittali et al.}%®® Copyright 2019, with permission

from Elsevier, 10.1016/j.procs.2019.08.181.

A4.2 MDS steps for protein stability

Present application of MDS for determining protein stability involves the three (3) steps: 1)
simulation for native/non-native environments, 2) designs via analyzing dynamics of unstable
residues, and; 3) simulation of designs to determine impact of mutations to improve protein
stability. Figure A1l shows schematically the connections between these steps. The focus in
the following is on simulation under more-extreme conditions, including elevated temperature,

varying pH and the presence of chemical denaturants.

Modeling of protein structure at elevated temperature is used to determine thermal stability.
For example, Manjunath et al. simulated 5 functional SAICAR synthetase ligates from
different organisms including, mesophilic, thermophilic and hyperthermophilic, at 3

temperature values of 300, 333 and 363 K %, To establish stability differences, they
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determined RMSD, RMSF, Rq, SASA, HB and salt bridges (SBs). SBs are defined as ion-ion
interactions between charged residues, which are important to maintain conformational

stability of proteins 12213,

It was found that mesophilic structures appeared unstable at 363 K. They showed significantly
increased RMSD, fluctuating RMSF and Rq at 363 K compared with other groups. There was
a gradual collapse of the structure and instability at 363 K for the mesophilic group.
Additionally, the hydrophobic SASA more rapidly increased relative to the mesophiles,
compared with hyper-thermophiles. In mesophiles, a comparatively higher number of long-
lived (with higher percentage existence time) contacts are lost due to increased protein

flexibility.

A comparatively greater number of hydrogen bonds are found in the mesophilic proteins at 363
K, compared with that at 300 K, whilst other protein groups remained unchanged. The number

of SBs in the mesophilic proteins decreased in comparison with the other groups at 363 K.

These findings led these authors to conclude that mesophilic proteins were not stable at 363 K

when compared with other groups.

It is important to note that this research was based on only simulations. Findings from each
analysis were supporting each other, however. This confirmed the accuracy of the methodology
dependent on MDS. This study therefore highlighted the advantages of MDS in investigating
protein stability. Experiments are not necessary therefore to be conducted when sufficient self-

reinforcing information has been generated from MDS.
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analyze unstable | by introducing
regions mutations
J J/

Figure A1l MSD flowchart for protein stability.

There is also potential to study stability using both simulation and experiment. This combined

technique sometimes is advantageous because it involves validation of simulation.

A case study reported by Bekker et al. for example predicted relative thermal stability of single-
domain antibodies (sdAbs) using high temperature MDS and validated the results with melting
temperature (Tm) obtained from experiments 2%. Melting temperature measures the temperature

where half of a protein is folded and the other half is un-folded.

High-temperature MDS at temperature representing 400 and 500 K were performed using 300
K as a control. The methodology was that high temperature MDS which gave valuable
information on protein design. However, they reported that RMSD did not correspond well
with Tm. There was no significant difference in RMSD between antibodies at the different
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temperatures. The fraction of native atomic contacts (Q) showed closer estimation to
experiment. This Q value determines the fluctuation of the protein corresponding to the

atomistic interactions.

It was reported that MDS at 400 K combined with Q gave an accurate measure of thermal
stability of sdAbs. This was because there was a good correlation between Q value at 400 K

and experimental Tp.

Importantly, this study highlighted a challenge with MDS. This is that the connection between

simulation and experimental data needs to be carefully interpreted.

Buffer pH is important to protein stability. Thermal stability is closely related to varied pH of
solution. Residue charges are determined based on the solution pH. These are involved in both
intra- and inter-molecular noncovalent interaction. This results in increasing, or decreasing

protein stability.

For example, Sviben et al. reported that thermal stability of ovalbumin was dependent on pH.
This was confirmed both in MDS and with experiment . Ten (10) simulations were conducted
for 2 pH conditions (acidic and alkaline) at 5 temperatures of 37, 42, 57, 74 and 85 °C. It was
found that for both acidic and alkaline environment, at temperatures of 37 and 42 °C more

stable systems are achieved than at higher temperatures of 74 and 85 °C.

Additionally, instability in the acidic system was more pronounced than that for the alkaline.
These findings were consistent with findings from experiment. The key difference between

these 2 systems was the interaction of arginine 50 and arginine 58, with surrounding residues.
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The alkaline system was found to have stronger and more persistent interactions for both Arg50

and Arg58 compared with the acidic system .

In addition to simulation for different temperature and solution pH, the solvent environment
with chemical denaturants can be used to provide more information on differences in protein

stability.

Zhang et al. applied MDS to investigate the stability of 4 apomyoglobin (apoMb) variants,
namely, wild-type, E109A, E109G and G65A/G73A, in explicit urea solution 1’. The 2 M urea
solution at pH 4.2 acted as a denaturant to drive unfolding of the apoMb variants. Through
analyses of RMSD, native contacts and SASA, E109A showed greatest stability, and E109G

showed least stability in urea solution.

It was found that the greatest change in conformation was related to destabilization of E109G.
In the presence of denaturants, less stable proteins unfold more rapidly than others. This results
in significant loss of native contacts against simulation time. Based on RMSD, E109G
exhibited greatest drop in native contacts, whilst ELO9A preserved greatest percentage of native

contacts. This led to the most stable structure 7.

These findings were highly consistent with experimental results 3. This study highlighted
therefore that MDS can be used to achieve experiment-matched results for proteins in solvent
with denaturant present. This application therefore saved significant time and costs involved
with experiment.

With desirable stability results from application of MDS, proteins are ready to be tested in

experiment to validate stability and, to check vaccine immunogenicity. However, this model
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situation does not always occur. The advantage of MDS compared with experiments is that it
computes protein stability, and provides molecular level information to explain any resulting

stability difference.

The second-related step in using MDS is to find unstable regions of proteins, Figure A10.
However, the second- and the third-related steps using MDS for protein stability are normally
bound together. This is shown in Figure A10. Following identification and analyses of flexible
regions using MDS, further mutations are investigated with the aim to improve protein stability.

Recent studies focus on improving protein thermal stability.

Thermal stability is an important analysis to more fully understand protein structure and to
improve protein thermal stability for industrial application. There are a number of methods to
improve protein thermal stability, including: introducing disulfide bonds 104105132133,
increasing the number of salt bridges °4334137: optimizing electrostatic interactions
104,133,138,139- compacting hydrophobic core 104105140-142: enhancing hydrogen bonding *43147;
and stabilizing a-helices **8. However it is not necessary to determine all related properties in

a given, stable protein.

Combination of one or more of these can significantly impact protein thermal stability 195143,
Relying on experiment to explore possible combinations is practically time consuming to
complete, with at most, likely only mixed success. MDS can therefore be used to speed

development via judicious simulation.

Pikkemaat et al. used haloalkane dehalogenase (DhlA) as a model to investigate potential of

MDS to identify flexible regions in proteins to boost thermal stability 8. These authors focused
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on RMSD of the molecule relative to the X-ray structure. They also determined the effect of
thermal denaturants on secondary structure of the molecule. They reported that most of the
mean square displacement was concentrated in the region between residues 180 and 210. The
secondary structure elements analysis highlighted that this region was highly stable, and
indicated less possibilities of unfolding of the structure. They found relatively large motions
occurred in the cap domain of DhIA. It was concluded from the MDS, that DhIA had high
mobility in helix-loop-helix region involving residues 185-211. The authors reported
introducing a disulfide cross-link between residue 201 of this flexible region and residue 16 of
the main domain. The mutated enzyme exhibited increasing transition temperature from 47.5
to 52.5 °C. Urea denaturation exhibited a similar trend to experiment. It is concluded that this
work demonstrates the advantageous use of MDS to identify mobile protein domains to boost

stability.

Gill et al. conducted all-atom explicit-solvent MDS for human procarboxypeptidase A2
(AYEwt) with 3 designed variants, namely, AYEdes, AYEwt-4mut and AYEwt-5mut, at both
25 and 100 °C "8, MDS findings highlighted potential stabilizing factors at atomic-level in a

set of engineered proteins.

Through analyses of RMSD, RMSF and SASA, protein stability was determined and
compared. It was predicted that Phel8 and Ala23 from AYEdes would stabilize al of AYEwt-
3mut. The authors therefore further designed AYEwt-F58M and AYEdes-M58F with the aim
to validate this prediction. They observed that al of AYEwt-3mut was stabilized and that
phenylalanine had a minor but meaningful stabilizing impact over methionine at position 58.
Importantly, there are a number of examples using MDS to show that mutated structures

decrease overall thermal stability.
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Meharenna et al. investigated the regions of Cytochromes P450 related to thermal stability via
high temperature MDS 4%, CYP119 was the most stable P450 compared with P450cam and
P450cin 4°. By comparing trajectories at 500 K, the Cys ligand loop was hypothesized as an
important region for improving thermal stability. This region in CYP119 was stabilized by
rigid, nonpolar interactions between Tyr26 and Leu308. The authors generated Y26A/L308A
CYP119 by replacing these 2 amino acids in P450cam with, respectively, Gly and Thr.
However, the resulting stability was less than that for the wild-type CYP119. The Cys ligand
loop unfolded similarly to P450cam. The melting temperature from experiment exhibited a
similar trend for mutated P450cam at 16 °C less than for wild-type CYP119. MDS therefore

predicted the Cys ligand loop as a ‘hot spot’ critically impacting stability.

It is possible to use MDS to predict which mutants boost stability, however, it is practically
challenging to mimic exact interactions amongst alternated residues. To model similar
interaction between Tyr26 and Leu397 in CYP119, larger nonpolar residues are hypothesized

as being replaced in P450cam.

Meharenna et al. introduced a disulfide bond, however, this mutant failed to improve stability.
One reason is that disulfide bonds are unlikely to mimic non-bonded intramolecular
interactions, and unfavorable packing problems likely occur. In a similar investigation. Bae et
al. reported that introducing a salt bridge improved stability of mesophilic protein **. It is
possible therefore to mimic non-bonded intramolecular interactions via introducing salt

bridges.

MDS has been used to investigate protein stability and to predict likely vaccine efficacy. It is

advantageous to: 1) characterize fusion protein stability as impacted by thermal-, pH- and
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chemical denaturant factors, 2) give practical feedback to identify flexible regions, and; 3)
investigate the likely impact of mutations designed to improve stability. It is concluded that
MDS simulations significantly improve vaccine success rates by filtering and/or building

highly stable epitope-based chimeric vaccines.

A5 Futher applications and future

There are multiple factors affecting performance of epitope-based chimeric vaccines. The more
significant are 1) location of insertion site and 2) linker design. There are however limited
studies using MDS to take these 2 factors into account. Most vaccine studies are experiment-

based. In the following we suggest future applications using MDS.

The location of the insertion site significantly impacts stability and immunogenicity of the
vaccine. For example, human ferritin heavy chain is a protein cage. There are 3 potential
insertion sites located on ferritin, 1) N-terminus, 2) C-terminus and 3) the flexible loop region
between helix D and E . Our research has shown that for same type of epitopes inserted, N-
terminus (E1F1) exhibited a significantly different behavior compared with C-terminus
insertions (F1E1) 2, F1IE1 was less hydrophobic and more thermally stable than E1F1 based
on the simulation results. These were consistent with experimental data. An immunological
study highlighted that C-terminus insertion induced stronger cell-immune response than did N-
terminus insertion (to be published). This is mostly likely caused by greater structural stability.
Similar results were reported by Han et al. The epitopes inserted at C-terminus were processed

more efficiently by dendritic cells (DCs) compared with the epitopes inserted at N-terminus

153
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For NPCs that have multiple insertion sites, MDS can be applied as steps M2 and M3 (Figure
A2). Protein structure prediction (M2) gives the structures of fusion proteins with inserted
epitopes at different sites, whilst protein stability investigation (M3) is used to estimate which
insertion site give greatest stability. This is advantageous in the design of epitope-based

chimeric vaccine at an early stage without the need to conduct experiments.

Necessary decisions regarding linker type and length can be based on MDS. The method is to
construct an accurate fusion protein by careful selection of a protein linker. The selected linkers
relate to biological activity 1°*1°, There are 3 types of linkers, 1) soft, 2) rigid and 3) cleavable
157 Rigid and cleavable linkers involve specific functionality based on design aim **°, and are
more rigid than soft linkers. Soft linkers are more commonly applied in constructing fusion
proteins with only minor impact on final structure. All act as spacers to support protein folding

and stability to display epitopes for binding of MHC class | and 11 molecules %8%°,

Selection of linker type and length are important. Wei et al. investigated the impact of linker
length and rigidity for fusion proteins, Lumazine synthase (LS) inserted with linear B cell
epitopes (PB10) ¢°. They used 4 linkers of different length and rigidity, and examined
corresponding protein stability and immunogenicity via experiment. This study was limited
however to investigation of resulting protein assembly and thermal stability. Different length
and rigidity had negligible impact on protein assembly, thermal stability and display of
epitopes, and minor impact on protein conformation. Experiments are difficult to determine
this sort of information in a short period 62163, Previous case studies have demonstrated that
MDS is able to estimate protein folding and stability with a near accuracy to experiments but

in a faster way.
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In practice, selection of linkers with suitable length and flexibility is not straightforward 64,
This can be readily solved using MDS, however. Robinson-Mosher et al. for example
summarized findings on soft linkers of various lengths by computing distance between
proteins, force and binding effect 164, It was found through simulation that the average distance

between the protein elements was significantly shorter than the maximal length of the linker.

It was concluded that fusion protein structure is impacted more by the dynamics of the linker
and not the Brownian motion of the protein elements %4, A maximal binding rate (with cell-

surface receptor) was determined via an intermediate linker length and greater stiffness 64,

Additionally, Rezaie et al. confirmed that MDS can be reliably used to design linkers 6%, They
used computation to design a single linker combining advantages of both rigid linker (EAAAK)
and probe (tetracysteine sequences). MDS results (RMSD, RMSF, Rq and contact maps)

highlighted the design of a single linker was appropriate for structural stability.

It is concluded that because MDS can reveal the motions of individual atoms it can be reliably
used to investigate the impact of linkers without the need for prior experiment. Experimental
confirmation is nevertheless necessary for subsequent practical confirmation and progression

toward clinic.
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A6 Conclusions

Vaccination is widely used to prevent spread of disease. Epitope-based chimeric vaccine has
attracted significant attention globally because of efficacy and safety. The selection of
efficacious epitopes is important. Traditional experimental developments however are limited
because they are time-consuming and expensive. Optimization of vaccine production is

predicated on good structural design.

Molecular Dynamics Simulation (MDS) is an emerging alternative for epitope-based chimeric
vaccines, and has significant advantages. These include prediction of: 1) performance of
epitope-based chimeric vaccines 2) fusion protein structure via considering protein folding and
resulting structure stability, and; 3) protein stability. MDS, judiciously used, can filter and

establish the most stable vaccine for later validation via experiment with reduced time and cost.

Importantly MDS can be used in both native- or extrema-conditions, and to take account of the
impact of temperature, pH and chemical denaturant. Additionally, it can be used to highlight

unstable regions, so that targeted mutations can be introduced to boost stability.

Present limitations of MDS prediction however include: 1) restricted time-scale, and; 2) lack
of often necessary biological data. Future research could productively explore these limitations

to, 1) develop ultra-rapid simulations, and; 2) modify force fields.

We conclude that MDS can significantly boost confidence in vaccine manufacture. MDS can

save expensive costs from repeating experiments. Findings will be of immediate interest to a

wide range of researchers in simulation methods to guide practical vaccine development.
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