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INTRODUCTI ON

The camplete elucidation of the mechardsm of enzyme reactions
constitutes a problem of funismental importance in biochemistry, and
which is, moreover, ons of considersble complexity. Michaelis and
l&nten1 postulated a simple model mechamism in which the enzyme combines
with the substrate to form an ensyme-subsirate complex, the latter
subsequently breaking down to give products and enzyme. This model
serves as an excellent basis for the elsboration of more detailed and
ocomplex pathways, when these are indicated. Thus, the formlation of
this two step reaction permitied a rate expression to be derived, which
related the overall rate of the reaction to the imitlal conoentrations
of substrate and enzyme.? Deviations fram this simple behaviour, in
many cases, have led to the formlation of modified and frequently
oanplex rate expressions,s which are justified in terms of a series of
individual steps of the Michaelis-Menten type. A study of the overall
kinetics of the reaction, therefore, constitutes a major approach to

the genersl problem of enzyme mechanisms,

However, further consideration of even the simplest set of |
individual steps reveals that a complete understanding of the mechanism
end the related characteristic properties of enzyme reactions,
specifiaity snd efficiemy,l" requires a precise knowledge of the type
of bonds between enzyme and substrate in the complex, and an sxplanation
of the break-down of the complex in terms of polarization, electron

displacement, straln or other aistortiom5 of the bonds involved.



By employing a variety of spprosches, including kinetic studies with
competitive and non-campetitive inhibitors and structural determinations
on both the enzyme and substrate, it has been shown that the camplex
forms by the combination of certain chemical groupings on the enzyme,
cailed active uites.z" Considershle emphasis has been given to the
determination of the number end nature of these active sites. This
intensive study is both logical and necessary, for witl;out it, the
specificity of the enzyme, the bond breakage or resxrrangement involved
in product formation end the mechamism in temms of individual steps,

rensin either unexplained or tentative,

The characterizstion of the enzyme as a protein is also
of considerable importance. Thus, even though the active site nmay
constitute only a small part of the total structure, it sppears that
the tertiary structuros of the whole protein is essential for enzymic
mtivity.s’-’ Moreover, in certain cases, a physico-chemical study
on the enzyme has shown that a reversible interactiom, or sggregation,
occurs in solution, resulting in polymeric species of different
activities. Clearly, consideration of any such association-
dissociation reection is fundemental in the correct formulation of
kinetic romlts.s In & more general sense, estimations of rhysioo~
chemical quantities, such as the molecular weight, isceleotric point
and the charge on the protein at particular pH values, are invaluable
in interpreting results from other spproachea. Indeed, while this
brief outline of the information required for the complete elucidation
of the mechenism of any ensyme reaction indicates that many approaches

are necessary, the characterization of the enzyme itself appears to



be of first importance.

This is well illustrated by consideration of the mmerocus
attempts at formilating a mechardsm for the enzymic hydrolysis of urea
by urease. In contrast with other ensyme systems, the urease action
sppears to be particularly smensble to study, for the following reasons:
(1) methods of estimating the emsymic activity (and hence of performing

kinstic experiments) are both rspid end reasonsbly ao;curato;9

(2) the enzyme seems to be sbsolutely specific for the substrate aveay oAt
(3) the substrate is resdily availsble and of estsblished structure;

(4) there is strong premmptive evidenoce that the active sites involve
sulphydryl grosps.'Z ¥

Nevertheless, it is clear that the availsble experimental evidence
relating to the mechanism of the hydrolysis, particularly the kinetic
results, is frequently cantradictory and can be interpreted by several
hypothetical sets of individual steps. A brief review of the results
exsmplifies this and emphasizes the necessity for a physico-chemical

study on urease.

Wall snd Laidler,15 by studying the overall rate of the
reaction as a function of the substrate concentration in the non-
inhibiting buffer tris-hydroxy methyl minmetham-lizs%, ocncluded
that the simple Michselis-Menten megchanism wos directly appliceble,
at lesst at low mibstrate concentrations (less then 0.3 urea at pH 7).
On the basis of this resction and employing the theory of ebsolute
reaction rates, the entropy of activation was estimated for the bi-
molecalar reaction between enzyme and substrate. The value obtained

indicated a structursl change or “opening out” of the enzyme during



complex formation. However, the calculations involved the mol ax
concentration of the initial enzyme solution and, as will be shown

in succeeding chapters, the validity of the molecular weight used to
obtain t;:is value can be seriously questiomd.!é Therefore, this
hypothesis, while perhaps extremely significant, remains unsubatant-
{ated until the moleculsr weight has been confirmed and the possibility

of such a structural change in the protein established.

The results of Kistiskowsky and Roserberg,’’ which extenled
40 mich lower urea concentrations, indicated, on the other hand, that
the Michselis-Menten mechsnism was inspplicasble at all substrate
concentrations., This disparity was not due to inhibition by the
supporting electrolyte (as had besn the case previcusly' o*'%), as the
ureolytic activity was independent of the sodium maleate concentration,
in the range investigated by Kistiskowsky et n.'l..9 Inhibition by
urea was postulated as the cause for the reduction of the rate at
relatively high urea concentrations (in this oase, greater than 0. A7H
urea at pi 7). The non-linearity of the rate when plotted against
the substrate concentration (at low urea comcentrations) was attributed
to the existence of either two types of active sites, with different
Michaelis-NMenten parameters, or pairs of identical sites, with inter-
action mich that the kinetic parameters of a site were altered when

20,2t

the neighbouring site oombined with ures. Later results, which

conzidered effects due to inhibition by hydrogen ions, urea and thio-
urea molecules and bisuiphite 1om,22 as well as ionic strength
effects, favoured the former hypothesis. It was emphasized, however,

that the spperent agreement may have been fortuitous, as other
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mechsrisms would probsbly have led to rate equations which would

equally well fit the data.

To emphasise the tentative nature of this hypothesis further,
4¢ should be noted that the derivation relies on the implicit
assumption that the specific activity of urease is a linear function
of tho onsyme comoentration: Kistiskowsky and cowarkers' '®2
exphatically uphold this dependence, even in view of several reports
in opposition. "2 This important disparity may be due to exper-
imental oonditions, as Kistiakowsky et al. used HS as a 'protecting'
or 'activating' agent in almost all kinetic experiments.” ! 1+2
¥While snomelous effects have been observed with other such agents in
the ureasse syatem.zs no study of their precise effect has been reported,
though there is the distinct possibility that the protein itself
would be modified.Z!  On the other hand, if the specific activity is
pot a linear function of concentration, the possibility of protein

polymerization ar agaregation®>?252® ghon1d be considered.

It is clear that a physico=chemical study on the enzyme,
in terms of fundsmental properties, is needed before the relisbility
of the results and hypotbeses cutlined oan be assensed. In partiocular
informetion on (1) the molecular weight, (2) effects of possible
nodifying resgents used as 'protecting' agents, (3) poasible protein
intersctions snd {4) the structural nature of the active site would
be velusble. It is the aim of this thesis to present physico-chemical
results on ureese, which, it is hoped, will provide a sounder basis
on which to interpret date more directly concerned with its sction as

an enzyme. The major hypothesis to be formulated and vindicated is



that urease chemicslly interacts in solution to give a series of

polymeric species.

The study of interacting protein systems is of great interest
at this time, as examination of several protein systems, using the
moving boundsry methods of sedimentation velocity and eleetrapporesis .
has revealed the existence of various polymeric species in fst.v].’v.ﬂ.::km.29
If the interaction of protein molecules to form polymers is reversible
the ultracentrifuge and electrophoretic patterns cbtained depend largely
on the rates of the forward and backward reactions as oocmpared to the
rate of separation of the components in the transport experiments.
Verious possibilities have been discussed qualitatively by Longsworth
and MascInnes,’C in eannection with the electrophoreais of intersoting
systems, and similar considerations are pertinent to the sedimentation

of such systems. Two extreme cases sre of particalear interest.

The cese of instantanecus estsblishment of equilibriumm
during transport has been treated thecretiocally by G-:i..'l.l:heu."t.31 The
theory predicts, neglecting diffusion, thst more than ons moving
boundary in the ultracentrifuge would be expected, provided, that if
a simple polymerization is involved, polymers higher than the dimer
are present. This was in agreement with the sedimentation data founmd
with :ru-»dagmtﬂ;::';srps:lm,3 2 where a single peak was evident when monomer
and dimer were in equilibrium at high ionic strengths, and two peaks
were present when higher polymers (possibly hexamers), were in
equilibrium with the monamer at low jonic strengths. MNoreover, the
theory predicted acourately the cbserved increase in sedimentation

coefficient with protein concentratien in dilute solutions.”2227 A
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reocent extension of this work by Rao and Kegeles}!' showed that monomers,
dimers and trimers could be present as an equilibrium mixture and yet

give only one boundary in the ultracentrifuge.

The second case to be considered is that of the slow rate
of attalmment of equilibrium compared to the rate of ultracentrifugal
or electrophoretic separation. It hss been pointed out’’ that the
pattern obtained in such cases will indicate the presence of each oO0m-
ponent: the sppearance of discrete boundaries in the ultracentrifuge
will then be a measure of the equilibrium distribution of the molecular
species initislly present in the solution. In eassence, this case is
a trivial example of reversible interaction as, in the extrems, it is
indistinguishsble from an heterogensous 'static' system. As in the
former instance, there are several proteins, for example 1-amino acid
oxtdase,?® ground mit gldbulins®® and soy-bean proteins,’’ which
exhibit characteristics of this type of interaction. Evidence based
largely on chemical modification has established a relation between
the discrete boundaries cbserved in the ultracentrifuge in terms of
polymeric spec:les.ﬁ The failure to resolve the componemts electro-
phoretically in some cases is particularly aignificant and will be

discussed later.

An investigation of the existence and nature of an inter-
action in enzyme systems of either type described is extremely relevant
to a study on enzyme mechanizms, because the activity of the polymers
could be quite different fram that of the monomer. This is certainly
the case with trypsin, where the active site is involved directly in

the polymorﬁ.ntim,’a and c-chymotrypsin, where the reduoed aotivity



of the dimeric form has a pronounced effect on the rstes of the
catalyzed rowtiens.a In view of these examples and the difficulty
in interpreting and correlating results relating to the actlion of
urease, it appears essential to characterize the exact nature of the
chemi oal interaction of urease in solution. In fact, it is probable
that reproducible and meaningful kinetic results will only be cbtained
by devising a method to prevent or reverse the polymeriszation, while
pmuﬁing the activity of the monomer. Certainly, other phyaico-
chemical astudies would be greatly facilitated by this., In this
respect, the use of chemical modifying reagents has proved invalueble
and will be discussed fully. Of the variocus methods sibsequently
selected to characterize the species of ureasse cbtained, the ‘stabiliged
monomeric! form, that of diffusion requires special comment at this
stage.

The development of interferometric optical systems for measur-
ing the refractive index distribution or refractive index gradient
distribution has provided accurate diffusion da.ta.,3 9 which can be used
to obtain a diffusion coefficient. This is related to the frietional
coefficient, and also may de employed to obtain the molecular weight of
the protein.m Morecver the form of the distribution may be analyzed
to cbtain information (subject to oertain restrictions) on the hetero-
geneity of protein ssmples. Therefore, in relation to a study on
ureape, where an estimation of the moleculer weight, for exemple, is
required in many cslculations'>*12919222 the aiffusion method sppears
to be potentially valuable. In a general sense, any experimental
criterion for assessing protein purity is of considersble interest at
this time M o2



The procedures for the determination of heterogensity fram
diffusion measurements on mixed solute systems have been shown to be
valid for mixtures of simple substances such as sucrose and urea and
have been applied to a few protein sysmw Devistions fram
idsal diffusion behavicur in a marmer indicative of heterogeneity
have been observed in all protein systems studied, the deviations being
represented as a fringe deviation diegram.!"l""“s Anslysis of the
systems into two protein camponents of differing diffusion cocefficients
have been made in these cases, (It is implied that the buffer salts,
which sre constituents of the necessary medium used in protein diffusion
experiments, are asmmed to be part of the salvent, rather than
additional solutes.) While several additional assumptions™ must
2180 be postulated, it is relevant to point out particularly, that
anaelysis by these procedures asmmes indspendence of flow of eash solute

component.

The exact nature of the phenomenon of 'interacting flows'
in systems oontaining more than two ocmponents is unknown. Thus,
although it has been muggested that it results in part from the electro-
static coupling of ion flows*>**? 1t has been demonstrated to exist to
a measurable degree not only in solutions containing ions, but also in
other systems, including those camposed entirely of non~electrolytes.
If flow interaction effects do exist in protein diffusion experiments,
analysis in terms of heterogeneity (or the coarrection of the exper-
imentally cbserved diffusion coefficlent, referred to ascD,, to a D
suitable for molecular weight determinations) could be quite misleading.
This is particularly true if the protein must be diffused 2t a pH

different from its isoelectric point due to solubility and stability
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E I this case, at least the

14mitations, as in the case of urease.
electrostatic coupling of ion flows could be expected to affect the

aize and shape of the fringe dsviation diagrsm. Consequently, although
the application of the diffusion msthod, in principle, would supply
information on the purity, moleocular weight and indirectly on the size
and shape?! of the urease moleaile, an extensive investigstion of the
existence of complicstions, partiocularly flow interaction effects,

mst be made before this information may be comsidered msaningful .

The cholce of a suitsble protein aystem for sach a study should
be guided by the following considerations:

(1) the protein should be readily availsble as each of the many
diffusion experiments required involves at least 25 ml. of an approx-
imately O.5% protein solution. (This of course varies with the type
of optical system used and with the design of the experiment);

(2) 4deally, it should be free of any *impurities’, including
those due %o reversible interaction;

(3) 1t should be stable at least during the usual two week
durstion of sn experiment. (This includes time for adequate dielysis);

(4) the isoelectric poinmt of the protein should be known and it
must be soluble at this pH in the buffer used for the determination.
This would ensble experiments to be performed where any flow intersction
due to electrostatic ooupling of ion flows is premmebly at a mindmus;

(5) some data on the net charge of the protein over a piH range
(where the protein must be steble) would be desirsble. This would
ensble buffer gradients resultant on dialysis prior to diffusion, due

to Dormen membrane effects, to be allowed for when markedly charged
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species are diffused.

While uresse, as will be seen, fails to fulfil any of these require-
ments, orystalline ovalbumin seems in many ways a model system to use.
In conformity with expectation, the results to be presented on the
diffusion of essentially uncherged species and on charged ovalbumin
molecules have proved uaeful in discussing flow interaction effects
in other systems, With this guide, the significance of the diffusion
results obtained with urease and of the widely used moleoulsr weight

will be discussed.

It cen be concluded frou this disoussion that the overall
mechamism of the enzymie hydrolysis of urea by urease would be greatly
facilitated by a physico-chemical study on the enzyme as a protein.

In Chapter II an investigation of the preparation of urease will be
outlined, together with electrophoretic and sedimentation velocity
analymes of the ssmples cbtained. The results are used to provide
presumptive evidence for the interaction of urease in solution.

Chapter III is therefore devoted to direct experimental evidence for
the intersction snd a discussion of the probsble mechaniam, in terms

of the groups involved. The effect of the polymerization on the
enzymic activity is also outlined, with conclusions as to how the system
may be stabilized to give an active °‘monomeric' form. The sediment~
ation and electrophoretic properties of the stsbilized (or 'modified')
material sre presented in Chepter IV, snd these provide more inform-
ation on the mechanism of the ipteraction., It will be shown also that
further investigations would be Pacilitated if relisble diffusion
measurements could be made. Chepter Vv is concerned with a critical

eppraisal of the diffusion results cbtained with urease, This
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assessment requires frequent reference to results cbtained with ovalbumin,
which was employed es a‘model protein system to test the major assump-
tions of the diffusion thecry. As the ovalbumin material does not
contribute directly to the elucidation of the urease system, it has

been summerized in Appendix I. Since the diffusion results prove to

be scmewhat ineconclusive, an slternative method of assesaing the extent
of the heterogeneity of the modified material is presented in Chapter

VIi. The apparent homogeneity observed in samples, under a specified

set of experimental conditions is contrasted with the effect of alter-
ing the envircrmental conditions (with regerd to pH end ionio strength).

The observations are related to the published kinetic data.

As might be expected fram this indireot epproach to enzyme
action, the results do not permit a formlation of the detailed
mechenisn of the hydrolysis. Nevertheless, they ere 11lustrative of
the general principle that a physico=chemicel study on the enzyme is
frequently easential before the results from other epproaches can be

used for this purpose.
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(1) A review of the physico-chemical properties of urease.

Tha preparation of crystalline urease by Sumner‘ represented

one of the major advsnoss in ensymology, as it was the first demon-
stration that an enzyme wss not only capable of being studied in a
purified form, but also that it was essentially protein in mature.’
However, the original pnpmtivb procedure has subsequently been
jmproved only in one respect (by the modified recrystallization out-
1ined by Dounce’), even though the difficulty of cbtaining uresse is
specifically mentionsd in several papers.""s An exsmination of the
blished data indicates that mo more than a 15% yleld**>*! can be
expected with the Sumner preparation, and as the urease content of the
nesl (Cansvalis ensiformis) rarely exceeds 0.20°° the aifficulty in
preparing sufficient enzyme for an extensive physico-chemical study is
spperent. This is convincingly illustrated by inspection of the
experimental details given by Sumner, Gralen and Eriksson-Quensel’ in
a paper concermed with the extsblislment of sedimentation and diffusion
data. PFor this reason, little information existe on fundamental
properties mich a8 the imoelectric point, the solubility, the stability
of remiltant solutions and the molecular weight. 1In addition, the
relisbility of the availsble information can often be serioualy

questioned.

The isoelectric point, for example, was found by a minimal
solubility methoda'® to be pear pH 5.0; but this method, which relied
on a qualitative estimation of the "3dansity" of the preciplitate formed
in various buffers, depended strongly on the ebsence of other impurities.

The workers themselves conoeded the possibility of mearked error aue
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to this. Of the other attempts to confirm this velus'l’12

the inhibition technique used by Wills'Z is notsble. Wills found

only

that suramin almost completely imhibited urease at pH 5.0 (presumsbly
by a bridging mechanism involving electrostatic linkage between the
negatively charged sulphonic acid groups on the suramin moleocule with
positively charged groups in the vicinity of the active site on the
enzyme), while no inhibition ocourred at pH 5.3. He concluded that
an incresse in the nst negative charge nesr the active mite, resultant
on increasing the pH sbove 5.0, csused repulsion with the sulphonic
acid groups on the suramin and thus prevented inhibition. However
the relisbility of the method in estimsting the isoelectric point of

the whole protein molecule is in doubt.

Ideally, a series of electrophoresis experiments designed
to ensble the construction of a pH-mobility ourve would be desirable.
The isocelectric point could then be obtained by interpolation.
Unfortunstely, such electrophoretic data are not availsble: the anly
dsts sre those found by Anderson and A’I.berty,u who reported negative
values for the mobility of urease at pH 7.4 and 6.4 in 0.01 ionic
strength buffers. The system showed reversible spreading in both
the aseending and descending limbs, indicative of heterogeneity, but
no relisble quantitstive measure of this could be made from boundary
spresding experiments.

More information is availsble on the sedimentation veloalty
characteristics of ureasse solutions., In all cases W%%-JS
urease, prepared by the method of Sumner! and recrystallized by the

modified procedure of Dmmo? has shown at least two peaks in the
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Witracentrifuge at pH 7. Thus, Sumner et al.’ sedimenting several
twioce recrystallized sarmples always found e main component of Smll

48.6 0 19.9 and a faster sedimenting pesk of S,, 26-28. A slight
decresse in the relative amount of the latter comporent, achieved by
more careful recrystalliszation, was assooiated with a mmall increase

in specific ectivity. This implied that the 3., 26=-28 material and
other cawponents with S,, velues of 7 and 36, which also occurred in
most preparations, were impurities of unknown nature. The ensmymic
activity was attributed, then, to the material which sedimented with

en Sy, of spproximately 19. Malaren et a1.'* also observed two pesks
in 0,021 phosphate buffer, using 0.5% protein solutions, with 5., values
of 18.6 and 28 (after allowing for the adisbatio expanaicn corrsotion
of 0.9%).16  They also showed that loss in sctivity iniuced either by
neat denaturation or irradiation by U.V. light was accompanied by a
loas of the S

20
thesis that this boundary represented the enzymically active urease.

18.6 material, and thus indirectly supported the hypo-

The only attempt to elucidate the nature of the several
boundaries usually cbserved in sedimemtation velocity anslysis and to
eonfirmm the fundsmemtal asmmption that the Sm 19 oomponent was the
enzymically sotive form wes the interesting work of Kuff, Hogeboom and

% The sysbols used to denote sorrected sedimentation coefficients are
as follows:
(1) Sy, inbuffer at 2°
o
(2) sm'w corrected to water at 20

(3) S:O,v an extrapolated value at zero protein concentration,
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Stnebieh.ﬁ A preparative oentrifugation in the presence of a
sucrose density gradient was employed to seperate partially the cam-
ponents, prior to asctivity mnessurements performed on samples taken from
gucoessive levels in the oell. The fraction of the activity of the
sarple over the original activity of the undiluted sample was plotted
sgainst the average distance from the meniscus and the resultant ocurve
wes translated into an increment curve. This indicated the presence
of four broad and irregular boundaries without evidence for a platem
region. A critical analysis of the assay results presented reveals
that the method was very insensitive, but the result thet peaks of 820
19, 28, 36 and 46 were present, all with some enzymic activity,
provided the first independent 4ndication that aggregates or polymers
of urease coexisted in solution.  Other cbservations, including
oamotic pressure detminations" and the variation of the ureolytic
activity with time, 718 temperature!! and ensyme conoentration,' 1
while suggestive of an associating system, were equally as tentative

and unconvincing.

In view of the lmown ultrecentrifugal camplexity, the value of
the acoepted maleaular weight,’ 483,000, requires criticsl sppraissl.
It was celculated by inserting a pedimentation coefficient, found at
a finite protein concentration and 4n the sbsence of sulphite ions,
and o diffusion coefficient, found in the presenoce of salphite ions,
into the Svedberg moleculsr weight expression. Besides several
theoretiosl cbjections to this procedure, which will be discussed in
later chapters, two fundsmental ariticisms are apparent lmmedlately.
First, as sulphite ions are known to cleave struoturally important

disulphide linkages in other protein syatems,m the assumption that
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the urease species in sulphite-free media ere the seme as those
present in buffered siulphite solutions was campletely unjustified.
Secondly, there was no real evidence thst the peak with an S,, of 18.6
astuslly represented urease. Certainly, the marked discrepancy
between the moleculsr weight of Sumner et al. and that estimated by

Setlora

on the basis of deuteron bambardment experiments should have
csused reluctance to employ the former value, Nevertheless, it has
been used in several csloulations, same of which have been used to

provide a basis for possible mechanimus.

A disoussicn of other important properties of ureese will
be deferred until experimental evidence has been presented on the
preparation, electrophoresis and sedimentation velocity behaviour,

the solubility and the stebility of urease solutions.

(2) The preparstion of urease.

While only small qunm:ltiesofenzymoareme&dfwkimﬁc
experiments, othexr physico-chemical measurements would be greatly
faoilitated if the preparation could be improved to inaresss the
yield., Moreover, in view of the camplex nature of the ultracentrifuge
patterns cbtained with samples prepared by the acetone fractionation

method of Smmr,1

a dsmonstration that other components with higher
or loser sedimentation coefficlents then 19 could be eliminated by
sdopting an entirely different preparative technique would greatly
strengthen the hypothesis that these bounlsries represent macrosoopic

smpurities.’  Alternstively, if they persisted, the suggestion that



these other boundaries represented polymers of urease would be
strengthened.

The most convenlent and rapid method of following the
efficiency of any particular fractionation procedure is by the use of
assays on the engymic activity. In order to compare results of
different workers standard conditions must be cnployod-’ and in this

respect the Sumer Umit,22 S.U., 1s suitsble, Howsver, accidental

inhdbition of urease may lead to misinterpretation of the results, 2
and therefore additional analysis procedures, such as electrophoresis
and sedimentation velocity, are invalusble in assessing the relative

merites of different preparastive procedures.

Examinstion of the data evailable”’?? reveals that the
initial extraction in the Sumner procedure, which involves stirring
Jack Bean Meal with a 32% acetons water mixture, is extremely inefficient.
Indeed, the final recrystallization is achieved by adjusting the pH
and edding acetone. An altsrnative extracting agent, which at least
in principle should be more efficlent, is a phosphate buffer, as this
is employed to measire the maximum activity in the meal. The data in
Teble (II-1) confirm this end show that the smount extracted is not
meriosdly inoreased by prolonging the time of extrasction. Moreover,
the extract cbtained is clearly quite steble at room temperatures for
several hours. Unfortunately, other materials, some almost certainly
protein in nature, are sbundant in the buffer extract a8 is 11lustrated
by the electrophoretic pattexrn shown in Fg. (II-1). Thus, while
imdtial extraction with a buffer is more efficient in the sense that

a smmaller loas of enzyme is inourred, the difficulties involved in



Teble (111 )

Extraction of Ureass fram Jack Bean Meal®

Extracting Extract Time ofb Time after Activity of Maximum % of
agent no. extraction’ extraction® extract urease
(mins.) (hr.) (S.U./ml.) extractead

324 acetone<water
mixture (500 ml.
used for 100 g, of

18 6 2
18 30

-l

]
(=]

meal)

phosphate buffer

0.062¢ N.zmok
0.015K HaHzPO,t

(200 ml. used for

18
18
67

93
87
93
PH = 7.4

PR RGN Y
SAI &

AE°
A8

% 1he specific activity of the meal used for this comparison was 150 S.U./ge

b

The time includes the times taken for inmitial stirring, centrifugation and withdrewal
of the supernatant extract.

The time after extraction and before assay was less than 1 hr. when not cited.

& ne pigures cited are the ratios of the total mumber of S.U. in the imitial volume of

extracting agent, to the mmber of S,U. avsilsble in 100 g. of meal (15,000 S.U.), expressed
as a % They are therefore independent of the varying volume of extract collected and thus
ensble a camparison to be made of the relative efficiency of the two extracting sgents.
However, they represent a theoretical maximm as the meel retains sbout 40% of the extract.

Extract 4 was left in the diluted state immediately ready for assay. The other assay
reported after standing at room temperature for A8 hr. was performed on solutioms which
were diluted immediately before the asaay.
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Fig. (II-1). Electrophoretic patiern (ascending 1irh) of the phosphate buifer extract
of Jeck Bean leal. The electrophoresis wes performed in phosphate buffer,
and 0,001 I I T{ZPO , v 7.6 and the pattern obtained after
1

0,003 il I'l'azi-&“()

o

1 hv, at potentiasl gradient of 7.1k volt cm.”
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separating the enzyme from the large emount of associated impurity

may be greatuthsnintbuhtingmthod.

Although an extensive investigation of fractionation
procedures was not considered warranted at this stage, a preliminary
survey was made of three general mthods.a‘ salt fractionation,
preparative electrophoresis and a modified acetone fracticnation.
The information obtained from these investigations will now be

briefly samarised,

(a) Xlectrophoretic fractionation

This technique has proved useful in other systems, but is
only spplicsble if the fraction required has either the fastest or
slowest electrophoretioc mobility. In these cases, copditions are
chosen such that the mobility difference betwsen the component
domired and that dlosest to it is as great s possible.” Prolonged
electropharesis in an 80 ml. cell of the phosphate buffer extract,
previcualy concentrated by dialysis sgainst gum arabic, permitted e
sufficient quantity of the components represented by the leading bound-
sxies 4 and 2 of Fig. (II-1) to be isolated and enslysed. As the
remulting solution was eampletely inactive, revealed only one peak of
Sm’v 4 and contained only species with a net negative charge at pH
Loly, When subjected to electrophoresis, it was conoluded that boundaries
1 and 2 444 not represent urease. (Mobility results to be presented
later in this Chapter indicate thet the uresse content of the extract
contributed, in part, to the unresolved boundary 3 of Fig. (II-1).)

It was immediately apparent that unless some prior fraestionation was

achieved, preparative electrophoresis would be useless,



(b) Selt frastionstion \
Twice recrystallizged amonlum sulphate wes used as a

precipitating egent and e typical procedure, togsther with assay data
is reported in the schematic flow sheet (II-1). Mention should be
made of the step in which the solution was dlalymed to pH 5.0, the
accepted isocelectric point. This had the effect of precipitating
large quantities of material leaving the bulk of urease in solution
and, therefore, represents a valusble frectionation step. It also
shows that urease is soluble to a limited extent ot this pH and in the
presence of other impurities. This method gave an active fom of
urease, the yield being comparsble with other preparations. The
sedimentation velocity snalyses, however, revealed the presence of a
lerge amount of slow sedimewting material, 8 ~/ 3=6, as well es
boundaries with a S, of 19, 28 and 36, The recurrence of the faster
sedimenting boundaries, while not in any wey conclusive evidence, does

suggest that they may be closely related to urease.

(a) Acetons fractionation
The superior initial buffer extraction was followed by a

' Thus, flow sheet (II-1)

method exactly analogous to that of Sumner.
provides an outline of the widely used preparation and an indication of
the relative efficiency of each of the steps. 1In spite of the superior
initiel extraotion, however, the yield was again comparsble to those

obtained previcualy.

As each of the methods attempted did not significantly
increase the efficiency or the yield of the prepasration and es extenzive



Preparation of uresse by smmoniun sulphate fractionation

100 g. of mesl (15,000 S.U.)

Extracted with 200 ml. of phosphate buffer
at 20°, Centrifuged twice at 20°. Total
extraction time was 70 min,

]
extract (V=12ml., 8,000 S,U.)  precipitate {discarded)

Dialysed against acetste buffer,
PH 5.0, iorde strength 0.2, in cold

i
precipitate (disosarded) solution (V=t00ml., 5,500 S.U.)

Added an equal volume™ of saturated
(mu)zso& at the mame temperature.
Ileft in cold for 2 days, centrifuged.

}

precipitate clear sclution (V=190 ml.)
Dissclved in 12 ml. of Dislysed against phosphate buffer
phosphate buffer and and confirmed removal of aumonium
dialysed for L days iona by nessler test

solution (V=12 ml., 3,000 8.,U,)

(electrophoretic snalysis
revealed 6 peaks) solution (V=200 ml., 200 S.U.)

Recovered fram cell and
dialysed versus acetate
buffer, pH 5.0

solution (V=20 ml., 2,000 S.U.) precipitate {discarded)

Added seturated (M, ),S0, until

a faint turbidity developed.
left in cold for 2 days and centrifuged

1iquid (V=28 ml., 600 S.U.) precipitate

Dissolved and dialysed
sgainst phosphate buffex
until a regative teat was
dbtained with nessler
reagent.

solutior® (V=10 ml., 1,050 S.0.)

% Other experiments confirmed that precipitation commenced when the solution
was 40F saturated with emmonium silphate and that most of the enzyme had
precipitated at the 50% saturation stage.

P This represents a 7% yleld. The sclution was sedimented and the

results are reported in the text.
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ow sheet (II-2

Preparation of uresse by a modified acetons fractionation

50 g. of meal (7,500 S.U.)

Extracted with 150 ml. of phosphate buffer at
20°, Filtered through 2 thicknesses of Whatman
No.1 filter paper. Refiltered. Extraction
time 48 hr.

J
solution (V=105 ml., 6,000 S.U.) precipitate (discarded)

Dislysed for 4 days against cold water
to remove buffer salts. Centrifuged.

precipitate (discarded) solution (V=100 ml., 6,000 S.U.)

Slowly added acetone at the same
reture until the salution was
in apgetone by volume., Left stand
in cold. Centrifuged.

presipitate olear solution® (V=430 ml., 4,000 S.U.)
Drained and diseoclved Added‘lZml.ofcolldamtm
in 4 ml, of wster at room precipitate clear liquid (V=430 ml. ;
tenperature Dissolved in 3 ml. of posst
©0ld phosphate buffer
1iquid (V=3 ml., 350 S.U.) precipitate
(discarded)
|
solution (V=3 ml., 1,000 S,U.) precipitate (discarded)
Added 0.7 ml. of cold acetone.
Centrifuged.
precipitate liquid (V=2 ml., 14 S.U.)
Dissolved in 3 ml., of
phosphate buffer

solution® (V=3 ml., 900 S.U.)

= This i1s in essence the mother liquor of the Sumner preparation and

although highly active, contains large quantities of other meterial.
The cansiderable loas in activity, which oscurred when mibsequent
fractionation steps were atterpted was presumsbly due to the high
concentration of acetons used.

This represents a 12% yield. The solution was not anslysed by
other physico=chemical techniques.
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experimentation would be required to discover improvements, all
saxples used in this study were prepared by the accepted preparation.
The electrophoretic and sedimentation weloclity results obtained with
thems sazples, together with the demonstration of several sedimenting
boundaries in the salt fractionation procedure, provide strong
presunptive evidence for an interaction between uresse molecules in
solution,

(3) Electrophoreais of ureame soluticna.

A series of electrophoresis experiments wes performed in
a Spinco Model H Electrophoresis-Diffusion apperatus, employing
simltanecusly or separately Rayleigh end sehlieren optics. The
former system yields a record of the refrastive index versus vertical
oell coordinate in texms of interference fringes: +the mmber, J,
of such fringss between suoccessive schlieren minima is acocurately
determinable and forms a conwenient comparative unit to specify
concentrations in electrophoresis experiments.2® (In other aspects
of the work to be desaribed, the concentration of urease was also
determined by counting the fringes between the dialysed solution and
its dialymate; for this reason all cancentrations are quoted in terme
of J.) If the specific refractive increment of all components has
the value 0.00180 dl. g ,27*% then the relation G = 5.8 x 107 J
(where the comoentration C is in g./400 ml.) may be spplied to all

J values quoted.
A11 relevant information on the mobility experiments is

sumarized in Teble (II-2), while the pH-mobility curve is shown in
Fig. (I1-2). The inolusion of this figure, which is a plot of the



Tsble (II-2)

Electrophoretic mobility data on urease in buffers of ionic strength 0.10 and at 1.oo°

Semple
Nuamber

Buffer camposition*
molarities

0.08 NaCl, 0.02 Nale,
0.18 Hae

0.08 NaCl, 0.02 Nake,
0.08 HAo

OCOB Nwl' 0002 Nm,
0.05 HAc

0.06 NaCl, 0.0k Nae,
0.03 HAe

0.03 NaCl, 0.07 Nale,
0.03 HAe

0,03 NaGl, 0.07 Nale,
0.01 HAe

0008 Nm, 0.02 Nﬂw,
0.02 HCac

0.05 NaCl, 0,05 NaCac,
0.01 HQas

0009 m. OQN Nav,
0.02 BV

0.08 NaCl, 0.02 NaV,
0.04 BV

0.07 NaCl, 0.01 NaB,
0.01 HB

¢ Ac = soetate, Cac = cacodylate,

Protein Potential
ennean}ration ala:izf__i

5 2.95

3 1.98

5 2,93

3 .22

5 2,48

12 2.45
18 3.0,

12 2.5

19 1

1k 2,02

9 2.20

B

3.6,
3.8
ho2y
heTp
5.0,
5ulig
6.0,
6.6,
Tolg
7495

8.9¢

Desecending 5
mobility x 10

um.zaea."l vo1lt~"
6.0g
6.1 3
5.0g
2.1,
Dok

-2e 3¢
~3e2%g
=545¢
«b6, 85
=Teig

-8.0g

V = diethylbarbiturate and B = borate.

g2
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Fig. (II-2).

pH

pH-mobility curve for urease, Where the circles represent
experimentally determined val:es.



last two columns of Teble (II-2), will facilitate interpolations
referred to later. The circles represent experimental points and
the 80lid line is an sttempt to correlate data found in different
buffers and therefore assumes no specific ion binding effects. In
fact, the apparent scatter of same points sbout this line indicates
that this assumption is not atrictly fulfilled, as the experimental
technique precludss large errors in the mcbility determinations.

In these experiments the 14 ml. cell was used, the ascending
1izb being sealed from the atmosphere to prevent flow through the ocell
due to the oomtimielly changing pressure head. Moreover, after a 4 hr.
electrophoretic migration in one direotion, the current wes reversed
for an equal period of time. At least five exposures were taken at
suiteble time intervals to record the progress of the boundary in each
direction and the average of the two desocending mobilities (determined
from the regression of the observed boundary position upon time) was
taken as the mobility of the species. This technique (which is
sppliosble only to0 very dilute solutions) precludes errors due to flow
caused by volume changes within the electrode vessels and provides a
sensitive means for detecting minor ocell lesks. The maximum of the
schlieren pesk was used to measure the rate of movement of the boundary.
Since the pesks were nearly symmetricsl (see below), and the concentrations
low, it was considered that determination of the first moments>’ would
not have led to any useful increase in accuracy. In spite of the
relatively large scatter of mobility results, interpolation between
points, found within a small pH range and in buffers of the ssme type,

is probsbly justified. Therefore, the iscelectric point in 0.10 ionie



30

strength acetate buffer, found by grephical interpolation from Fig.
(11-2), can be given as 5.0 I 0.05 and is therefore in close agreement

with other findings.'0~12

Although no direct study was made on the golubility of urease
over this pH range, the fringe counts in Table (II-2) are a reascnably
relisble guide to the limitations. Thus, either direct attempts to
dissolve the s0lid urease in buffers of pH 5.0 or less, or to dialyse
more concentrated solutions, ocbtalned at higher pH wvalues, egainst
these buffers resulted in solutions of less ghan 10 fringes, This
limited solubility of urease near the isoelectric point unfortunately
necessitates the study of other mecroscopic properties (e.g., sediment-
ation and diffusion) uasing species in the charged state. The complic-
ations arising fram this will be discussed later.

In order to compare the electrophoretic mobility values
reported in Tsble (II-2) with the two values found by Alberty and
Anderson'> at the lower ionie strength of 0.01, it is necessary to use
the prooedure cutlined by Abreamson, Moyer and Go:u:'i.n,30 which is based on
an imperfect model of electric migration. Using the published diffusion
coefficient’ (which, as will be shown, was confirmed in this study) to
caloulate the radius, r, of a hydrated sphere, one cbtains
ra6l.3x 10'8 an., and, for example, the value =4.} x 1072 on. 2sec. ™
vort~! for the corrected electrophoretic mobility at iomic strength 0.10,
DH 7.4, from Anderson and Alberty's figire -9.5 x 1072 for the descending
mobility et this pH and ionic strength 0.01. By interpolation from
Fig. (II-2), the corresponding value cbtained in this work was

1 -1

-6.6 x 10'5 m.zaec.' volt . Although these celculations are rather
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spproximate, the discrepancy is large, and if real probably indicative

of greater ion binding at the higher ionic strength.

The most interesting feature of these elecirophoresis
experiments was the appearance of a single relatively symmetrioal
schlieren pesk at all pi values used. The sohlieren pattern shown
in Fig. (II-3) is quite typical of the results cbtained, but in this
cese the protein concentration (J = 120) was much higher than that
used for the mobility determinations. The limited solubility of
urease at pH values near the isoelectric point, referred to earlier,
prevents similar analytical electrophoresis experiments being performed;
but from the Rayleigh interferograms, cbtained under these oonditions,
it may be concluded that not more than 107 of another resoveble com-
ponent can posaibly be present. The appearance in an electrophoresis
experiment of a single pesk which spproximates to Ganssian form camnot,
of course, be interpreted as convincing evidenoe for electrophoretic
homogeneity. Boundary spresding experiments at the isoelectric pan:i.nt13
would be desirsble, so that the extent of the heterogemsity could be
specified: these, howsver, are prohibited in this case becense of the
low solubility. While the experiments described indicate that only
ons pesk is evident over a wide pH range, they were performed st only
one ionic strength and, therefore, do not sbsolutely preclude the
possibility of the cocurrence of components with slightly differing
mobilities (see Chapter V). Nevertheless, these patterns when con-
trasted with sedimentation data provide significant informetion on the

possibility of chemical interaction in solutions of uresse.
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(&) Sedimentation velocity analymes.

Each semple of urease was sedimented and typical patterns
sre shomn in Fig, (II-4). In Fig. (II-4a), which is typioal of most
preperations, at least four peaks are clearly visible. The S of the
slowsst moving boundary could only be estimated to lie within the range
46 as it was diffuse and never completely resclved in an experiment.
Further discussion of this component will be left until Chepter V and
attention given here only to the faster sedimenting peaks. The
varistion of the sedimentation coefficients and relative amounts of
the three major pesks coupletely resolved in Fig. (II-4a), with protein
concertration is tebulated in Tsble (II-3), where the effect of buffer
type, pH and sample is also illustrated. Inspection of this table
reveals the following points:

(2) the relstive sreas under the separate pesks varied consider-
ebly with different preparations: indeed with sample 4 the festest
sedimenting boundary was campletely sbsent, as is illustrated in Fig.
(II-4b), while with sample 5 (which unlike the other preparations was
prepared and stored in the complete sbsence of any cysteine-hydrochloride)
the relative amounts of the faster sedimenting materials was greater
than umial (Fig. (II-4c);

(b) three major peeks were present, when observed, over the pi
range 6-9 and buffer type had little effect on the 5 values. It ia
unfortunate that this analysis could not be extended over the complete
pH range employed for electrophoretic enalysis, but again the solubility
limitation at low pH values prohibited this;

(¢) the sccuracy of the determination of the rate of sedimentation
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Teble SIL-})

Sedimentation data on urease aolutions

Semple  Buffer composition” pH S0 "’ % of total area® Concentration
Famber s of 1.
melarities 1 2 3 1 2 3 J
7 0.07 Nall, 0.01 NeB, 8.9 19,2 28 35 7 2 5 =
0.01 HB
2 18.9 28 36 66 2 10 46
2 18.9 28 36 63 25 12 A
IR 0.09 NeCl, 0.01 NaV, 7.5 18.8 28 - 90 10 O 40
2 0.02 HV 19.0 28 35 é 2B 1 39
2 19.3 28 3 6@ 26 13 29
2 19,2 28 36 M 27 12 16
5 18,8 28 3,4 5 3 1, -
6 0.05 NazﬂPOL, 19.7 29; 36 72 2 7 -
7 .02 KH 7.0 19,2 28 35 8 12 3 -
T 0 ZPO" 2 n W 8y 13 h -
2 0.08 Nall, 0.02 Nalee, (4 19.3 28 36 € 28 12 13
2 0,02 HCag . 9.6 29 - - = = 10

2 Notetion as in Teble (II-2).

b The resclved boundaries in Fig, (IT-ha) ere mumbered (1, 2 and 3) in order of increasing
sedimentation coefficient.

€ This experiment was performed at 3° (211 others were at ~ m°)s the diserepancies evident
in the Sy values probably arise at least partly from the application of a large temperature
correction factor.

11
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for the individual species is limited, in theory, by seversl factors.
First, the rate of movement of the maximm ordinate was used, rather
than the velocity of a point corresponding to the position of the
square root of the second mament of the conocentration gradient
<:u;r-1!\u.3"1 However, as the boundaries sre reasonsbly symmetrical, the
errors dus to this would be small. Secondly, any effects due to the
charge on the sedimenting macromoleoules has been ignored: 4in this
respect, it should be noted thet the use of a neutral supporting
eleotrolyte markedly reduces the primsry charge etfect.’z Thirdly,
effects due to the concentration dependence of the sedimentation
coefficients>> have been sssumed negligible, Certainly, the results
over a four-fold concentration range indicate that the concentration
depsndence, in each cass, is small. Thas, in turn, the Johnston=-0gston
offect’® is probably negligible and the J values cited in the last
column of Table (II-3), correspondingly relisble (see experimental
section). However, in view of the complexity of treating a multi-
component cherged system, such as this, the extrapolated value sgo’w
for boundary 1, in the 0,10 ionic strength, pH 7.5 'veronal' buffer,
can only be given as 20 £ 0,5 and less reliance can be placed on the
data for the faster sedimenting pesks., Comparison with other availsble
dats shows that the values of 18.6 and 28 found by McLaren et AL
agree within 1% with values estimated at a comp arsble protein concen~
tration, and the dats of Smner et al.’ is in qualitative sgreement,
but cammot be corrected for gquantitative campexison;

(4) no marked change in the reletive areas unier the pesks was
ocbserved on dilution: 4in this connmection, the insensitivity of these

area dsterminations should be strongly emphasized.
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All of these points require comment, but of first import-
anoe is the cbservation that over the pH range 6-9 marked heterogensity
of the ssmples, especially 2 end 5, was apparent in the ultra-
centrifuge. These patterns, therefore, provided a striking comparison
with those obtained in electrophoresis, where, as has been shown, the
sbsenoe of spprecisble smounts of camponents with different mobilities
has been demonstrated. It has been emphasized that the appearance
of a single pesk, as in Fig. (II-3), obtained with sample 5, does not
preclude the possibility of camponents with alightly differing
mobilities. Nevertheless, the merked heterogeneity of some samples
in the ultracentrifuge camot be directly related to the electrophoresis
patterns, in terms of individual components. In addition, the con~
trast carmot be attributed to the different temperatures used for the
two sets of experiments (electrophoresis at 1° and sedimentation
velocity at 20°) as sedimentation of sample 7 at 3° revealed no alter-
ation in the relative amounts of camponents present in the ultracent-

rifuge, compered with a control experiment at 20° (Table (II-3)).

(5) Correlstion of electrophoretic and sedimentation velocity data.

To correlate these cbservetions only two 1ikely possibilities
exist:

(a) impurities of different S but with essentielly the same
eleotrophoretic mobilitlies as the enzyme are always present in the
preparations, end, morecver, the same impurities occur when urease is
prepared by salt fractionstion;

(b) ureass molecules interact in solution to give a series of
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stsble polymers, the rate of electrophoretic migration being

independent of the degree of association.

While the first possibility is highly unlikely, the evidence
to date cannot be used to discount it. Indeed, it is the main
purposs of the next Chapter to present experimental evidence for the
interaction of uresse in solution, thus esteblishing case (b). Never-
theless, it is important at this stage to determine whether it is
posaible that polymers of o species, apparent as disarete boundaries
in the ultracentrifuge, can move with essentially the ssme eleotro-
phoretic mobility. If this could not be done, the hypothesis expressed
in (b) would be quite incompatible with the experimental findings.
However, using the data already availeble, it is possible not omly %o
11lustrate this point, but also to formulate the edditional hypothesis
that, provided case (b) operates, then urease tends to dimers, trimers,
etc. This hypothesis will be examined in the light of available

evidsnoe.

(e) The Spg  values

These lie approximately in the ratio 1:4:4:1+8. Two inter-
pretations of these figures may be made on the basis of models
representing extremes in shape. (This type of spproximate mmerical
ealoulation has been employed by other workers>2*>° to interpret
pimilar systems.) First, the uresse 'monomer' (the S;D,w 20 com~
pmnt)ﬁucmsidamduasph&reandthedimarﬂtﬂmru
oylinders of exial ratio 2 and 3 respectively. The expected ratio
for the sedimentation coefficients may then be obtained in the follow-
ing way. Svedbez-g'ﬂ has shown (equation (12) of ref. 37), that for



infinitely dilute solutions,

¥1 - Vp)

f = _—;_— (1_n)

where £ is the molar frictional coefficient, N the molecular weight,
V the partisl specific volume, ( the density of the solution snd S
the sedimentation coefficient of the macramolecule. Provided ¥

is assumed to be the same for all species, it fallowa that

S o /s“ s fa /&mo - (2-11)

and similarly,

smonmm/ Striger = rtrime:./ L poncmer (3-11)

Prom the tebles of Perrin®® (tabulated by Svedberg and Pedersen’')

the frictional ratio, f/ro,, mey be found for each species, if the
axial ratio is assumed. In addition, application of the equation for
mpherical particles (equation (13) of ref. 37,

£, = éxn N (-%)1/ . (4=11)

ensbles the required ratio of the frictional coefficients, and, hence,
of the sedimentetion coefficients to be calculated directly. In this
case, the three sedimentation coefficients were found to l1ie in the
ratio 431¢5:1+84. (These differ little from the values for spheres
quoted by Regeles and Reo.”?) The slternative interpretation is based
on very similar reasoning but correlates the observed frictional
ocoefficient ratio of 1.19,37 with asymmetry alone. By thls means

the axisl ratio of the ‘monomer' was found to be L. If the polymers
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are taken to have axisl ratios of 8 and 12, the corresponding values
of the sedimentation coefficients lie in the ratio 1:1-51:1-51“. While
 both of these caloulations must be considered as very approximate,

the similarities in the prediocted ratios with those cbserved lends
considersble support to the imitisl hypotheeis. (On some models

S20,w 36 component could correspond to & tetrameric umit.)

(b) The electrophoretic mobility values
Calculetions here are samewhat more uncertain owing to the
epproximations involved in the theory, but spplying the equations
referred to by Abrmson et al.”C to esch modsl, 1t is possible to
express the charge on the protein in terms of electrophoretic mobility

values. The basic equation used was

éxnr (4 ¢+ Kr + Kry)
&) e 1w (5-11)

(nr) (1 + kry)

where Q is the net charge in oaulombs/molecule,
M 4s the viscosity of water at 0°,
r 4s the radius of the urease moleaule in om.,

is the average radius of the electrolyte ions in aa.,

K is the Debye-Huckel parameter defined by cqu;,tion @) of
ref. 30,
£(Kr) is a funstion of K r formlated by Hemry and defined in

equation (44) of ref. 30,

ani u is the measured electrophoretic mobility in an.? sec.

vait~'.

-4
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It is more convenient to express the chsrge on the protein as the
mmber of excess positive or negetive charges per molecule in
electronic umits. This is defined as the valence of the protein,
"30 Accordingly the appropriate comversion faotor was employed to
cbtain the remilts below. The value of K st 0° and at an ionic
strength of 0.1 was oalailated tobe 1,08 x 10! en.™" and the valus
of r, was taken as 2.5 x 10" cm. Table (II-4) includes values
for the other variables. 1In the lad column are presented data
which allow sn spproximate value of the valenoe of the species to be
caloulated at different pH values, when correlated with the mobility

data in Table (II-2).

If the further sssumption is made that the total charge is
conserved, mcbility velues for the first model (spherical monomer
and oylindrical dimers and trimers) lie in the ratio 111+0g31°1
The second model described (cylinders of axial ratios 4, 8 anl 12) gave
lower mcbilities but these lay in the same ratio as for the first
model. This result is partly coincidence and does not imply that
the mobility ratios are independent of the geometry of the model;
thus a change fram spherical mondmer to dimer of axial ratio 4 produces
mobilities in the ratio 1:0-89. In short, the theory prediots
relatively small changes in mobility as a consequence of polymer-
{gation and that these could either increase or decrease the mobility

relstive to thet of the moncmer, depending on the model used.

To mum up, it is clear that provided the aggregation process
(postulated in (b) sbove), is visualized as taicding place between
nearly spherical monomer units and that the essential structural



Axial resio ..'x 10‘ &/2{ Lr)* valenge, v
First model

1 61.33 4.96 6.64u

2 77.28 590 $12.1%

3 88,44 .86 18.04u
Second model

51.33 5.11 7«5

8 .93 A-98 14.09%

12 .31 5.92 0.3%

* wmmwwwmm-mo:
the tduleted values.
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integrity of the momomer is largely or wholly preaserved in the dimers
end trimers (or tetramers), then the hypothesis is ccmpatible with
both the ultracentrifuge and electrophoresis results. (It might be
thought that the mobility oaloulations indicete e minor degree of
unfolding consequent on dimerization, but in fast the calculations
ere too tentative for this to be justified.) It is pertinent to note
that quite analogous behaviour hes been reccrded for several other
systens, for exsple, 1-amino acid cxidass,” haemooyanin,*! ground
mit globulins,*? a-keratoss®> and soy been proteins.** In several

of these cases, independent evidenoe showed that the camponents
evident on ultracentrifugation, which hed the same electrophoretic
mobilities, were, in fect, sggregstes of the same species. This
together with the theoretical considerations sbove suggests that
oomparison of eleatrophoretic and sedimentation velooity enalyses could
provide strong presumptive evidence for a possible interaction.

It remains to estsblish a direct relstionship between the
peaks evident on sedimenting ureease preparations before the system can
be oconclusively demonstrated to be interacting. This problem is

discussed in the next Chapter.
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CHAPTER IXI

DIRECT EVIDENCE FOR THE INPERACTION OF UREASE IN SOLUTION

(1)

(2)

The spplication of chemical modifieation to the study of
interacting protein mystems.

The milphydryl groups of ureass

(s) those likely to be involved in disulphids bond
formetion, :

(b) the active site.

(3) The clesvage of the dlmulphide bond, with particulsr reference

(1)

(5)

to the effect of S-mcleophilic bases, such ss sulphite lons.

The effect orchn!immdifyinanqm:umth-merﬁu
of solutions of urease. Experimental end results.

(a) the reaction with sodium muphite,

(b) the reaction with H,8 and KON,

(¢) the reaction with potassium ferricysnids,

(a) the effect of oysteins-hydrochlorids.

The effect of sulphite ions on the enzymic activity of
uresse. Disocussion.
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(1) The spplication of chemical modificstion to the study of
interacting Egotei ﬂstcns.

In view of the indication of a possible relation between
the discrete bounderies cbserved in the ultracentrifuge with sclutions
of urease, it is necessary at this stage to determine a suitsble
method, which will confirm or deny this basic hypothesis. The use
of transport experiments, in particular sedimentation veloocity runs,

has in some cases, for example with a—ehqmotrypsin,1'2 provided direct

evidenoce for a polymerization. The inferences drawn from the sppear-
anoe of one or two peeks and the variation of S with protein concen~
tration have been outlined in Chapter I. If the possible urease
intersction were of the same i".y;po, the conclusions made by Galil.bert3
and Kegeles and Rao® would imply thet the disarete boundsries spparent
in the sehlieren ultracentrifuge patterns (Fig. (1I-4)) mst indicate
the existence of monomers and polymers greater than the dimer and
trimer postulated. Furthexmore, dilution would be expected to favour
a higher relative proportion ér the slower sedimenting peek: in fact,
cilbert’ has shown that the srea under this pesk would remain constent,
as the concentration dropped, until the faster sedimenting pesk

had diseppesred,

While the data in Table (II-3) are limited by the accuracy
of the determination of areas, they show conoluaively that this
predicted behaviour is not fulfilled. It therefore appears that if
an equilibrium or a relation exists at all between the camponents
the kinetic constants regulating the interconversion are amall end

the system is of the second type diseussed in the Introduction.
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In short, as the conoentration gradient falls to zero between the

pesks, implying independence of flow of esch ocmponent, the system
exhibits the ultrecentrifugal properties of an heterogenecus solute
rather than a reversibly interacting system, such as c=chymotrypsin.
This does not imply that the urease system cammot be reversibly
interacting but shows that transport experiments sre not amensble to
the elegent interpretation poasible with a system in rapid reversible
equilibriun, Indeed, only by a ocareful study of the effect of factors,
such as temperature, on the relative amocunts of the separate peaks
could ultracentrifugal analysis reveal the existence of en equilibrium
between the related components. However, it is posszible that these
changes may be small and difficult to detect (depending on the mag-
nitudss of the relevant thermodynamic functions), end the design of

the experimental procedure in relation to time might be samewhat
difficult as there is no informstion on the rate of the reaction.
Consequently, while worthy of future consideration, this epproach is
unsuitsble in providing evidence for a direct relation between the peaks.

The use of reagents which will react ppecifically with a

particular type of chemiocal grouping in the moltm:.zle""6

provides an
alternative spproach to this question. Provided the nature of the
possible intermolecular cross lirkage can be deduced, it mey be posaible
40 cleave this linkage with a chemical modifylng reagent and thereby
convert the higher polymers to the momomeric form. Thus, in the
presence of an excess of the resgent, the sedimentation velocity
pattern would show a single pesk, whose area, in this ideal situation,

would be the sum of the areas of the individual peaks obsmerved in a
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control experiment without the cleaving agent. This elegent approach,
which has been spplied to other systems such as the soy bean proteins,’
relies entirely on the sbility to predetermine the nature of the cross
links. These bonds would have been formed originally by resction

of chemical groupings situated in a suitzble structural position on
the moleoule. Informetion on such reastive groups is therefore a
pre-requisite in an attempt to deduce the nature of the intermoleculsar
bonds. Little is known ebout the amino acid camposition, structure

or potentially resctive groups of ureaae.a However, a survey of the
literature shows that sulphydryl groups in urease may be extremely

important in this commection.

(2) The sulphydryl groups of urease.

Crystalline undenatured urease preparations respond positively

to the nitroprusside test.g’m

This, together with mumerous reactions
involving modifying reagents, which were claimed to react specifically
with sulphydryl groups, showed conclusively that urease poassessed

essily detectable snd very reactive thiol groups in the native state, 1013
Thus, undenatured urease solutions have been shown to react with
oxidiging sgents, smuch as iodine and 1odosobenzoate,1o alkylating
agents (iodoaceteamide and 1odoacetate10) and mercaptide forming
reagents, for exsmple p-chloromercuribenzoate and mercuric &ﬂoride.""
Other proteins known to possess sulphydryl groups (for example, ovale
bumin) react in the native state with only a few of these group- specific
reagents and it is only after denaturation that ovelbumin solutions

10

give a colour with nitroprusside. It is apparent that the thiol
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groups of urease, in comparison, are mich more readily 'available'6
for reaction., Moreover, the ability of sulphydryl groups to form
disulphide linkages either intermolecularly or intramolecularly is
well known:5919916 inieed, the distinot possibility of dlsulphide bond
formation from sulphydryl groups in urease has been suggested theoret-
loally, but not proven.''*'2#17  Ths possibility of intemmolecular
disulphide bond formation becomes even more important when it is
realiszed that irhibition studies, using both metel ions and group~
specific reagents, have shown that sulphyiryl groups in all probability

10-14,18 1, yiew of this and

form part of the active site of urease,
the necessity for postulating a plausible cross linkage for the proposed
polymeric species of urease, 4t is esasentisl to examine in detail the

nature of the thiol groups.

Hellerman, Chinard and D:I.et.s10

titrated solutions of re-
orystsllized urease with p-ciﬂoromemri’bemoate snd correlated the
smount of reagent added with the overall enzymic activity at varicus
stages of the titration. This proeedure (and a study of additional
reactions) ensbled the suthors to deduce the following conclusions.
(For olerity, the figures cited below refer to a mole of ureese, the
nolecalar welght being taken as 480,000,'7 rather than to the hypo-
thetical 'equivalent weight' used by Hellerman et al.)

(1) 22 -SH groups reacted with p-chloramercuribenzoate without
loss in ensymic activity and with dilute solutions of porphyrindin.
Theee extremely reactive groups, referred to as type (a), were pre-
sumebly responsible for the colour with nitroprusside;

(41) 22 -sH groups, comprising type (b), d1d not react st all with
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porphyrindin snd only with jodosobenzoate and p-chloramercuribenzoate
after the type (a) groups had reacted. These appeared directly
concerned with the enzymic activity, as complete inactivation resulted
when they were effectively removed;

(441) 60 -sH groups, type (o), were estimated with o-iodoso-
benzoate only after denaturation with guanidine hydroohloride. This
latter type is clearly in a structural position inaccessible to
sibstrate, ani cannot form jntermolecular bonds. They are, there-
fore, not important in this study, which is primarily concerned with
the intact moleculs.

Desmuelle and Bnnrym followed an essentially similar

proocedure, using phenyl isooysnate as the reagent, and eonfirmed that
uresse fully maintsined its activity when the type (a) groups were
reacted: the activity decreased only when an excess Of the reagent
was added. Two further significant cbservations were made in this
work.

(1) The quemtitstive aspects of the work of Hellerman et a2.10
were questioned ss the evaluations assumed that p-chloromercuri~
benszoste reacted stoichiometrically snd campletely with the thiol
grops. Aubrose, Kistiskowsky and gridl!’ emphasized this ariticism
by contrasting the resilts found by Sumner and Myrback, 2! who foand
that ssven silver ions suffioed to inactivate ons molecule of urease,

with the data reported above.
(44) It wes pointed out that it was urlikely that the reduced
reactivity of the type (b) groups toward p-chloromereuribenzoate

"and phenyl isocyanate could be sttributed to their inaccesaibility
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due to structural position, because this would spparently coniravene
the neoessary eesse of formstion of the enzyme-gubstrate camplex.

An sliernative reason suggested was that the groups were involved in
1sbile structural bindings (presumebly by hydrogen bonding). In
this comection, it is pertinent that a third and more reasanable
suggestion has been proposed which postulates that the seemingly
*less reactive' thiol groups do not exist as oysteine residues, ut
are covelently bonded with adjacent groups.®???%  In particular,
Snith? hes recently proposed the existence of a preformed internsl

thiol ester, R - ﬁ = S = R, on the basis of thermodynamic, kinetic
(]

and chemicel information on the 'thiol enzyme' papein.

This hypothesis represents, in many ways, 2 significant
and interesting advanoce. First, it explains the spparent anomalous
'non reactivity' of the type (b) thiol groups towerd certain reagents,
mich as nitroprusside, even though the ssme groups react with
mcrmrieﬂ.s.m“ Secondly, if the lirnkage between the thiol and
carboxyl groups represents a thermodynamically unstsble and kinetic-
ally reactive structure maintained by the folding ensrgy of the
protein, it explains not only the ready formation of the enzyme-
substrate complex, but also the dependence of activity on the folded

tertiary structure of proteins, referred to in Chapter I.

This survey leads to the following pertinent cbservations:
(1) There are available for intermolecular resction several

sulphydryl groups, the type (a). Although consideration of the
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availeble mechaniams for the formation of the disulphide bond must
logicelly be left until direct evidenoe for its ocourrexnce in the
urease system is presented, it is converdent at this stage to visualize

the interaction as,

s+ oddamt’? = ESSE + reductant + 2 (4-111)
(11) The groupings of the active site, type (b), which may exist
as the thiol ester or scme similar structure, may or may not interact
in this way. In either case, however, the interaction would be
expected to affect the overall activity, either by direct removal of
the active site, or by structural impedance of the substrate to the

active site irherent on polymer formation, 25

(3) The cleavage of the disuiphide bond.

In studies such as this it is desirasble that the resgents
snd the enviromssntal oconditions chosen to cleave the disulphide
linkage be mild, specific and ofﬁd.enb.s Thus, the reaction should
involve only the possible intermolecular disulphide links and not
others, which as in insulin® and ribomiclease2! sre essentisl in
maintaining the structural integrity of the protein molecule: indeed,
if the protein is denatured in any way, any attempt at subsequent
sedimentation velocity analysis would prove futile. Consequently,
the use of denaturing sgents or severe conditions such as those invclved
in direct reductive cleun.gezs is prohibited. Several resgents, so;',
G, amd S°, sre all known to cleave the dimilphide 1inkege, %
slmost certainly by a miclecphilic attack and the conditions (pH,

temperature, etc.) are in many cases m:l.ld.5 The use of these
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S-nicleophilio bases,?’ while desirsble in this sense, is nevertheless
cormplicated by other fwtorss (pH, steric effects and side reactions).
This will be illustrated by an outline of the reastion of the disulphide

group with sulphite ions.

Claric® showed that cystine reacted with sulphite ions in
an addition reaction, which resulted in mercsptide ions and S-sulpho-
cysteine. This reaction may be represented generally by,

. (2-I11)

ESSR + so; — BS” + nsso,"
The reaction is both mild and specific. However, a study of the
nature of the equilibriun®> and kinetics’> of the reaction has shown
that the efficiency, both with respect to rate and equilibrium position,
depended strongly on pH for the following reasons:

(2) At low pH values the thiol formed is present as RSH. As

the reaction is reversible to RS , an optimum pH, which depends on the
pK velue and concentration of thiol as well aa the equilibrium constant
for the reaction, may theoreticelly be chosen for the maxisum formation

of the thiol: in practice only an empirical approsch is feasible.

% 1t is prefersble to refer to this ion as a milphenyl sulphite

rather than as a S-sulpho asrivative.?’  Mlternatively, -sso; is
termed the thiosulphete group and a molecule containing this group is
called the thiosulphate form (for exsmple, an S-alkyl thiosulphate
would be one product of the reaction of sulphite with an alkyl disulph~-

140).”'  The latter nomenclature has been sdopted in this study.
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(v) In turn, the smount of usoj‘ will inorease with decreasing
pii (the second pK of H.SOy being spproximately P335) and as the
rate of the reaction with the bisulphite ions is spparently virtually
negligible compared with that of the sulphite ions, it appears unies-
jrehle to chooss a pH value below 6.5;

3
(or simple disulphide campound) besring a sero or net posit ive charge

(¢) the rate of reastion with 80.™ is much greater with a protein

(particulerly in the vicinity of the disulphide bond) than with that
bearing a nst negative MQ , where electrostatic repulsion hinders

or possibly prevents the mcleoph_ilie attack,

In this study a choloe of a pH optimm for maximum formation
of the thicl and thiosulphate form (both of which will be evident as
the 'monomer' im the ultracentrifuge) is required rather than for a
neximum rate of resction. DBuffered sulphite solutions of pH 7 were
chosen, although in Chapter VI the effect of lowering the pH is
discussed. At this pH and with an excess of SO, , almost oamplete
conversion could be expected. Moreover, the effect of atmospheric
oxyger®? end traces of metal ions?® may in faot operate to sid the
complete shift of the equilibrium to the spparent ‘monomeric form'.
Thus, while the mechsnism of the reaction invalving molecular oxygen
and traces of metal 1en§ is unknown, the overall resction may be

represented u,6

m;ﬂ! + 807 == BS" + RSSO; (3-111)

~molecular oxygen

The net effect is somplete conversion of the disulphide compound to

the thiosulphate form. It is apparent that, if intermolecul ar
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disulphide libksges bind urease umits to form polymers, addition of
excess so; should have a pronounced effect, providing the disulphide
liricages are accessible both with respect to structural position and
charge enviroment, Essentially gimiler comsiderations should apply to

the effect of CN and S, which act on the disulphide bond according to

the following equations:
BSSR + ON =—— RSON + RS (4-I1I)
RSSR + S == RS + RS (5-111)
(4) The effect of m reagents on the properties of solutions

of urease.

(a) The resction with sodium sulphite
The solutions used in the experiments performed in the

presence of sulphite ions had the following composition: 0.04L8M n.zwok,
0.024X KEZPOA, 0.0 33280), 0.013M MaHSO3 ard were accordingly
taemtical with those employed earlier.'”*>! No specisl precautions
were teken to prevent atmospheric oxidetion in this series of exper-
jments. The oxidation-reduction potential of the solutions was not
measured, and oconsequently, no quentitetive significance was attachad
to the total sulphite concentration. When buffered uresse sclutions,
pH 7.0 (ssaples &, 5, 6 and 7) were dislysed sgainst this buffered
sulphite solution and the resulting protein solution sedimented, the
faster sedimenting boundsries (Fig. II=}) were no longer evident and
the smount of the S y 2 boundary increased merkedly. This is
{1lustrated by Fig., (III-1). With sample 4, this increase in area

equalled, within the 1imits of accuracy of the area determinations,



Fig, (ITI-1).

Sedimentation patterns of a urease solution,
sample 5, in a buffered sulphite solution,
PH 7.0 (see text). Sedimentation is from
right to left.
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the area previoualy under the Szo,w 28 peak, which was the only other
pesk visible in this smxple (see Fig. II-Ab). However, with sample 5,
the increase was spperently greater than cauld be accounted for by

the disappearsnce of the peaks visible in the sulphite-free solutions
during photogrephy, Fig. (II-4s). Thus, although the increase in area
of the S,‘,o"‘r 20 camponent could not always be correlated quantitatively
with the disappearsnoe of the faster components (possibly becsuse of
the neglect of very large molecular weight material, evident at the
bottom of the oell, which may also be affected by sulphite) it is
highly improbeble that sulphite would corvert either impurities or
differently shaped uresse molecules o a podified form, which sedimenis
together with the enzyme as a single bourndary. Consequently, the only
epparent hypothesis is that polymers of urease exist in solution and

that sulphite reverses the polymerizatiom,

(b) The reaotion with HyS and KON

The action of both sulphide and cyanide ions (also S-micleo-
philic bases) confirmed this significant finding. In the former case,
a phosphate buffer was 50% saturated with H.S, previously ocleaned by
bubbling through water, snd a buffered ursase solution dialysed against
i¢. The ultrecentrifuge pattern, which was quite analogous to Fig.
(1IT-1), again revealed the sbsence of any pesks other than that with
an 820,' of 20,

Dislysis of a urease solution against a phosphate buffer
containing 0,05 ECN resulted in the removal of the Sy o 36 peak and
a reduction in the amount of Szo" 28 peak, both originally present

in a ocontrol ultragentrifuge analysis. Several side reactions are



56

posaible with m}ﬁ-&ﬂ and as solutions are likely to be strongly
alkaline (thus introducing the complication of & large net negative
charge on the urease molecule) extended investigations with this reagent
were not considsred desirable at this stage. Nevertheless, these
cbservations, together with the effect of sulphite, indiocate strcmély
that intermolecular disulphide cross linkages are the cause of the
pol;ucrit; species present in solutions of uresse. This is a plausible
theory in view of the disoussion above on the readily availeble nature
of the sulphydryl groups on the molecule snd of the known resstions

of these groups, expressed in equation (1-111).

(¢) The resction with potassium ferricyanide

The equation (1-III) shows that deliberate addition of an
oxidizing agent should promote the formation of the disulphide bonds.
Experimentally it was found thet addition of 0.01M K}FO(GN)G cansed
immediate and complete precipitation of the protein, The product was
insoluble in buffer at pH 7.0 and in this respect resembled the pre-
clpitate obtalned on dialy=sing a urease solution to pH 5.0. It is
tentatively suggested, therefore, that the reduced solubility of urease
near the isoelectric point, where electrostatic repulsive foroes are at
a minimum, may be partly due to the formation of vexry high molecular
weight polymera involving disulphide cross linksges. One further

observation of a qualitative nature may be made.

() The effect of oysteine-hydrochloride
This resgent was intentiomally used to prevent inhibition

by metal ions, which could accidentally be present (see experimental

section). Acocordingly, no fixed amount was added during the prepar-
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etion of most of the samples. As has been described, the spparent
proportions of the components cbservesble in the ultracentrifuge varied
widely betwsen different samples (see Table (II-3)). It is possible
that this varisbility was the direct result of the varying content
of cysteine, as reduction of disulphide bonds by thiols is a distinot
poﬂsi.b:l.‘l.ii::sv.6

RSSR + 2R'SH —— 2»sd + R'SSR’ (6-111)
To test this, oysteine was not added at any stage of the preparation
of sample 5. The resulting preperation had a low activity (see
later) and relatively greater smounts of the faster sedimenting
camponents (aleo spparent in Table (11-3)). While not conclusive,
this result supports the comtention that cysteins does have a similer
action on urease as so;, CN~ and S™, in respect of reducing or

reversing sggregation.

To sum up, the results so far have shown that uresso tends
%o polymers (possibly dimers, trimers, etc.) by the reaction of
availsble mulphydryl groups on the molecule to form intermolecular
disulphide bonds. The polymerization is apparently completely
reversed by sulphite ions, under the conditions chosen, to form &
modified derivative. The nature of this form of urease, both with
respect to enzymic aotivity and identity to the 820 - 20 camponent
in sulphite-free solutions, remains to be estsblished. Both are
eztﬁmaly important points. Thus other disulphide bonds which may
be Amdsmentsl to the structural integrity of the protein, and hence
+0 the enzymic aotivity, may e1s0 have been cleaved. Bovine plamma
albumin is not reactive with SOz until the protein has been denatured,

but some of the disulphide bonds of insuldn are cleaved. This is
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partiocularly relevant to the uresse study as the relisbility of the
existing diffusion dsta,’? as well as certain kimetic studies'’
performed in the presence of sulphite, relies entirely on the assumption
that the species studied have not been denatured. Indeed, most kinetioc
studies have been performed on solutions containing as 'protecting’

or ‘activating' reagents the S-micleophilioc bases described: these

were intentionally added to prevent the inhibition of urease by metal

2

ions,

(5) The effect of sulphite ions on the enzymic activity of urease.

The choloe of sulphite as a modifying reagent in this and
sll other aspects of the ;qrork to be presented was governed by the
following factors:

(s) this S-mucleophilic base is specific for the disilphide bond
cleavege, unlike cyanide ions for exemple;

(b} 4n contrast with the use of H,S, the experimental technique
is simple, and interpretation of the results is greatly facilitated by
the possibility of accurately and easily estimating the concentration
of the ions present;

(c) the form of urease cbtained in the presence of sulphite ions
was used by Sumner et a1.19 in diffusion experiments performed to
obtain the molecular welight.

A comparison between the overall enzymic ectivity between
solutions of uresse in the presence and absenoce of sulphite ions is
given in Teble (III-1), where, alsmo, the effect of the ions on the
relative smounts of the separate sedimenting peaks is illustrated.

It is spparent that an increase in activity accampanies an increase
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The effect of sulphite on the enzymic activity and sedimentation velocity patterns of urease’

Ssmple history % af total ares®  Ensymic activity
of 1 ml. of sol-
1 2 3 ution
sln.
Comtrol: Urease dissolved in pH 7.5 'veromal
buffer, ionie strength 0.1, stored in cold 35 3" ' ™ 2
for {1 week and diluted with phosphate buffer
for assay.
Sulphite treated sample: An aliquot of above
solution of urease in'veronal buffer,
dialywdfor1wekogaimtamlphitem- 100 o o 50

ution and diluted with phosphate buffer for
assay, performed within 2 hr. from sbove.

& Data reparted were found with sesple 5, which had a low specific astivity (10,000 S.U./g.).
The effect was reproduced with ssmple 7.

b Fotation as in Table (II-3). Approximately 0.7% solution of protein was used.
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in the smount of the sz) 20 component.
v

This finding hes several importent implications. First, the
polymeric forms must have reduced aotivities, as had been previously
uuapec‘lseél.l"‘3 This ooculd srise from the direct participation of the

type (b) 'sulphydryl groups' postulated by Hellerman et T

in
disulphide bond formation., However, as we have seen, the reversal of
the polymerization results in a modified form, in which at least same,
if not all, the original thiol groups sre converted to thiosulphate
groups., It is unlikely that these too could function as part of the
ective site. Consequently, it is more reagonsble to premme that the
type (a) groups are directly involved and that the reduction in sctivity
is due to steric hindrance to the approach of the substrate, inherent

on polymer formation. Certainly, if the active zite involved
structures of the thiol ester type, direct disulphide bond formation
would be unlikely. In this respect it should be emphasiged that the
irhibiting effects of the various sulphydryl blocking agents do not
estsblish conclusively the existence of thiol groups, as sugh, in the
active site. While these results support the contention that thiol
groups, ot pert of the active site, are the ceuse of the polymerization
and that the sctive site involves a structure of the thiol ester type,
they are in no way comlusin.‘ Nevertheless, the discussion illustrates
the sxtremely tentstive nature of recent atteupts®’ to define the

nature of the enzyme-substrate complex.

Secondly, the data in Tsble (III-1) ani the cbservations
of the effest of HZS and KCKR throw d.:lrect 1ight on the function of such
resgents as 'activating' or tprotecting' sgents. It was gensrally

accepted that the reagents removed metal ions and thereby prevented
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irhibition of the em:m."’z Their value in this respect iz not
denied, but their function in reversing or preventing the polymer-
igation explains satisfactorily, for the first time, the decrease in
activity of unprotected solutions with time and their subsequent
reaotivution."‘s The existence of two forms of urease in wprotected
solutions, suggested by the results of Kistiakowsky et al.) ! is also
possibly explained. However, as Kistlakowsky and coworkers employed
st in most kinetic experiments, as was pointed out in Chapter I, the
possibility of two types of active sites camnot be explained, at the
moment, by the existence of polymerio forms with reduced eotivities.

Finally, the results to date indicate that the modified or
stabilized form existent in the presence of sulphite ions, which
retains ensymic activity, has not undergone any merked structural
change: at least it mey be inferred that sulphite ions do not have a
pronounced effect on the tertiary structure of the protein. Thise
conalusion, if substantiated, has the consequence that either there
can bs no structurally important disulphide lirkeges in urease, or
that if they are present, they are considsrsbly less *accessible' than
the intermolecular lirkages in the enviromment chosen., Moreover, if
the modified form hes remsined intect, the essumption inherent in the
molecular wedght determination'’ that this species was identical in
size and shape to the s;)’w 20 component cbserved in urprotected
solutions would be justified.

The next chapter is devoted to an exsmination of the
sedimerntation and electrophoretic properties of this stsbllized species.
When correlated with observations made in this and the preceding

chapter, the results prove valusble in elucidating the nature and
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mechaniam of the polymerization, This point has been deliberately
cmitted until the groups involved and the nature of the cross linkage

had been estsbliahed.
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CHAPTER IV

THE MBRCHANISMS OF THE POLTMERIZATI ON REACTI ON

MWQ‘IT&REVES&LBISIEHITEI%

(1) The statement of the problem.

(2) The properties of the sulphite modified form of urease
(a) The sedimentation properties,

(1) the dependence of sedimentation coefficient on
econgentration

(11) the effect of the removal of sulphite jons by
dialysis.

(b) Equilibrium oonsiderations of the reaction of sulphite
jons with disulphide bonds. A theoretical discussion
in rel stion to the urease reaction.

(¢) Fleotrophoresis of uresse smolutions in the presence of
sulphite ions.

(3) The mechanism of the formation of a disulphide bond fram
-SH growps.
(a) The meresptan-disulphide interchange.
(b) Direct oxidatiom.

(¢) The participstion of molecular oxygen in the
polymerization resction.

(4) Purther studies. The estimation of the heterogeneity of the
sulphite modified form.
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(1) The stetement of the problem.
The dsmonstration of the existence of a polymerization

resction in uresse solutions involving disulphide bond formation, and
of the reversal of this interaction to form an active form of urease
opens out two posaible fields of study. 1In the firast place, attention
could be given to the polymerizstion reaction, where several problems
of interest remain. Thus, the intermolecular disulphide bridges
ecould arise, either by direct oxidation of sulphydryl groups on
separate moleoules, illustrated by equation (1-~III), or by the
mercaptan~-disulphide interchange, originally proposed by Huggins,
Tapley and Jensen' to sccount for the gelation phenamena encountered
with plasma elbumin in urea solutions. Moreover, the related question
of whether it is an equilibrium resction (in the sense that compersble
proportions of e,g. monomer and dimer ocen exist at equilibrium at a
realizable oonsentration) could be investigated and thermodynamic
pearameters pertinent to the equilibrium studied. Thisg latter point
might prove of prime importance in eorrectly interpreting kinetic
experinents performed with urease solutions free of any 'protecting'
agent?*3 (containing, ss a consequence, polymerio forms of the enzyme).
On the other hand, the physico-chemical characterization
of the modified form of uresse, free of higher polymers, is of equal
importance. Many kinetic experiments, particularly those of Kistia-
kowsky and coworkers, have been performed in an enviromment, which in
gall probability reversed and prevented polymerization giving a similar
'monomeric' species. Certainly a comparison between the S;),w 0
component in the polymeric mixture and this form would be most inform-

ative. Equation (2-III) suggests that the heterolytic cleavage of
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the disulphids bond will result in minor chemicel differencea in the
two forms, and these, together with any marked chenge in size snd shape

jrherent on chemical modification, should be cerefully examined.

A study of some properties of urease sclutions cantaining
sulphite provided information of importance in the latter eonnection:
1%t also suggested miitsble experimental approaches to the questions
posed in comection with the mechamiam end possible equilibrium nature
of the polymerisation resction. The latter point will be discussed

later in the Chapter.

(2) The properties of the sulphite modified form of urease.

(a) The ssdimentation propertiss
(1) The dependence of sedimentation coefficient upon concen~
tration

The sffect of protein comcentration on the S of the boundary
Goserved in the presence of sulphite ions is shown graphically in
Fig. (IV-1). Semple 6 in a buffered sulphite solution,” pH 7.0,
was used and, accordingly, the protein bore a net negative charge.
The highest conosntration was determined refractometrically and sub-
sequent dilutions were made by weight. The determination of eoncen~
tration was therefore more socurate than that in Tsble (11-3), and
thus the extrapolated s‘&,.' value can be given as 2.3 £ 0.4. It is,
therefore, the ssme w:lthin experimental error ss the corresponding
value obtained in sulphite-free solutions. While the identity of
the two values cannot be taken as declsive evidenoe that no marked

change in the sige and shape of the macromolecule has ococurred on
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Tip. (IV-1). The variation of sedimentation coefficient with

concertration (expressed as [ringes, Jy of the
species present in a wuffered sulphite solution
of urease, sample 6,
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treatment with sulphite, it is strongly suggestive of this, especially

when canasidered with the activity data presented in Chapter III.

The curvature of the solid line in Fig., (IV-1), which is an
attempt to average the data, was unexpected but epparently ocutaide
experimental error. Provided the temm (1 - V) has relatively
little effect, it follows from equation (1~II) that the concentration
dependence of S is a d:l.rm:ti msasure of the conosntration dependence
of £, the frictional coefficient. However, the information summerized
in Pig. (IV-1) is insufficient to decide between a poassible structural
transition and other factors affecting the apparent frictimal
coefficient., It is pertinent to note, however, that as S increases
with decressing protein concentration, the possibility is exoluded of
a repidly reversible equilibrium between polymeric forms, of the type
ocutlined in Chapters I and ITI. Consequently, there is some
justification in assigning the term monomeric unit to this form of
urease. Purther consideration of posaible heterogenelty in the
ssmples Obtained, and analytical procedures to estimate the extent of

the heterogeneity will be deferred until later.

(44) The effect of the removal of sulphite ions
The sedimentation velocity analysis of ssmple 5 in the

pressnce of sulphite ions was presented in Fig. (III-1). This
solution was dialymed against phosphate buffer, at constant pH, until
free of sulphite; the sedimentation behaviour then cbserved is
11lustrated in Pig. (IV-2). The pattern shows clearly the presence
of three campoments with Sm" values of 18.8, 28 and 35. The

apparent reversal of the sulphite reaction was repested with sample 8,



Sedimentation patterns of urease, sample 5, in
0.96% phosphate buffer, pH 7.05, after the sample
had been dialysed free of sulphite ions (see text).
Sedimentation from right to left.
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where again repolymerization occurred. These observations led to

the following oonclusions. First, they awpport the contention that
sulphite does not slter the molecular weight of the Spy = 20 component
in the salphite free solutions, as it is umikely that a mexrkedly
changed molecule could polymerisze to give S values identical to those
dbtained prior to sulphite trestment. Secondly, it is eppsrent that
even after 7 days (the total dialysis time) in the presence of sulphite
ions, residusl sulphydryl groups exist, which are cepsble of reacting
to form disulphide linkages. The thiosulphate groups, -sso}", eamot
reoxidize. To sppreciste the possible implicationa of this finding,
it is necessary to inspect more closely the resotion of sulphite ions
with disalphide bonds in protein systems, The simple equations
presented in Chapter III, while wvalid for simple disulphide compounds,
represent an oversimplification of the possibilities pertinent to

the ocomplex case undsr consideration,

(b) Equilibrium considerations of the reaction of sulphite ons

with disulphide bonds
Kolthoff exd coworkers® have formilated the reaction of the
cleavage of intramoclecular disulphide bonds in serum albumin. The
same gereral considerations as to the poaition of the equilibrium
should spply in this case.
S s -3
Pl | + m80," == P

~\ s /n 5 ~\sso,] -é,,...

(4-1v)

The equilibrium constant, K, was formuleted for the case vhere m = 1,
[T - sH)?
[(s - 8))(T 805}

(2-1v)
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where [ T - SH] denctes the total molar concentration of this group

in the equilibrium mixture, [P(S -~ S)] that of the unreacted disulphide
and [T so;] the equilibrium concentration of total sulphite. It

was impliocit in this relation that anly -SH groups formed by the
cleavege resstion (1-IV) were present end that [D - SH] = [ E- SSO{].
As the pK values of ~SH groups in proteins sppear to have a mimtmm
value of approximately 8,6'8 it is reasonsble to sssume that
undissociated groups sre formed rather than merceptide ions at the pH
values used in this study (~ 7). VWhile the equilibrium position and
the rate of the reaction would be governed by pH (see Chspter III),
Kolthoff et al.” found that even at pH 5 sbaut 80% of the disulphide
bonds available in bovine serum albumin were cleaved in the presence

of denaturing reagents.

In these studies with urease, the concentration of the
protedin employed (/1 x 10~2 molar) was of the same order as that of
the albumin, while the initisl ooncentration of the sulphite was larger
by a factor of 10. Consequently, it wes not sxrprising that an
apperently complete conversion occurred to the monomeric form
(41lustrated by Fig. (III-1)). This snalogy is based, of oourss, on
the bold assumption that the K values in each case sre of the same
magnitude, Therefore the cmclusions support only in a qualitetive
way the oontention that uresse, in the presence of sulphite, exists
almost completely as molecules of the same size, which differ only
in the ratio of sulphydryl and thiosulphate groups present.- The
ratio could be expected to vary widely on different molecules: the

molecules present originally as the monomer would possess only -8
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groups, while the cleavage of several disulphide linkeges in, for
example, a trimeric unit, would result in a moncmeric form with
several thiosulphate groups, the actual rumber depending on the
mmber of intermoleoular Cross 1inks binding the monomeric units in
the polymer and on the ‘direction' of the unaymmetriocal scission,

In short, the sppsrently hazogeneous ssxples sedimented in the
presence of sulphite might be expected to exhibit conaidsreble micro-
hoterogeneity,) when subjected to electrophoresis at pi 7, due %o

the charge differences (-SH and -SSO;).

The tentstive nature of this discussion, which is deficient
in quantitative data on the equilibrium end complicating effects,
such as the presence of an equilibrium concentretion of HSO =%
is illustrative of the gereral insbility to treat adequately protein
gystens in which the mumber, type, state of jonigation and
structural position of the groups jnvolved directly or indirectly
in a particular reaction are unknown. In this case, however, it
is possible that a more satisfactory comclusion regarding the state
of the final product in the regction mixture can be reached by
invaing the logical extension formilated in equation (3-III).

This suggests that merosptide lons (or more correctly -SH groups) ,
which are present either as unreacted groups on the monomer Oxr as a
result of the disulphide bond cleavege, wil) combine to fom a
disulphide lirkege. Regardless of whether this involves & dlrect
oxidation or a mercaptan-disulphide interchsnge or is an equilibrium
reaction, the ultimate result will be a quantitative conversion to
the thiosulpheate form of all thoss -5 groups structursally cspsble

of reacting.
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If this mechanism operates, the quantitative comveraion
to the moncmeric form is explained without having to assume that the
equilibriun (equetion (1-IV)) lies completely to the right. Further-
more, should the chain of reactions proceed to campletion, the end~-
product would have all its -SH groups converted to -sso_,,' and mdght
therefore be expected to have a higher (megative) mobility, at all
pH values, than the untreated uresse (of. Table (11~2)). One may
note at this stage that this is extremely unlikely, for if only
thiogulphate groups were present removal of sulphite by dialysls would
not result in repolymerigation by disulphide bridging. An invest-
igation of the effect of sulphite upon the electrophoretic properties
of ureass was therefore made; the results are reported in the next

section,

(¢) FElectrophoresis of urease solutions in the presence of
sulphite

Two sets of electrophoresis experiments were performed on
samples previcusly enalysed in sedimentation velocity experiments,
one at ionic strength 0.10 to correlate the data with that previoualy
determined in Tsble (II-2), and the other at lower ionic strengths
in an attempt to obtain better resolution of the components prenent."
The data relevant to this discussion are tsbulated in Teble (IV-1)
and the electrophoretic patterns cbtained in the presence of sulphite
jons shown in Pig. (IV-3). (The patterns revesl the presence of
conpanents with lower electrophoretic mobilities than those tabulated,
and these oorrespond to the boundary with en S8 ~v 4~6, which wes
present in detectsble amounts in several sarples. The identity was

shown by preparing the leading camponents (boundaries 1, 2 and 3 in
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Relevant eleotrophoretic data on urease in the presence and sbsence of sulphite ions
st PH T.ly and at 1.0°

Expt, Semple Buffer® Jomo Potentisl  Desoending® ‘Proportions % .
— — compoaition strength gradient ndbnit?'.es - electrophoretic® sedimentation
(molarities) volt am.=! au.Zsec.~ivolt
x 105
1 2 3 1 2 3 1 2 3
0.03 NaCl,
1 8 0.01 N‘v. 0.0h. l}os "'8.9 82 13 5
0.02 HV
0.013 NagSOz,
2 8 0.01 NaV, 0.05 5.6 -8 =9.8 % 75 100 0 O
0.02 HV
0.09 Nall,
3 9 0.1 N&v, 0.40 2.9 -6.8 h-? 27 18
0.02 BV
0,03 NapSO3
L 9 0.01 ¥aV, = 0.10 2.5 -7.4 =9.3 -9.8 20 (80) 100 0 O
0,02 HV .
b

% Notation as in Tsble (II-2). The mobility values refer to the boundaries labelled in Pig. (IV-3).
The bracketed figure in expt. no. 4 represents the total for boundaries 2 and J: reliable
resolution was not possible.

4 The boundary mmbering in this case is that of Table (11-3). PFor expt. no. 3 a fourth boundary
with an Spo,y Of 41 was present to the extent of 8% of the total.



(a)

(b)

Pig. (IV-3).

32 1

Tlectrophoretic patterns of urease solutions
descerding 1limb) in the presence of sulphite ions
at pH 7.45.

(a) Sample 8 in a diethylbarbiturate buffer con-
taining sulphite ions, ionic strength 0.05
after 155 min. at a potential gradient of 5.6
volt cm.=!

(b) Sample 9 in a diethylbarbiturate buffer con-
toining sulphite ions, ionic strength 0.10,
after 40O min. at a potentisl gradient of 2.5
voll cm.”
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Fg. (IV-3)) in expt. no. 1 and 2 by electrophoretio freactionation

end sedimenting: in each case the S 4~6 component was sbaent and

the material sedimented as expected, of. Fig. (II-4) and Fig. (111-1)).
The following points in relation to the tsble require comment:

(1) the mobility values for the control experiments 1 end 3 were
in exoellent agreement with those previously reported. The value for
expt. no. 3 could be compered directly and the value for expt. no. 1,
when oorrected by the method of ibramson, Moyer and Gorin, mentioned
in Chepter II, became at ionic strength 0.10, -6.6 x 10’5 an.2 sec.-‘
yo1t~! (i.e. within 36 of the value st iomio strength 0.10). The
latter experiment will be discussed more fully in Chepter V;

(i1) the mobility values were generally less accurate than those
reported earlier as the location of the maximum ordinate proved
difficilt in same cases, However, it was quite definite that in
the presence of sulphite, electrophoretic camponents with 2 higher
mobility existed, as well as components with a mobility essentially
jdentical with that in the control experiment. (For expt. mno. 2
the mobilities, corrected to an ionic strength 0,04 for eomparison

- o1t~ ).

with expt. no. 1, became ~9.0 and -10.5 x 10~7 on.%sec.
The implication was that same molecules bore an increased charge due
to thiosulphste groups, in sgreement with the discussion sbove and
that a smaller proportion existed in the original moncmeric form
with only ~SH groups present. The diffuse nature of boundary 1 in
Fig. (IV-3) suggested that the agreement of the mobility values with
those in the comtrol experiments may have been fortuitous. There-
fore, conclusive proof of the existence of wmodified monamer cannot

be claimed. Nevertheless, as all the electrophoretic components
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represented by boundaries 1, 2 and 3 (prepared by elestrophoretio
fractionation) sedimented as one boundary, quite analogous to that

in Pig. (III-1), the experiments represented a convincing demonstration
of the micro-heterogeneity antiaipated. The repolymerisation evident
on removal of the sulphite ions by dlalysis was also in aocord with

the finding that not all the -SH groups had been oonverted to thio-
sulphate groups;

(141) 4n view of this, it sppesred at first sight that the
mechanism suggested by equation (3-III) snd discussed ebove was
ingpplicable, as it implied camplete conversion to the thiosulphate
form. However, closer inspection of the proportions (albeit
approximto1 2) spparent fram the two analyses revezled that the
mechsnism was still a possibility. For exsmple, in expt. no. 1 only
20% of the ureass was present ss the polymeric form. Provided
. thiosulphate groups arose only by intermoleoular disulphide bond

cleavage, this represented the maximum percentage of uresse with a

higher mobility obtainsble on treatment with sulphite, However
expt. no. 2 showed that 75% of the protein moved with a higher
electrophoretic mobility. Thie could be expleined by cleavage of
imtramolecular disulphide bonds in uresse, but only by assuming the
existence of such groups and by further assuming that they were not
important in determining the structural integrity of the molecule
(which on the basis of sedimentation and activity measurements
eppeers to remain intact). A more reasomsble hypothesis is that
the mechanism involving oxidation of all -SH groups is operative,
but has not reached campletion at the time of these experiments.

Critical appraisal of this hypothesis requires more inforration on
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the resction of sulphydryl groups in ureass to form disuiphide bonds,
i.e. on the problem ocutlined at the beginning of this Chapter. Before
this agpect is treated, ons further observation can be meade;

(4v) insertion of the mcbility data in Table (IV-1) into the
relations between valence amd mobility given in Tsble (II-4) ensbled
the velenoce difference due to the spparent comnversion of =SH to thio-
sulphate groups to be estimated. For exammple, at ionic strength 0.10
the valences of the molecules constituting boundaries 1, 2 end 3 of
Fig, (IV-3) were =47, =62 and -65, respectively, on the basis of the
first model selected and with the asmmptions implieit in conmsidering
the second model were =53, =70 end -73. The maximm valenoe difference,
presunsbly due to -sso}' groups, was therefore approximately -20 end
represented the minimmm mmber of -SH groups, originally present,
capable of fa-ping a disulphide linkege. The calculation was of eourse
very spproximate, but agreed with the estimation of Hellerman et a1.1?
that 22 -SH groups of the type (a) were present on each molecule. At
joric strength 0.05, the valence difference was =7, and suggested that
if complete conversion of all -SH groups to thiosmilphate gramps wes
possible, the experimental conditions in this cese were less effective
than in the former case. In short, the results suggest that mmercus
disulphide lirkesges were posaible, and that the electrophoretic
analysea of samples in which these bonds were cleaved would only be
reproducible if all aveilsble -SH groups had been rescted. In this
respect it was surprising that the mi aro-heterogeneity, evident espec-
ielly in Fig. (IV-3b), was not more merked., However, it was entirely
possible that each of the boundaries, and in particular boundary 1,

was composed of species with small charge differences.
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(3) The mechanism of the formation of s disulphide bond from

FULL L) YOS TN 8.

(a) The meresptan-disulphide interchange

The mechanism proposed by Huggins et a-.'l." may be written
schenatically as,

H ﬁ s-S
S | (3-1v)
+ ——
; $

0
-
-

If the sbove formulation of an equilibrium reaction is correct,
spplication of a *pasudo-thermodynanic® reasoning leeds to some
interesting tentative conclusions, As the muber end type of bonds

sre conserved, AH® is probsbly approximately zero, and the equilibrium
ig essentially 'entropically’ controlled. It follows that no variation
in the relative proportions of the polymers should be observsble on
alteration of the temperature: this is in accordance with the results
found with semple 7 in Table (II-3). However, changing the coneen~
tration of the protein should have an effect, and as we have seen in
Chapter II, this does not sppeer to be the cass. Noreover, if as®

is large snd negative (a reasonsble assmption), the equilibriwm
oonstant would be correspondingly small, which suggests again in contrast
to the results cbtained that a very low proportion of the dimer, eto.
would exist at the concentrations used. These results may simply
reflect that the interchange is not an equilibrium reaction. Thus,

although thie type of interchange has been studied quantitatively for
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sizple malocules,’ 16 where a two step equilibriun mecherim is
proposed, there sppears to be no Justification to extend the reason-
ing to protein systems, where in same instences (B-lactoglobulin end
serum albumin) analogous behaviour is not observed.!! The strongest
argment against the operation of the interchange in these experiments
1s that the reaction slmost certainly imvolves mercaptide ions rather
then undissoclated ~gi groups,'>?16718:17 the latter grouwps being

present in this study.

(v) Direct oxidstion
The formation of polymeric species by this mechanism may

be represented as,
(=) = (us) _ -P-5-5-P-(H) , + &
(88),, 4 ~P-S-S-P-(SH), , + P(sH) (4~IV)

= (H3) M-p-s-s-i;.(sa)n_z + A
S

?
P(sH),, 4

where n represents the number of -SH groups per molecule and the
presence of H on the right hand side of each equstion emphasizes
4the fact that no axldizing sgent has been designated. In this case
the moat plausible axidizing agent to suspect is atmospheric
ma,m Considersble oonfusion exists as to the mechanism of
the moleculsr o:dﬂn.tion,s but it seems clear that the resction 1s
strongly eatalysed by mimute traces of metal ions, mach as iron and
copper. As the experimental teohmique employed in the preparation
and handling of the samples did not exclude stmospheric oxygen and
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possible traces of metel ions, the enviromment appeears suitable for
the operstion of tnis reaction. In this comection, it is note-
worthy that uresse solutions containing copper jons sre inactivated
by contast with airs activity is restored on the sddition of H,S

or m.a »22  yoreover the objection Jevelled at the merceptan-
disulphide interchange regarding the state of jomigation of the
sulphydryl groups does not seem to apply to this mechanism ( although
there is aome emtroveuya). Oxidetion of several simple thicl com=
pounds by atmospherio oxygen has been cbserved at pi values where few,

1f any, mercaptide ions e:d.stﬁ’zs

¥With regard to the equilibrium nature of the resction, it
is pertinent that, while concentration changes may not alter the
relative smounts of the polymers presant, a varigtion should be deteot~-
sble on sltering the temperature s AH® would be finite. Therefore,
while the operation of direct oxidation involving moleculsr OXygen
appears to be a reasonable hypothesis jt seems unlikely that the
reaction is in equilibrium. If this conclusion proves correct, it
is clear from the indecisive litereture on the oxidation of simple
thicls that extensions of the mechanism in more detailed texms (e.g.
as steps invalving free codicles?) would prove futile, until the

aimpler cases are mors intensively investigated.

(c) The participation Of molegular OX in the pol sion
resction
Three observstions were made which indicated that the oxidation
of -SH grops by moleciulsr OXYgen was jmportent in disulphide bond

formation in urease golutions, both in the presence and sbsence of



sulphite ions;

(1) with sample 4 the relative proportions of the components
were unsffected by standing in sclution for perlods which ranged from
2 hr., to 30 days after the final recrystallisstion end initial solution,
Thus, aix sedimentation velocity analyses over this period revealed
the smounts 90%, 10%, 0% for the components referred to in Table (11-3).
The result did not sppear compatible with the hypothesis sbove, which
implied that provided molecular oxygen and traces of metal ions were
availeble, the relative amounts of the higher polymers would increase
with time. The disparity oould be attributed to the presence of
cysteine-hydrochloride, which was shown in Chapter III to affect the
apparent relative proportions in an umpredictsble mammer ( quantitative

information on the equilibrium resction (6-1II) being unavailsble).

It beceme of considersble interest tharefore to repeat
these experiments with a sample prepared in the camplete absence of
any cysteine-hydrochloride. The relative proportions of the cam~
ponents in sample 9, prepared in this way, were reported in Table
(IV-1). The results were obtained two days after the final re-
crystallization. Oxygen was bubbled slowly and cerefully through an
aliquot of the solution which was then left to stand at room temperature
for a further 24 hr. The subasquent sedimentation velocity analysis
revealed the following peroentages of the camponents, 37%, 2%, 4%
and 15%. The decrease in the relative amount of the slowest
sedimenting species and the increase in the relative proportions of
some of the higher polymers, while small, supports the hypothesls
undsr considsrastion. In these experiments a double sector cell was

employed, thus eliminating errors in locating the position of the
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base 1ine in area determinations, and a phase plate replaced the usual
inclined wire in the schlieren optical system, thereby improving the
definition. Accordingly, the aress under ths pesks (oorrected for
radial dilution) were more accurately determinable and hence the aiffer~
ences observed are significant. The oxygenated ssmple after a further
three days had precipitsted and sedimentation velocity analysis revealed
the sbsence of the components under oonsideration. It was a general
finding in this work that those solutions which were not directly
oxygenated developed a faint turbidity and lost half their activity
after ebout two months;

(41) the complete exclusion of oxygen during the preparation of
urease would provide a direct and elegant test of the hypothesis;
but the experimental difficulties with the facilities availsble were
considered prohibitive. (The alternative removal of metal ions by
chelating agents would be less conclusive and in view of the reosnt
findings of the effect of ethylenediaminstetre~acetic acid on disulphide
bonls, perhsps undesirsble>’). However, a simple ard analogous
experimental epproach follows from the observation that, even after 7
deys in the presence of sulphite, urease was cspeble of repolymerization
on removal of the sulphite by dielysis. The efiect of the removal of
sulphite ions from semple 8 has already been reported ard this exper-
jment served as a control to the one in which an aliquot of the
solution was dialysed for the same time sgainst the same phosphate
buffer, which had been freed from traces of dissolved oxygen by
bubbling oxygen free nitrogen through the boiling buffer. The dialysis,
ineluding several changes of buffer, wes conducted in a dry box under

nitrogen and the ultracentrifuge cell filled in the ssme enviroment.
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Trages of oxygen in the ocumercial rdtrogen used were removed by
passing the gas through famr consecutive bubbling towers conteining
chromous chloride. Sedimentation velocity analysis revealed, in
contrast to the control experiment, only the Sm.' 20 pesk evident
in the presenoce of sulphite;

(114) the implication from the findings at this stage was that
moleoular oxygen could effect the camplete oxidation of all sulphydryl
groups to disulphide linkages in the presence or sbsence of sulphite
ions, provided sufficient oxygen were svailsble and enough time
allowsd., It follows that under these conditions ocamplete conversion
of the -8 groups to the thiosulphate form should be spparent on
electrophoresis in the presence of sulphite ions. To test this hypo-
thesis ssaple 9 (of. expt. no. 4 of Teble (IV-1)) wes recovered fram
the electrophoresis oell smd dialysed sgainst the ssme buffer, which
was periodically oxygenated, for a further two weeks and subjected to
electrophoresis., The lesding boundsry was a single symsetrioal peak
(instead of bounderies 2 and 3 in Fig, (IV-3b)) with a desoending
mobility of =9.8 x 10-5 a.zm.dvoltd, with no evidence for a
boundsry with a mobility corresponding to boundary 2. This supported
the gensral hypothesis of ultimate conversion to the thiosulphate farm.
However, the diffuse boundary 4 was spparently unzltered both with
respect to proportion and approximate mobility, and, therefore,
represented an andaalous finding, if the simple hypothesis were
correct. The persistence of this boundary, which, as has been
emphasiszed eculd not unsquivocally be sttributed to the enzyme exist-
ing in the -SH farm, might have been due to electrostatic binding of

anall treces of metal ions to negatively charged -SSO;, resulting
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in species with a range of mcbilities less than -9.8 x 1077 om.?

-4 Sl

sec. 'volt '; but this explanation is extremely tentative.

In spite of the snomaly, the evidence in Table (IV=1) and
the experiments sbove, directly employing molecular oxygen, appesr
overwhelmingly in favour of a direct oxidation of the sulphydryl
groups of urease to form disulphide bonds, rather than a mercaptan~
disulphide interchange mechanism. In the prescence of sulphite,
it eppears that the same mechanism operates and cleavage of the bonds
formed remults largely in e aingle species possessing -SO; groups

rather then -SH groups,

(4) Purther studles.

Considersble emphasis has been given to the single peak
cbserved in sedimentation veloalty studies in the presence of sulphite
ions., While the identification of the species with that in the
sulphite free solutions has been partially justified, no evidence
regerding the possible heterogeneity of the species, other than
that due to charge differences has been adduoed. Since such inform-
ation on the extent of ths heterogeneity would be very desirsble,
two further series of studies have been made on ureass. The first of
these consisted of an examination of its behaviour in free-diffusion
experiments, and the second of a detailed sanalysis of the boundary-
spreading in sedimentation velocity experiments. Both of these
fields have sanemhat camplicated theoretical backgrounds, a fect
which leads to the use of rather elsborate symbolism in expressing
the results. Accordingly, the next chapter (on the diffusion studies)

erd Chepter VI {on boundary spreading) eash commence with a brief
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sumsry of basic theary relevant to the topic conaidered.

In conclusion a third general method of attacking the
problem must be mentioned. This is the starch-gel electrophoresis
procedure of Smithies, 22 which has been so muccesaful in resolving
the minor ctmponsnts of serum, Its application to the urease

system has not yet been explored.
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THE APPLICATION OF THE DIFFUSION METHOD TO UREASE

SECTIGN A  Essential Theory
(1) Gonsral outline. The cholce of the Reyleigh optical
systam.

(2) Analysis of Rayleigh interferogras for three eomponant
systems.
(2) The estimakion of heterogemsity. Defimition
of the o p fumction aad the deviation plot.

(b) The deteminstiom of the “haight ares” diffusion
goef'Ticlent average, Bﬂ.

{¢) The determinstion of the comoentration dependence
of the diffusion coefficient.

SECTION B The Diffusion of Urease
(1) Introduction

(2) The aiffusion of the polymeric mixture. Consideration
of the sizs of the polymers.

(3) The diffusion of the sulphite modified form of urease.

(4) The malecular weight of the modified form of uresse.
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SEOTICH A Eassential Theory

(1) Gensral Qutline.

When a sharp boundary is formed in a cell between solutions
of two different concentrations, the macroscopic flow of ocamponsnts
which results due to differences in chemical potential is texrmed

atffusion.’

In modern diffusion experiments the progreas of this
mess transport with time is followed by using either Gouy or

Rayleigh optical systemszz-12 the former gives essentially the
refractive index gradient distribution, amd the latter, the refractive
index versus verticsl cell coordinate in terms of interference
fringes. In this study, the Rayleigh optical system was exployed
exolusively and accordingly further discussion will be restricted

to the analytical procedures applicsble to this type of interferogranm.

Creeth and Gosting' ' have formulated equations, which
ellow analysis of Rayleigh interferograms to be made in tems of two
solutes, estimates being obtained of the ratio of the diffusion
coefficients and the relative proportions on a refractive index bazis.
The potentisl value of this procedure to protein diffusion exper-
iments is immedistely spparent. Provided the salts, constituents
of the necessary buffering medium, are assumed to be part of the
solvent rather than edditional solutes, the protein solution may be
considered as a three component system, consisting of the solvent,
the main protein component and a single impurity. The Cresth and
Gosting treetment permits en evaluation of a "height area" diffusion
coefficient average and of the extent of the heterogeneity in terms

of a fringe deviation disgram. Moreover, airve fitting proocedures
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have been desaribed,’??! dwhich ensble the diffusion coefficient of
the main protein ocamonent at the measn concentration of the experiment
to be estimated. A correct and meaningful interpretation of the
deta in terms of these quantities relies on the following agsunptions:

(2) each solute camponent diffuses independently: i.e. no
interaction of flow between the componsnts present;

(b) the aiffusion coefficient of each compoment, D;, is either
eonstant or a linesr function of the conoentration of the camponent
o the form, _

Dy(C) = 1,(C,) [1 + ky(Cy = Ty)] (1-v)
C, is the concentration of the 1'th component and C, the mean
concentrstion, given by 51 = 4((c,), + (Cy)p], where the subsoripts
A and B refer to the concentration of the component i in the two
phases between which the bourdsry is formed;

(o) the refractive increment, An/AC, of each solute component
is either constant or depends linearly on its concentration and is
independent of other oomponents. This means that the refractive
index, n, of the solution will be given by the expression,

- - =g - ==
n = n(c‘,....cq,) « 5 R,(C; - 1)[1 + a,(C; - C,)] (2-v)
bE 2|
where 1{51.....'6‘;,) is the refractive index of a solution in which
all solutes have a concentration '51 equal to their mean conocentration,
R1 and a, are ccefficients characteristic of each of the q solute

camponents (the solvent being excluded).

The applicsbility of these assumptions will be carefully

exsmined later. Before this, howsver, it is neoessary to cutline

briefly the Creeth and Gosting treatment of three-component systemsx“
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only those equations and functions are discussed which are directly

applicable to the experimental sections,

(2) Anslysis of Rayleigh interferograms for three-component systems.
(a) The estimation of heterogemelty:

A typical Rayleigh interferogrem is shown in Fig. (v-1).
Each minimum between the fringes is assigred a mmber, j, from j = 0,
4n the regicn of homogeneous solvent to j = J, in the region of homo-
geneous solution: J, then, is the total mmber of fringes end ia
therefore a measure of the total refractive index change across the
boundary. The distance between mindma with particular j values is
measured on a series of photographs teken at suitsble times. The
data 50 cbtained are used to define two functions, H(z*) and H(VJ),
which are identical only in the case of a single solute. The origin
of the two functions will now be briefly outlined.

(1) BE(=%)

This is defined by the relation,

2 -J
J

where z* represents the ideal normalized displacemext for the fringe

£2(J) = a H(z*) (3-v)

musbered j. The symbol H i3 used throughout this section far the

probebility integral.
z

H(z) = —2— Q-ﬁ dap (4=V)

Jx Jo
The H(z*) value for each fringe is resdily cbtained frau a count of

the fringes in the interferogram.
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Fig. (V-1). A Rayleigh interferogran of a diffusing boundary:
the method of fringe numbering is illustrated.



(1) H('i)
It is convenient to mention first the funoction H(zl).

This is the probability integral for s,, the experimentally cbserved
reduced displecement for the fringe j, in terms of the “height area"
diffusion coefficlent averasge D,:

x
IA =
2 /i %

where x is the 'actual'! displacemert of fringe j at time t from the

(5-v)

initielly sherp boundary at ¢ = O, and DA is defined by the relation,
i
0¥ . T o h (6-7)
g
vhere o, 1s the refractive index proportion of the i'th solute, whose
diffusion coefficient is D,.
bny

i=q
Yo Any
i=4

@ = (7-v)
In contrast to H(z*), the function H(s,) camot be obtained directly,
because x (see equation (5-V)) cammot be measured. This difficulty
is overcome by mesasuring the seperations between fringes aymmetriocally
placed sbout the J/2 position: in this way first order soncentration-

dependsnce effects are eli.minnted.w

However, in a concentration-
deperdent system, it cannot be assumed that the distance between two
symmetrical fringes is equal to twice the distance of both from the
initially sharp boundary position. Consequently, it is only possible

to cbtain an estimate of z,, termed vj.



9

X3 = & X33~ X3

w/s T WE =9

where X is an arbitrsry camperator reading. Accardingly, the differ-
enoe function, gy MAY be evalusted from the quantities astually

V3

measured.
ap = B(vd) - H(z*) (9-v)

In the rigorous derivation of 1 p, values obtained in this way have

been shown to be free of first order concentration~dependence eﬁ'ects."

Values of L are plotted against the corresponding

[H(5*)]° velues (chosen so that the limiting alope of the remiltant
ourve is finite as H(z*) — 0), to give a deviation plot. These
diagrams, illustrated by Fig. (V-2), give values of 2o, the relstive
fringe deviation in terms of a probebility integral, over the whole
boundsry. Curve fitting procedures have been devised to analyse this
curve in terms of the relative concentrations and the ratio of the two
diffusion coefficients of the two solute components. The relevant

equation for the case of a slightly impure solute is

ng ~ o, P(s*,/r,) (10=v)
where T, = 1/])_2,. (ui' and D, demote the refractive index proportion
end diffusion coefficient of the main componert, respectively, and

a4, and D, the corresponding quantities for the impurity.) F(z'./rz)

i8 a complicated function and has been tabuleted for values of =* and

"2'11' It is implicitly sssumed in equation (10-V) thst only a small

apount of impurity is present ani therefore any terms involving “:
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A typical 'deviation plot', the crosses representing

the mean observed deviations, whilst the lines are
attempts at curve fitting.



92

are amitted. If this is the case, the sbscissa position of the
naximm of the deviation plot is determined essentially by r, and,
oonsequently, an approximste value of r, can be found by inspection
of the tsble of the F(s*,/r,) values. A carresponding value of a,
can be estimsted directly from equation (10-V) using the maximum
value of N pe As the position of the maximm is not very sensitive
to variation in Tps 1t is not possible to fit the observed deviations
to a unique pair of values of Qs and r,. Instead the curve fitting
procedure is used to define an upper and lower limit for Tyt this ia
$1lustrated in Fig. (V-2), where the corresponding values of a, are also
given. In addition, by combining equations (5-V) and (6~V) and

employing the relation o, = 1 - oy it follows that

2
D, = D, [1+0, (Vr, - 1)] (11-v)
apd thus the diffusion coefficient of the main component can be given

within the limits defined for r,.

(b) The determination of D,
The evalustion of vd and hence 1 o requires one other

quantity D,. To ocbtain Dys in practice, use is made of the function

Y,, defined as,

X4~ X
Y, = i (12-v)
=2 %
J
where Xy~ and xd ere arbitrary comparastor readings for the symmetriocal

fringes J-3 end J. The quantity Y/J/%t is time independent and when
plotted against (z')z gives an extrapolated value as z* —> O, which

can be directly employed to evaluate DA'
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b, = vl B, 1° (13-9)

M is the magnificstion from ocell to photographic plate. The extra-
polation of X/ Jt 4in principle is unsetisfactory s it uses
progressively mmaller fringe separations: accordingly, an extensive
averaging procedure using photogrsphs taken at different times is
aployed. (Similarly an average value of v, is also obtained.)

The experimentally caloulated value of the *height area" diffusion
cosfficlent aversge is commonly referred to as D} to exphasize
that it will only equel D,'* in the absence of flow imteraction effects

and second order concentration-dependence csi‘fec'hxs!c”15

Any varistion in T/ J/t ar v, with time is a cleer
indiostion that the diffusing solute is ohanging with time and, in
this respect, provides a useful check on the validity of diffusion

experiments involving lsbile materials.

(o) The determinstion of the comcentration-dependence of the
diffusion coefficient
As has been mentioned, meamurements for the determination

of g mdnkmmadebcmenfrmgea symstrical gbout the J/2
position because it can be shown that such measurements sre independent
of first order comcentration-dependence effects, If unaymetriocal
fringe separations sre tsken, these effects and others due to higher
terms are observed. Provided second and higher order effecta are
sbsent and the refraction increment of the main solute camponent is
independent of the ooncentration, the skewnsas of the boundery due

to the oonoentration dependence of the diffusion coefficient can be
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caloulated using the relation,

2g
As, - Az% - A (
H'(z*)

ACy
) = =k, (—) AR(g*) + .. (14-V)
2

vhﬂ.-ohlis obtained by pairing any two unsymmetricsl fringes, k and

1, i.e.
bz, = (x - ﬁ)/z,/ﬁk t (15-v)
nnf - p
A (E.(“)) is obtained by pairing the corresponding velues of el
where H' denotes the derivative of the error integral. R(z*) is e

function tebulated by Greeth.w A plot of the function on the left

hard side of equation (14-V) against AR(z*) gives a straight lime,

the slope of which ensbles kl to be determined. It is, thereby,
theoretically possible to dstermine k, from a single experiment.

Thus a value for the diffusion coefficient st zero protein soncentration,

Do‘ may be obtained.

Do mey be related directly to the molar frictional
coefficient, f. Thus, if one cansiders the diffusion of e single
solute, of concentration C, in a two-camponent system, an expression
for the diffusion coefficient, D, may be derived by the methods of

thermodynsmics of irreversible prooams.16

D = RT/f [1 + Cdlny/dc]) (16-v)
where y is the activity coefficient of the solute. At zero soclute

conoentration this equation reduces to

D, = RI/f (17-v)

Nevertheless the skewness results in this study were not used to
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evaluate D; but were intarpreted only in a qualitative mamer (see
experimental section).

SECTION B The Diffusion of Urease
(1) ZIntroduction

A necessary preliminsry to the spplication of the diffusion
method to uresse was a study of a 'model' protein system, where the

mejor sssumptions oould be tested. Earlier wark

has given plausible
enalyses for several proteins, but in each oase, the experiments were
dons at the isoelectric point. However, the diffusion of urease

(or more partioularly, the modified derivative present at pH y))
involves species bearing a net negative cherge. In order to check
the effect on the results of using charged species, a series of
experizents have been made on ovalbumin: these are summarized
(together with same earlier work'' on the diffusion of ovalbumin at
the iscelectric point) in Appendix 1 ae they do not form part of the
main theais. Reference to this Appendix will, however, be made

frequently in the following seotions.

(2) The diffusion of the polymeric mixture

Scme attempts were made to cbiain informstion on an average
diffusion coefficient and the extent of heterogeneity (in terms of
species with differing diffusion coefficiemts) of samples of urease
in the sbsence of any reducing agent. The outline of one experiment
will suffice to illustrate the type and limitations of the resulis
dbteined. Sample 2 was dialysed against a 'Veronal' buffer, pH 7.5,
iorde strength 0.10 and diffused in a Rayleigh diffusioneter. In
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this experiment, where J = 64.66, the sharpness of the initial boundery
wes judged satisfactory as the zero time, At, was 334 sec., a value
compareble in magnitude to those cited in Tsble (A-1). The experiment-

1

ally cbserved diffusion coefficient ( &)A = 1.8 x 10-7 m.zm.' at

20.00°, carrected to water) was mch lower than the valus of

346 x 10-7 an.zm.-" found by Sumner et a1.,18

who diffused urease
in the presence of sulphite ions, This discrepancy is to be expected
1f the species with sedimertation coefficlents greater than 20
correspond to lerger molecular weight units with smaller diffusion

coefficlents,

The pearly symmetrical deviation plot, shown in Fig. (V=3a),
was very much greater in magnitude (N wox. = 680 x 10-2") than any
previcusly reported using this analysis procedure, including all
those presented in Appendix 1. In this case, any atterpt at curve
f£itting would undoubtedly be quite misleading. In perticular, it
should be emphasized that the experimental conditions do not epprox-
imate to the diffusion of a slightly impure solute in an otherwise
two-component aystem, and, therefore, equation (10-¥) would be

inapplicsble even if higher order terms were considered.

In short the results qualitatively agree with the premise,
founded on sedimentation velocity analyses, that urease samples in
the enviroment chosen sre a mixture of macromoleculsr canponents of
different moleculer weight; but no estimate can be given of the
relative proportions on a refractive index besis nor of the relative
aiffusion coefficients. It is pertinent to note, therefore, that

21l iransport experiments, with the exception of electropharesis,
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Fig. (V-3). Pringe deviation diagrams for urease, the crosses

representing mean observed deviations.
(a) Sample 2 in 'Veronsl' buffer, pil 7.45, ionic
strength 0.10,

(b) sample 6 in a phosphate buffer containing sulphite
sons (pi 7.0q, 0.OLBM NaghPO), 0,021} KigPO,,
0,031M NayS03, 0.013M NaHS03) .
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have indicated the complexity of the camposition of samples of urease.

1t was of interest =s a consequence to study electro-

phoretically a similar sample employlng conditions where better
resclution might be achieved. In Tsble (Iv-1), expt. no. 1, anal-
ytical axd electrophoretic data were presented for sample 8: Tig.
(V-}) shows the electrophoretic pattern obtained. When compered
with Pig. (II-3), cbteined at a higher jonic strength, the slight
resolution of the leading boundery in Fig. (V-4) is apparent. The
resolution into three pesks (lsbelled 1, 2 and 3 in order to descending
negative mobility) did not permit any quantitative estimation of the
relative amounts of the components; but at least in a qualitative
marmer the proportions indicate that boundaries 2 and 3 could correspond
to the dimer and 'trimer® postulated previously. On the basis of
the reasoning given in Chepter II, the resolution would be expected
t0 be poor even under favoursble conditions, if the models used
spproximated to the actual cese. In fact the ratio of the desocending
mobility values for bounisries 1, 2 and 3 was approximately 4:09:0-8.
It was, therefore, compstible with the hypothesis of a monomer-dimer-
etc. system (for exmmple, a change from s spherical monomer to a
aimer of axial ratio & would give a mobility ratio of 1:0-89). The
possibility of impurities with relatively low mobilities constituting
boundsries 2 and 3 was eliminsted by electrophoretically fractionating
the three leading boundaries, 1, 2 and 3, and sedimenting. The
centrifuge pattern showed the usual three fast sedimenting peaks in
the ratio 80%:15%:5/% end no trace of any slower moving boundary.

Further oonfirmation is required before the hypothesis

concerming the size of the polymers remiltant on disulphide cross-~



Fig. (V-4). Electrophoretic pattern (ascending linmb) of
urease, sample 8 in 'Veronal' buffer, pH Toliss
ionic strength 0.0h after 166 min, at a o
potential pradient of 4.0 volt cm.”
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1lirking can be acoepted. Fundementally this would involve the
evaluation of the molecular weight of each of the species, and in

this respect the determination of a diffusion coefficient for each
would be invalusble. The diffusion experiment outlined in this
section, together with the conclusions presented in Appendix 1, serves
to emphasize the insbility to treat the data with existing thearies

to obtain this informetion direstly. An alternative approach would

be to employ the Archibald method'” to cbtain 2 weight average value
for the ratio of sedimentation coefficient to diffusion coeffiocient,
erd hence s weight average moleculer weight. Provided the molecular
weight of the monomer could be asseased, ultracentrifugsl anslysis

of the aﬁple and a refractometric determination of the initial conoen-
tration would provide the sdditional information required. It remains,
however, to estsblish the molecular weight of the monomsr before the
procedure gould be applied. The addition of sulphite hes been shown
to produce a species of uresse which sppears to be identical, except

for minor chemical differences, to the monomer in the polymeriec mixture.
Therefore, it is loglcal to foous attention on this species, to assess
the moleculer weight, to test the homogeneity and to confirm that it
represents the monomeric form of urease. (In view of a few unsupported
suggestions in the literature’ ’Z' oonoerning the possible existence

of low moleculsr welght urits of urease (A 10,000), the latter point
requires careful examination before the term moncmer can be categorically
assigned o the Sgo,w 20 camponent). The diffusion of the sulphite

modified form of urease will now be disoussed.
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(3) The diffusion of the sulphite modified form of urease
A diffusion experiment on sample 6 (J = 110.8,) in a

buffered sulphite solution (0.048 Na PO, 0.021M mzvoh_, 0.034M

Na,S0,, 0,013 N5H803). PH 7.0g, gave the cbserved diffusion coeffioient,
D, of 3.28 x 107 an.%sec.”t at 20.00°, corrected to water. The
sharpness of the imitial boundary was again judged satisfactory as

the At value was 165 sec. There sppeared to be no variation in the

diffusing solute with time: Jt and v, were time independent.
- J

The deviation graph, Fig. (V-3b), was markedly smaller in
magndtude than that shown in Fig, (V-3a): it should be noted that the
sosles chosen for the vertioal sxes are different. The striking
contrast is illustrative of the proncunced effect of sulphite on the
system. Nevertheless in comparison with other results, for exanple
those presented on ovalbumin in Appendix 1, the Q'Rnax. value is
relatively large. Consequently, the following factors should be
carefully conaldered.

(a) As the diffusion experiment is conducted with dialysed
solutions, and the protein bears a net negative charge, a negative
incremernt of salt must be superimposed on the positive concentration
increment of protein at the stert of the experiment. FProvided thet
the flow of salt (due to this Donnan conoentration gradiient) proceeds
in the manner described in Appendix 4, consideration of its effect
would give a larger value for 'Q'R nax.® Moreover the shepe of
the remultant curve would be altered: the maxirmum would presumebly
be shifted to the right. In this case, however, no attempt wes made

to assess the magnitude of the buffer grailent inherent on dialysis
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as the assumptions involved in assigning a charge to the urease
species present were considered prohibitive.

(b) The results on ovalbumin provided evidence indicative
of & flow of buffer salts resultant on the flow of protein. This
effect was reflected as a positive deviation in the fringe deviation
diegrems. In addition, it appesred that larger deviations eould
be expeoted if the charge on the protein were increased. It is
likely that similer electrostatic coupling of ion flows ocours in
the urease experiments, Consequently it may be implied by analogy
that the cbserved devistions could be attributed, in part, to flow

interaction effects.

{e¢) A distinct possibility exists that a small smount of
impurity unrelated to urease was present in the sample. In asveral
ultracentrifuge patterns, particulerly those found using samples ).,

8 and 9, the refraotive index gradient cbserved near the menisous
after 30 min, was too large to be acocunted for by the slight redist-
ribution of buffer salts evident in control experiments. Accordingly
it was attributed to a macromolecular impurity of S 4~6. In these
samples the presence of electrophoretic components with low mobilities
(ef. Fig. (IV-3)) was associated with this impurity. In all
probebility it was largely concanevalin B, a protein with an 3 of
4,22 which crystallizes slowly fram Jeck Bean Mesl extracts.”
The identification was supported by the exsmination, using a micro-
scope, of the precipitate obtained by stending solutions of these
samples at 0° for several days. Long needle-like erystals were

observed and ultracentrifugal anslysis showed that the supernatant
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persistent appearance of concanzvalin B in certain samples even after
two recrystallizations mist, it sppears, be attributed to the well
known varisble nature of the meal, as several ssmples prepared from
aifferent batches of meal sppeared virtually free of this contamination.
This was the case with sample 6 which was used for the diffusion
study. |

In view of these considsrations it is clear that little can
be deduoed concerning the homogeneity of the sulphite modified form
of urease from the diffusion studies. Certainly, the cbserved
deviations cannot be taken as decimive evidence that urease species

exist with different diffusion coefficients.

(4) The moleculer weight of the sulphite modified form of urease
It slso follows from the sbove considerations that the

value of & , (whioh egrees quite closely with that found by Sumner
ot a1.'8 under identical conditions) is not the diffusion coefficient
appropriate to the Svedberg moleculer weight expression (cf. the
exsct form of this expression given by Bal 22.,)_ Therefore, the
results do not allow a relisble value of the molecular weight to be

derived. If the extrspolated sedimentation coefficient in sulphite,

o
S20 o’

spparent value of the molecular weight is 550,000 (V being tsken

as 0.73'9).

1s cambined with the cbserved o0 5 (also in sulphite) the

This differs from the presently accepted value of

180,000 mainly becsuse Sumner et o.1.18

did not attempt to extrapolate
their sedimentation data. However, the value of 550,000 isalmost

certainly incorrect snd the uncertainty emphasiges the inadvisebility
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of placing undue reliance in calculations involving the molecular

weight.

A better prooesdure to evaluate the molecular weight would
be to combine sgo" with a similerly extrepolated ¢0,, if such a
value were availsble., The limitations of the diffusiometer avail-
able in these leborestories prohibited the direct application of
equation (14~V) (see experimental section). A series of diffualon
experiments st different protein concentrations would thus be required
to obtein the extrapolated value. In addition, the Svedberg
expression in its simplest form epplies strictly to two- component
systems and will thus be valid only eo far as the system urease-
buffer-sulphite-water spproximates to such a system. However it
could be applied with some confidenoce provided the protein (free of
any impurity) was electrically neutral and the concentration of the

buffer did not exceed 0.111.25 »26

A preliminary investigation on

the effect of lowering both the ionic strength and the pl of the
solutions is therefore desireble. The latter point is of particular
interest as possible flow interaction effects would be reduced as the
charge on the protein decreased, and the value of o(’) A would

currespondingly approximate more closely to the value required.

The survey on scme of the complications involved in the
determination of a relisble molecular weight from diffusion and
sedimentation measurements =hows clearly the need for more diffusion
studies and mibsidiery investigations on the effect of variastion of
envirommental conditions. The interpretation of both of these atudies
would be materially facilitated if the hamogeneity of the sulphite
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modified form of urease could be dsmonstrated by some other means.

This espeot is considered in the next chapter.
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SHAPTIR VI

PHE HOMOGENEITY OF THE SULPHITE MCDIFIED ICRM
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A theoretical cutlins of boundary anslysis.

(a) The defimition of the spparent sedimentation
coefficient dlstribution, g* (§).

(b) Extrspolation procedures to infinite time.

The distribution of sedimentation coefficients in samples

of urease in ths presence of sulphite. Experimentel and
resmlts.

The effect of lowering the pH and ionic strength.
(s) The effect of pH. Results and discussion.

(b) The effect of ionic strength.
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(1) A theoretical outline of boundery analysis.

Analysis of the boundary gradient curves observed in
sedimentation velocity experiments is in principle capeble of glving
a distribution of the sedimentation ccefficients of the molecular
species present in terma of the proportion of each species in the
.solute.1 In prastice the determination of such a distribution is

complicated by several fectors.

First, radisl dilution and the incresse of gravitational
field with distancs from the centre of rotation affect the shape of
the experimental schlieren pattern. Signer and Gross- have form-
ulated an equation which relates any cbserved refractive index gradient
boundary curve to an spparent sedimentation coefficient distribution,
g*(6): the distribution cbtained is free of these effects. The

function g*(§) is defined as follows:

s an wzisx3
“ < T T (1-v1)

where dn/dx = the refractive index gradient at x
@ = the angular velocity
£t = the time from the commencement of sedimentation
An = the totel refraction increment of the solute at
t=0
x_ = the position of the menisous
= distance of a point in the boundery from the

centre of rotation.

The value of & (a reduced coordinate with units of

sedimentation coefficlent) may be determined for each point in the
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boundary by employing the integrated form of the definition of a
sedimentation coef‘t‘i.f.szi.ems;.5

1n(x/x)

d = >

(2-v1)

w™ %

A plot of & values versus the corresponding g*(5) values gives a
normalized distribution, which represents the spparent distribution
of the sedimentation coefficients of the sedimenting species on a
refractive index concentration scale. However the spparemnt distrib-
ution will reflect the actual heterogensity of the semple only if
diffusion and concentration-dependence effects are negligible and
the specific refractive increment of each species is constant. More
elsborate procedures must be employed when any of these effects are

proncunced.

The effect of diffusion, when signmificant, may be eliminated
from the spparent distribution by extrspolation of g*(8) values for
a mmber of § values at different times during a sedimentetion
experiment to infinite time.*"® This procedure utilizes the fact
that the spresding of the boundary due to diffusion is proportional
to the square root of t, whereas the spreading due to the difference
in sedimentation coefficients of the species present is directly
proportional to xt. Thus where diffusion is e significant effect,
one has the appesrent parsdox of the sharpening of the g*(8) - &
ourves with time: +this ocours because the effects of diffusional
spreading become relatively less important es time increases, until
they dissppear altogether at infinite time. The distribution

obtained will be the distribution of sedimentation coefficients
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with the effects of concentration dependience superimposed. The
latter effects may in turn be eliminated by procedures which assume
linear, and known, dependence of sedimentation cosfficient on concen-
tration.’?  Alternstively sedimentation experiments at a series of
different cancentrations can be perfarmed and the diffusion and

dilution independent distributions extrspolated to sero oomentraticn.w'“

The possibility of the existence of litile or no hetero-
gensity in the modified samples of urease iz very strong. Moreover,
the reasonsbly large value of &, reported in the preceding chepter,
suggests that the diffusion effect may be large. In such cesea
eonsidersble care is required in sslecting a suitsble extrspolation
procedure to eliminate the diffusion effect.s Ba.‘l.d!rln6 haj shown
that the caloulation of the standard deviation, p, of the sedimentation
coesfficient distribution fram 6 2, the secord mament sbaut the mean
X of the boundary gralient curve, would be more meaningful under these
cirgumstances. A detailed equation has been cbtained expressing the
time dspendence of the secand moment of the gradient curve sbout the
mean, which spplies to materials showing a linesr dependence of S on

¢,? and reduces to e aimpler form if the dependence is negligible, '°

The expression has been applied in a more spproximate form' - end
provided a suitsble test for the homogeneity of the sample; but the
application relies on the estimation of the linear dependence of S on
C. 1In view of the results plotted in Fig. (IV-1) this procedure is
not strictly epplicsble to the case of urease. As ean alternative
Balduinﬂ has devised an extrapolation procedure to infinite time,

which applies particularly to cases where the effects of diffusion are
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large and the heterogeneity of the sample 1s mmell. The method is
essentially empirical, but was successfully spplied to sedimentation
patterns cbtained with hog thyroglobulin (which has similar macro-
scopic properties to ureass). A brief outline will now be presented

of the data required for the extrapolation.

From esch boundary gradient curve values of the function
(5 - 5)2 are found for perticular velues of g*(8)/g*(6)__  (e.a.
0.2, Ok, 0.6 and 0.8). In eseence this involves the cholce of a
suitsble value of dn/dx from the experimental record and the eval-
uation of § fram the corresponding velue of x: in practice a graph-
fosl interpolation procedure'” is employed. Sets of velues may be
cbtained from both the trailing and leading edges of the boundary,
and, in this respect, the method is mweriaor to other approaches,
where equations must be spplied to the whole boaundsry curve. The
velue of 3 is found from the rate of movement of the position
corresponding to the square root of the second moment of the boundary
airve. The procedure is applied to several exposurea in the one
experiment, taken as sedimentation proceeds. Baldwin suggested
that a plot of the (& - ‘s')z valuss against 1/\*.»"-“’zt should extra~
polate to the origin (the point 0,0), if the material were hamogenecus
and other effects were negligible., Consideration of these latter
complications will be deferred until the extrapolation procedure

has been gpplied to urease.

(2) The distribution of sedimentation coefficients in samples of
urease in the presence of sulphite.

The refractive index gredient bouniery curves chosen for

enalysis were obtained by sedimenting different concemtrations of
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sample 6 in a buffered sulphite solution (0.048 n..‘;ipok, 0.021M
m,‘,?ok, 0.034M m2303 and 0.013M NeHS 5). All experiments were

performed at 47,660 r.p.m., st a tesperature within 0.2° o 20°.

Values of g*(b) and Sa0,p MeTe found from each of four
exposures, tsken at regular time intervals in the one experiment:
three sepsrate experiments, performed with different protein concen-
trations, were snalysed in this way. (The synbol sm’b is used to
exphasize that the values of 5, found st 20°, have not been corrected
to water). Fig. (VI-1) shows a typical result of plotting g*(5)
against 53),1» for four exposures of the one experiment. Examinstion
of the normalized distributions reveals that they are nearly
symmetrical. Also, it ia spparent thet the range of 620,1: values
progressively decreases from 12.6 Svedbergs at the eerliest time
(deshed ourve) to 7 Svedbergs et the longest time (s014d curve).

A3 we have seen, the distributions are only sppsrent becaise diffusion
end the dependence of S on C have been ignored. The reasonsbly large
value of gl)‘ and the progressive decresse in the range of 520,1)
values with increasing time suggests that the spresling of the bound-
ary due to diffusion is the most important of these factors (see p.
407). Acoordingly, the dsta were mubjected to the method outlined
by Baldwin.'?

Velues of the funstion (8 - 8)° were found from every
exposure at the fixed values of g*(&)/g"‘(&)mu. of 0.2, Ouyy 0.6

"and 0.8. Although both sides of the boundsry wers anslysed in this
way, the corresponding values of (5 - 3)° proved to be essentislly

jdenticel. The position corresponding to the square root of the



¥
T (o]
X
o
o
=
I+ X
3
3
e
: 3
a
-
2t
'_
i
L 30
0 10

[ I3
“onp X0

Apparent normalized sedimentation coefficient digtribubions
of urease in phosphate buffer conbairming sulphi te ions,
Protein concentration was 80 frinpes (v 14 78). The dist-
ributions were found at different times in the same experiment:
crogses, t = 2,501 sec.; open circles, t = 1,901 sec.
half filled circles, L = 1,421 sec.; filled circles, © =
The lines (solid anl das

WA sec, ashed) represent attempls
w0 average the data for the two extreme Limes.

.



114

ssoond moment of the boundery gradient curves was used to define s
for each experiment. Only a 0.5% difference existed between these
values and those found either by saveraging & values (calculated at
seversl positions across the boundary) or by employing the rate of

movement of the maximum ardinate. A plot of (8 -'nT)2 against

1/4e"

ot for an experiment where J = 80 is shown in Pig. (VI-2a).
Other results found with lower protein concentrations were of the sane
type. The ettempted extrapolation (indicated by the dashed line)

ig somewhat unsatisfestory as the experimental points lie on a curve.
However it shows cleerly that the values of (b - 3)2 closely spprox-
imate to gzero at infimite time., Thms it may be concluded that the
sulphite modified form of urease does not show sny measureble hetero-
gensity when subjected to this test. This conclusion, however, is

B.ﬂ?ject to two important limitations.

First, it must be stressed that the ooncentration dependence
of the sedimentation coefficient has not been considered: this effeot
may tend to mask any slight heterogensity. However, experiments
were chosen where the sedimentstion coefficient was within 10% of its
value at infinite d:l.'l.ut‘.:l.on.13 Moreover the extrepolation procedure
provided additional evidence that this complication would not merkedly
affect the valldity of the conclusion. Fig. (VI~2b) shows the effect
of verying the protein concentration and is typicel of other results of
the ssms type. The curves sre displaced downward with increasing
protein concentration, in ascordance with expectation. The curvature

18 not markedly different, and the curves extrapol ate to the origin.

Secondly, the spparent homogeneity of the sulphite modified
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form of urease has been demonstrated only under one sst of experimental
conditions. An investigation of the effect of altering the environ-
mental conditions led to some unexpected results, which are pertinent

to this point.

(3) The effect of lowering the pii and the jonic strength of solutions
of uresse in the presence of sulphite.

(a) The effect of pH
Sample 5 was dialysed ageinst an acetate buffer, pH 5.6,

jonic strength 0.16 (0.07M sodium acetate, 0.03M acetic acid, 0.0
sodiim sulphite). The solution (which hed precipitated slightly) was
sedimented: the result is shown in Fig. (VI-3a). Two peaks with

s - values of 12,1 and 18.7 Svedbergs are evident., The effect was

20,
repeated with semple 8, both in the presence and dbsence of the S 4=6
impurity. The solution for the latter experiment was preparsd by the
electrophoretic fractionation described. Moreover in each case the
320" 42,1 component remained on re-dialysis to pH 7.

The implication of these findings is that a portion of the
urease, in the presence of sulphite, does not remain intact at pH
values in the acld rangs, but is irreversibly changed. The presence
of impurities does not prevent this slteration. It seems probsably
that the eppearance of the slow sedimenting component at pH 5.6 is
assoclated with the micleophilic cleavage of an intrsmolecular disulphide
bond, which is not tavsileble! for reaction at higher pH values.
The recent work of Cecil and Loening“" on the action of sulphite on
the disulphide bonds in insulin provides valusble material for

camparison. In the proposed structure foar insulin15 three disulphide
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Fig. (VI-3).

Sedimentation diagrems of urease in buffered sulphite

solutions (sedimentation from right to left).

(a) Sample 5 in acetate uffer (ionic strength 0.16,
ot 5.6,, 0,07M sodium acetate, 0.03M acetic acid,
0.03M Nazs%) R

(b) sample 6 in phosphate buffer (pH 7.0, 0.003M NapHPO,
0,001 KHZPOh, 0.03M NaZSOB) .
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bonis exist: t!ojoﬂ.nthoianﬂ.memthirdfmm
internal ringmnrosimesS and 11 in the A chain. Each of
these bonds oculd be cleaved by sulphite provided the axperizental
conditions were carefully gelected: marked differences were also
cbserved in the resctivity of these bonds. In brief it was found
that the major factor governing the effectivensss of the micleophilic
attack by sulphite (or possibly, bia\nphite16 at low pH values) was
the net chu'ge!.nthsviuinityoftbebad. On this anslogy, there-
fore, it is proposed thet one or more jntramolecular disulphide bonds
exist in the s‘;o.' 20 camponent of urease in a negatively charged
enviromment at pH 7. When the p is lowered, the net charge spproaches
zero or a positive value and the wromhamattad:ofsulphiteu
fecilitated. The reason why crly some of these bonds are apparently
cleaved under these conditions is chsoure. Similar Obmatim’&’ﬂ
have not been interpreted: for example, Cecil and Loening found that

2.Sdimalphmnhmﬂsin1mllinwero cleaved by sulphite in the pH

formilate an explanation.

The struotural nature of an intremolecular disulphide bond
in uresse is of considsrable interest. 1t sppears unlikely that it
conatitutes part of en intre-chain ring structure similsr to the 6-11
ring in insulin. This oonfigurstion sppears partioulsrly stsble,
the stability being sttributed to hydrogen bonding.]* Thus the intre-
chain disulphide lirkege in insulin (which finds enalogies in bovins
verum albumis!? and ribomuclesss'”) wes only alesved by sulphite in

14,18

the presence of resgents such as urea and guanddine. In view

of these results, it sppears more probsble that the bond is of the
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inter-chain type, If this were the case, cleavage could result in
ectual dissocistion into sub units. Alternatively the marked
internal structural change could permit internal rotation of fragments
of the molecule without actual dissociation taking plaea-m The
moleoular weight would remsin constant but the frictional ratio could
be increamed, causing a reduction in the observed sedimentation
cosfficient. Sedimentation studies on fumarase ' in the presence

of thiooyanate have been interpreted, in psrt, by this theory.

However this explenstion mst be oomsidered with caution in this

case, where there is a promounced reduction in the value of the

sedimentation coefficient for part of the material.

The evidence availeble does not permit a defirdte choioce
to be mede between the three possibilities; but the cleavage of an
1nter-chain bond resulting in dissociation into sub units sppears
favoured. If the hypothesis proves correct, the apperently
cocmalous value of the molecular weight for urease found by Setlow -
using a dsuteron bombardment techrmique may find an explanation.

The aleavage of disulphide bonds by ionizing radiation is currently
being :I.mestigatedz} and a poszible oormection between these studies

forms a question of considercble interest.

(v) The sffect of lone stremgth
Sample 6 was dialysed agsinast a series of phosphate buffers
contairing sulphite of progressively decressing ionio strength:
the phosphate and sulphite concentretions were either lowered

independently or together. The remult of sedimenting solutions of
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lower ioric strengths than previcusly reported is illustrated by
Fig. (VI-3b). The similerity of the pattexn with Pig. (VI-3a) is
apparent: both show a component with an Sm" of 42, It is unlikely
that e structursl change in urease ocours b 1ow ionic strengths
exposing an inter-chain bond, which is subsequently cleaved by
sulphite, as the S vslue of the main component remalns unaltered.
llmommoszo"ﬁmomtvunotohwwdvhen'vm'
buffer containing sulphite, pi 7.!..5, jordc strength 0.05 was used
as the solvent. It is possible that electrostatic interactions
and specific ion binding (both importent in kinstic studies on
urease2*2) should be imvoked to explain the cbservation. However

the results aveilsble are too inconclusive for this to be astified.

(o) Discussion
The observation of the sppearanse of an Szo.' 12 eamponent
under certsin conditions has two important implications.

(4) Purther studies on the homogeneity of the sulphite modified
form of urease sre limited by the restricted choioe of enviromental
conditions. Certainly the gsesmples could not be considered hamo-
geneous if either the total salt concentratiomn or the pH of the
solutions were lowered, Acocardingly diffusion studies are not
possible under oonditions which are theoretically more favoursble
to obtain data suitsble for a molecular weight determinstion of the
monomeric form, Therefore the evalustion of & more rellable
soleculsr weight (and the solution of the related problem conoerning
the sige of the polymers resultent on disulphide cross 14rking)
would be better approached by methods insensitive to a cherge on
the macromolecule and to reasonsbly high salt concentration.
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Furthermore, it ahould be noted that even if a relisble value were
availsble considersble caution waild be required in utilizing it in
‘instic caloulations. These frequently rely on other data found
over wide renges of pH and jomic strength.

| /(u) It follows that the nature of the S, 12 camponent must
be investigated before full use can be made of the available kinetie
data. The funismentsl point to be estsblished is whether it con-
stitutes a 'ﬁbmnit' of urease possessing enzymic activity aifferent
from the parent materisl. The work of Kistiskowsky and Thampson=>
appesrs partiocularly relevent to this point es it involves a comparison
between the activity of uresse (in the presence of the S-mcleophilic
base, nz's) stored at pH 7 and at pH 5.3. They found (cf. Fig. 1 or
ref. 25) that over a period of 2 hr. the activity of solutions stored
at pH 7 was elways less when the assay wes performed at pH 4.3 rather
than at pif 7. This decrease in activity in the acid renge agreed
with previous finiings.226:%7  Kistiskowsky and Thampson emphasized,
however, that it could not entirely be attributed to equilibria between
the sctive neutral snd inastive saldic forms of the enzyme. It
sppesrs plausible thet the effect could partly be explained by the
mcleophilic cleavage of an jnter-chain bond at YH Le3, resulting in
the formation of an sm" 12 component: in view of the results in
Chepter III it seems reasconsble to sasume that sulphide and sulphite
act on the disulphide linkags in a similar manner at low pE values.
It is implicit in this explanation that the Sy o 42 component must
possess a reduced activity (or be completely inastive). If this
were the case, the enzyme stored at pH 5.3 should exhibit a lower

activity when assayed at pi 7 than a control semple stored anmd assayed
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at il 7, sinoe the formation of the Sy 12 material wes shown to
be irreversible. The findings of Kistiakowsky and Thompson?
spport this conclusion: for exsmple, after 2, hr. the seple stored
ot pli 5.3 possessed only 45% of the activity of e contral sample

stored at pH 7, when tested under identical oonditions.

The explanation of these kinstio observations on the basis
of & low maleculsr weight 'inactive' form of uresse mist remein
tentative st this stage. However it cleerly indicates the neocossity
of a thorough investigation of the Sm" 412 material. In many ways
this problem is aimilar to that encountered st the begimning of this
work: both involve nmmnofspodelofmmdthdimmm
activities. Agasin the most suitable spproach would be to isolate
a single species (in this case the S,, 42 materisl) and characterise
§t. However, it was felt that saeh a study would form a separate
topic since the primery cbjective in this study was to examine the
S

20 ,w
material commonly associated with it.

20 ocamponent, referred to as uresse, and the faster sedimenting

A short summary will now be given of the gensral findings
of Msmmmmwmtomm;mmingtho
mechanism of the urease action.
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It has been shown that urease molecules interact in
solution to form polymeric species. The values of the sedimentation
ccefficients of the polymera were compatible with those expected for
association to dimers snd poasibly trimers: eleotrophoretic evidence
was in acoord with this hypothesis. The polymerization resction
involved the oxidation of reedily availsble sulphydryl groups to fom
intermoleculsr disilphide bonds. It has been inferred that the
sulphydryl groups cxidized were not those directly concerned with the
active site. Nevertheless the polymers exhibited a reduced enzymic
sotivity which has been attributed to steric hindrance effects.

Consequently, kinetic results found with such polymexric
mixtures carmot readily be interpreted. This is particularly true
as the polymerigation reastion sppeared to involve molecular oxygen:
the relative smounts of species with different activities would be
expected to alter if sclutions were either let stand or diluted with
buffer containing dissolved oxygen end traces of metal ions, The
anomalous and non-linesr dependence of ensymic activity on concentration
observed by some workers is illustrative of the complicstions which
ensue when such faotors are not controlled, It is well known that
considersble oare is required in interpreting kinetic results obtained
with a system in reversible equilibrium. Sedimentation data indicate
thet the uresse interaction is not of this type; but similar caution
is necessary in treating data found with this variasble system.

The formation of en enzymically active monomeric form is

therefore especially significant. This was achieved by the muoleo-

philic scission of the intermoleculsr disulphide bonds with reagents
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such as sulphite and sulphide. The physico-chemical properties of

the salphite modified form of urease were exsmined.

Three ssparste items of evidence (identity of the Sgo,w
values, activity measurements and the repolymerization resultent on
removal of the silphite by dislysis) indicated that this form was
essentislly identical to the monomer in the polymeric mixture.
Klectrophoresis showsd, in fact, that minor chemical differences
existed: the presence of thiosulphate groups, -sso;. in the modified
form was supported and micro-heterogensity was observed. However,
the material sppeared homogenscus when subjected to a test designed
essentially to determine the sedimentation coefficient distribution
in the sample. This result, thereforse, contrasted with diffusion
results where s finite deviation graph was chaerved. However, the
Jatter finding was shown to be of doubtful significance as at least
flow interaction effects and the buffer gradient inherent on the
dialysis of the charged species were not considered. An spproximate
value of the molecular weight was caloulated and comment made on its

acouraqy.

It sppeared thet this steble form of urease was suiteble
far use in kinetic studies provided the envirommental eonditions were
carefully chosen. In the suthor's opinion, therefore, the extenaive
work of Kistiakowsky snd coworkers is particulsrly valusble. The
consistent reproducibility of their resilts and the cbservation that
the enzymio activity veried linearly with conoerntration emphasize the
advissbility of employing an S-muclecphilic bease in solutions of the

enzyme. Nevertheleas, their f£inal conslusion that two types of
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aotive site exist with different Michaslis-Menten parsmeters requires
cereful scrutiny. The conclusion was drewn, in part, from results
cbtained at low pH values. It has been shown that a marked structural
change (which may result in actual dissociation) ocours under these
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SECTION A  Meterials

(1) Uresse preperations.

The nine samples of urease used in this study were prepared
by the acetane frasticnstion method of Smner' from defatted Jack
Bean Meal, obtained from the Sigma Chemicel Co., St. Louis, M ssouri.
In each case 4,000 g. of meal were stirred for 10 min. with 5 litres
of & 32% acetons water mixture (by volume) st 28° 2 and filtered
twice through ons thickness of Whatmsn No. 1 filtexr peper. The
#i1trate was cooled to spproximstely 3° and 100 ml. of redistilled
acetone (analytical reagent quality) at the ssue temperature were
added slowly snd carefully in an attempt to readjust the soetone
concentration, after the evaporation losses: i{ncurred during the
12 hr. £iltration st rom tempersture.” After 3 days in the cold
the filtrate was treated according to the procedure outlined in
flow sheet (II-2), with the exoeption thet the final recrystallizstion®

was repeated.

Qess distilled water previcualy passed through both
a;tﬂ.on‘io end eationic exchange columna was used throughout the
experiments to avoid accidentsl inhibition of the enzyme by traces
of metal ions. All glassware was clesned using a nitric and
sulphuric acid bath at 80°, rinsed thoroughly end stomed.>*®
However these precautions could not de claimed to be sbsolutely
offective in eliminating all traces of metal ions. Indeed the
gpecific activity of the ssmples varied from less than 10,000 to
80,000 S.U./g., this being quite typical of other findings. 7S

Moreover the variability of the specific activity with sarple
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spparently could not be attributed entirely to the different degree

of polymerization, as reversal of the polymerization (see Tsble (III-1))
414 not provide a sample with the spperent’ maximm specific astivity
of 100,000 S.0./g.'0 Therefore the dlistinot possibility of metal

. ion impurities remained.

The uncertain results of the measurement of the engymic
activity emphasized the necessity of an alternative analysis proocedure
to identify the species present snd to estimate concentrations;
accordingly all samples were sedimented in the ultracentrifuge,
while the total protein concentration was found refractometrically

(see below).

With the exoeption of nos. 5 and 9, all samples were stored
4n solution in the presence of cysteine-hydrochloride. After two
months, these solutions develcped a faint turbidity amd the ectivity
in some cases hed decreased by 50%.8 Consequently, the sample was
discerded after one month (during which time the solutions remained
clear and maintained their activity resscnably well). The urease
golutions in the presence of sulphite, on the other hand, were

colourless and remeined active for longer periods of time,

(2) Ovalbumin preparations.
(2) The crystallins camplex
Crystelline ovalbumin, semple 1, was obtained from fresh
hens' eggs by the ammonium sulphate freactionation technique outlined
by LaRosa..“ The twioce rearystallized sample was analysed electro-

phoretically in a 'Veronal' buffer (10.30 g. of sodium diethyl-
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barbiturate, 1.85 g. of diethylbarbituric aecid per litre, ionic
strength 0.05, pH 8.70). The resulting pattern is shown in Fig.
(VIII-1a): the spparent propartions of the camponents resolved in
this photograph were spproximately 83% of A, end 178 of A, (inoluding

preaumsbly the smell smount of A,). HElectrophoretic anslysis of

3
ovalbumin samples 2 and 3, prepared by an {dentical procedure, revealed
essentially the same relative proportions of A, amd (A, + A,), but
in addition approximately 1% of a component with a lower eleotro-
phoretic mobility (presumebly representing a globulin impurity).
As further rearystallization did not remocve this impurity, preperative
electrophoresis (see below) was employed and the remiung solutions
shown to be free of the trace of glcbulin by electrophoresis. The
relative proportions were in good agreement with the literature
valuea,12 but the separation of the camponsnts under the analytical
conditions is not good and this proportion cannot be considered to
be accurately determined. |

Each sample was stored as a paste containing much smmordum
sulphate at —45°. Even after 18 months, electrophoretic analysis
of sample 3 showed no change and the method of storage was accord-

ingly judged satisfactory.

(v) The frsctionated A, ocmponent

The leading electrophoretic component of ovalbumin,
designated A' , was obtained by a preparative electrophoretic technique.
Perlmaxm13 reported the preparation of A.' by an electrophoretioc
fractionation but no details of the method or yleld were given.

The method used in this study can be comverdently divided into two
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stages.

(1) The removal of the & boundsry
To obtain A’, electrophoresis must be continued for long times and
this involved a compemsation technique which pushed the § boundary
into the bottom seotion of the cell end ultimately into the descend-
ing 1imdb. To avoid the possibility of convective disturbance in
the ascending limb, initial experiments were made following the
procedure of Charlwood,'* in which the 8 boundary is completely removed
by increasing the buffer salt conoentration in the upper solution,
It was for this reason, as well as the better reuo:lm;ioa,15 that the
value of 0,05 was chosen as the ionic strength of the buffer against
which the protein solutions were dislysed. However, it was found
that camplete removal was unnscessery, & & boundary of 10% of its
original value osusing no perceptible convection in the ascending
1ixb during the 24 hr. duration of the experiment., This partial
removal of the § boundary required a preliminary electrophoresis
experiment on the 2% ovalbumin solution which had been dialysed ageinst
the 'Veronal' buffer for three dayn,. using the dislysate as super-
netent buffer, a count of the & boundery fringes and an estimation of
the supernatent excsas from a previocusly determined graph. This 2%
ovalbumin solution required sbout a 15% excess concentration as the
supernatant buffer, the actuel walue not being critical.

(i1) The preperative experiment
The bottam section and the descending limb of the centre section of
an 4f-ml. Tiselius cell were filled with the protein salution which
had been dlalysed against the 0.05 ionic strength buffer. The rest

of the apparatus was filled with the buffer of the sppropriate excess
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concentration. Electrophoresis, using a current of 8 ma., was
commenced as soon as the boundary was formed at the bottom of the
centre section and was contimied for 24 hr., with intermittent
compensation by the removal of liquid from the descending 1imb in
order to keep the ascending boundery in view. When sufficient
separation of A, end A, had been cbtained, campensstion was continzed
until only A1 remained in the asceniing limb., Electrophoresls was
stopped and after sectioning off the bottam section, the protein in

_ the ascending limb was removed. The maximum yield for such &
preparation was 16%, no more being dbtainable due to the convection
in the descending limb, To obtain sufficient protein for a diffusion
experiment giving the recammended 100 fringes, four such preparative
experiments, esch ylelding spproximstely 6.5 ml., were performed
consecutively. The purity of every sample prepared in this way was
checked by electrophoresis, a typical pattern being shown in Fig.
(VIII-b).

(3) Buffers.

The buffer solutions were prepared from analytical reagent
grade materials; their compositions have been given in the body of
the text. The protein (urease or ovalbumin) was either dissolved
direoctly in the cold buffer and dialysed, or a minimm five day
dialysis, in the cold, was employed to exchange different buffers,
kesping the protein in solution. Necessary data on the buffer
solutions were cbtained by the following methods.

(e) pH velues
A Doran Universal pH meter was used employing a glass
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electrode and a satursted calomel half cell as the reference electrode.

The values cbtained have been quoted in the text.

(v) Conduotivity values
The values needed for electrophoretic mobility caloulations

were msasured at the temperature of the experiment, using a Philips'
Conductivity Bridge, PR 9500, and & 2 ml. conductivity cell (Philips
PR 9512/01) of cell constant 4.28.
() Relative visoosity and density data
Thepe were measured directly, using, respectively, an
Ostwald viscometer and a 25 ml, Pyrex pyonometer. The values obtained
are sumearized in Tsble (VIII-1). These values were employed in the

correction of sedimentation velocity and diffusion data (see later).

SECTION B Methods and Apparatus

(1) Ensymic activity measurements.

The assays were performed using the standerd conditions
specified by Sumner and Hand:'! 1 ml. of a % urea solution in a
phosphate buffer (0.5M NafiPO, , 0.24 KHPO,) was thermostated at 20.0°
and 1 ml. of the enzyme solution in the same buffer at the same
temperature was sdded and mixed. The reaction was stopped after 5
min, with 2N hydroohloric acid, ard the ammonia formed was determined
in accordance wﬂ;h the general method described by Kistiskowsky et
u.a In this case a Zeocarb 225 jon exchange column (a unifunctional
sulphonated polystyrene resin in bead form, the éolmnn dimensions

being 2 am. x 4 an.z) was used to adsorb the ammonium ions, which
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Isble {VI;;—! )

The relative viscosity and density values of buffers
&ployed in this study

Buffer composition”
{molarities)

0,07 Hall, 0.0 NsB, 0,01 EB
0.12 KaCl, 0.04 NaV, 0.01 HV
0.15 Na01, 0.01 NeV, 0,02 HV
0.09 NaCl, 0,01 Na¥, 0,02 HV

0.048 FeJiP0, , 0,02 KE PO
0.048 NafPO, , 0.024 K PO,
0.04 NaS0y, 0.013 NeHSOy
0,08 KeCl, 0,02 HaCas, 0.02 HCec
0.09 NaCl, 0.07 Fads, 0.01 Hio
0.15 Nall, 0.01 Nads, 0,04 Hic
0.15 KC1, 0.01 Kia, 0.04 Hio

% Notation as in text.

b

I W
8.9 1.030
8.4  1.040
7.5 1.022
7.5  1.022
7.0  1.040
Te1 1.055
6.1 1,030
5.4  1.034
b6 1,014
b6  1.004°

Values relative to water at 20.0°.

Pred
1,006
1.008
1005
1.005
1,009

1.014

1.006
1.006
1.007

S wpis valne was cbtained by Akeley ami Gosting.'®

Page
refeor-
4D08

33

=il

xiii
33,95
33,68

54,67,
99,110

33

iv
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were eluted with 0.4M potassium hydroxide and the solution diluted
accurately to 250 ml. The quantitative adsorption and elution of
ammonium ioms in the presence of buffer salts and urea were period-
ically tested with standard ammonium tartrate solutions. The diluted

eluant was muicriud,w

left for 15 min. and its optical density
measured with a UNICAM SP 500 spectrophotometer. Each assay
reported was performed on at least three different dilutions of the
enzyme ssmple (thermostated for spproximately 2 min.), chosen such
that 1 x 10~ %0 &, x 10~ moles of ammonia were produced, ani each
assay was duplicated. The absolute amount of ammonia formed was
cbtained by interpolation from a graph derived, for each set of
measurenents, from the nesslerigation of solutions containing known
quantities of ammonium ions. Fig. (VIII-2) is illustrative of the
standsrdigation plot and shows that Beer's Law is cbeyed in the range
of conoentration used. The wavelength of light selected for the
determinstions was 4,250 5.5 Each set of measurements also included
blanks, in which the acid was added before the enzyme; aince the
buffered urea solutions (used as subsirate) were freahly prepared

for each set of assays, the corrections were negligible.

(2) Eectrophoresis.

Al1 electrophoresis experiments ware conducted at 1-2° in
a Spinco Model H Electrophoresis-Diffusion spparatus, employing
sizultanecusly or separately Rayleigh and schlieren optics. In all
experiments (unless stated otherwise in the text) the bottom section
and the descending limb of the centre ssction of an 11-ml. Tiselius

cell were filled with the protein solution, which had been dielysed



optical density

0.4

o
w

©
N}

0.

| | —

0.1 0.2 0.3

concentration (milligrams of smmonia nitrogen/100 ml.)

Fig. (VIII—Z) . Cal L-l.'hl‘l':{'.'_'l. on I"".‘.'_-‘.T.‘r‘:: r i the © ical de 7153 'L’_\z {J Clll'e

salerized standsrd

golution pr«
apmonise salt solutions. Mie wavelengbh was

ey 250 K.



1

for at least 3 days agaimtthebufferusodtoﬁllthemtoftm
spperatus. In mobility dgtm:l.natiom, the temperature of the bath
wes adjusted to 1.0° and periodically recorded with a previously
standsrdized Beaimann thermometer. The general prooedure for the
conduct of the experiments has been cutlined in Chepter IX. The
photographic record of the experiment was obtained using "Process
Panchromstic® f:l.:l.m19 and the distsnce traversed by the boundery
measured with a two-dimensional Pye etmparator.m No further ocument
is necessery on the buffer characteristics required far the mobility
determinations except to note that, as the conoentration of the
protein used in mobility determinations was generally kept at a low
value (3-20 fringes), the error is msall in assuming that the conduct-
jvities of the buffer and protein solution are the ssme. The
magnification factor, M, for the apparstus was obtained for eaah
opticel system employed, the procedure being the same. A horigzontal
graduated scale was placed in the position equivalent to the centre
of the solution (the reer of the cell) and a photogreph taken of the
remiltant image. A series of comparator peasurements of the scale
and corresponding image graduations was made, M being determined by

the regression of image distance upon the cbject distance.

(3) Sedimentstion
(a) The determination of sedimentation coefficients

M

Sedimentation veloalty experiments were perfarmed in a
Spinco Model E Ultracemtrifuge, using the schlieren optical systen,
which incorporated an inolined wire (bright 33 geuge nichrome) .

(In & few experiments, specified in the text, a similar ultrscentri-
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mgaa was used employing a phase-plate). Runs were generally

carried out at 47,660 r.p.m., but in a few experiments they were

performed at 42,040 r.p.m.: no measursble difference was detected
in Sm’w
“I1ford Rapid Process Panchrometic" plo.tos.zz Generally a Spineco

values of comparsble species. Photographs were taken with

AN.D. rotor was employed together with a sector shaped cell centre
plece made of epoxy-resin. This cell was chomsen to avoid poasible
compliceting effects due to prolonged contact of the enzyme solutions
with sluminium alloy centre pieces.’> Howsver, for dilute solutions
of urease in the presence of sulphite ions the A.N.B, rotor ard a
duralumin centre piece were used: the greater optical path through

the solution led to a higher resolution without loss in definmition.

The temperature was recorded but not controlled using the
*Rotor Temperature Indicator and Control Unit" and the average value
wes taken as the temperature of the run. A veriation of no more than
0.1° was observed during the normsl 40 min, durstion of the experiments
when performed near 20° (ebout 0.3° for the runs at 3°). The
temperatures derived fram this procedure and the data in Teble
(VIII-1) were used to correct the cbserved sedimentation coefficients

to 20° in water (i.e. to S, ), using the expreasion
’

N 1 -Vl
s - eammatan —— (1-VIII)
D,w rel -

' T V71 - Ty

where S, is the sedimentation cosfficient at £°,

is the viscosity of the solvent relative to water at 20°,
7| rel

”l: is the viscosity of water at t°,
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MY, is the viscosity of water st 20°,
T, is the partisl specific volume of the solute at 20°
in the medium,
V, is the partial specific volume of the solute at % in
the ssme medium
r;o is the density of water at 20°,
f, is the density of the medium st +°.

10
was

The partial specific volume of 0.73 reported by Sumner et al.
used in each case, assuming that it wes independent of temperature
and buffer ompoazlti_on. The further assumptions were made that the
viscosity increment and the absolute density of the medium did not
very merkedly with temperature: ss most of the runs were performed
nesr 20°, where the vslues were determined, the errors wauld be suall.
Measiraments with the Pye oampsrstorZ’ of the distences of the
maximumm of the sohlieren pesks from a reference line in a direction
at right angles to the reference line enebled St to be evaluated.

(The distance of the edge generating the referemce line to the centre
of rotation snd the optical magnification factor were determined

in separate experiments).

(b) The determination of relative sress and concentrations

in terms of J values

Graphs of refractive index gradient versus distance in the
oell from the centre of rotation were cbtained by tracing an enlarged
projected image of the photographic plate onto graph paper. Except
in the few cases cited in the text where a double sector ooll was

used, reference base lines were cbtained in separate experiments.
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The area under each peak was measured with a planimeter, reading

to 0.01 om.z.‘ Traatman and Sc!nmakera’ heve shown that, for
multicomponent non-interacting systems which reveal a series of
syzmetrical boundaries in the ultracentrifuge, the total initial
protein concentration, Co, may be found fram the cbserved conoen-
trations, c1’t, Cz’t.... cn’t, of the different components, 1, 2,....n,
at time t.

C, = (x,_/xm)zc_' &t (x‘/xm)zcz.t 4 ceee * (xt/xm)acn’t (2-v1II)
where x, and x, are the distances of the respective boundaries and
the menisous, respectively, from the centre of rotation. The area
unier each peak is proportional to the refractive index change aoxross
the boundsry and therefore, presumsbly, to the concentration in the
platesu region below the boundary. Each area was carrected for the
radial dilution effect in the mamner indicated (equation (2-VIII))
and the ratio of essh individual corrected area to the total expresaed
as a percentage. The assmumption was made that the Johnaton-Ogston
effect® was negligible.

In experiments which revesled a single peak, the average
of the corrected arees for the several exposures (which exhibited a
naximm scatter of 3%), was correlated directly with the fringe count
obtained refractametrically in a separate experiment (see Chapter II).
Subsequent dilutions were made by weight and the dilution fector
applied to the fringe count cbtained on the originel solution.
In this way the data shown in Fig. (IV-1), and the corresponding
concentration data associated with the boundery analyais in Chapter
VI, were obtained. In essocliating a J value with the area under

& particular peak in a milticomponent system, as in Table (11-3),
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the percentage (determined above) of the corrected area to the

initial total srea was multiplied by the fringe count corresponding

to C,. All attempts to correlate areas with J values would not be
valid unless all non-dialyssble material was visible (and resclved
from the meniscus) in sedimentation experiments during photography.

For this reason, only those samples which revealed a small amount of
glow sedimenting material were subjected to this procedure, but even
in these cases strong reliance could not be placed on the data
obtained. It should be noted that the areas used in the determination

of g*(8) values in Chapter VI are not subject to thia limitation.

(&) Diffusion

All diffusion experiments were performed in the Spinco
¥odel H apparatus referred to shove, employing Rayleigh optics alone,
and following as closely as possible the gensral procedures for the
conduct of experiments outlined previously by Creeth. 26 It was
necessary at first to esteblish both the sbeolute acouracy of the
apparatus end its suitebility for heterogeneity estimations. Wagner
and ‘.Eicrl'm'ag».z7 have given a comprehensive sumery of the use of the
Spinco spparatus with Gouy optios, end have included same results on
sucrose which allow an estimate of the accuracy obtainable. In what
follows, therefore, comment is only mede on the differences in
procedure arising either from the different optical system, or for

other ressons, fraom that followed by Wagner and Scheraga.

For assesaing the relisbility of a Rayleigh diffusiometer
when used with single solutes, the following three criteria have

been mggea%d;zs (o.) constaney of the reduced fringe separations
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Y, over the whole boundary; (b) reasonsble correlation between
observed and predicted skewmess, with e linsar relation between the
devietions and the eppropriate AR(z*) function; (o) accuracy of the

differential diffusion coefficient Da-.

The results of a diffusion experiment using sucrose, for
which religble D values are availsble,2’ satisfied only the first of
these criteris, the spparent value of Dy being 1.2% higher then
expected, while the cbserved skemness was of the opposite sign to
that predicted. In an endeavour to remove these anomalies, many

modifications to the apparstus were made.

(a) To minimize vibration the mechanical stirrer mounted on
the spparatus was replaced by one attached to the well and the
electrically operated cemera shutter was suitably modified to allow
memal manipulation. The rotating turret holding the carrisge was

locked firmly throughout the experiment.

(b) To avoid marked disturbance of the boundsry the cell carriage
was modified so thst the centre section remained fixed and the top
section could be displaced. Thus the cell centre section could be
sesled off during sn experiment without itself being moved. Also,

2 pressure head siphon was used for boundary sharpening in preference

to the mechanically operated syringe.

(@) The following alterations were made to the optical system:
(the sketch of the optical system, shown in Fig. (VIII-3) is essential-
1y the seme as that published by Wagner and Sehsraga.n).

(1) A new source slit, 35 microns in width, was oomstructed
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Fig. (VIII—}). Sketeh of the optical path in the Spinco Model
H diffusion apparatus: LS, light source; 1,
condensing lens; M, M2, MJ and Yy, first
surface mirrors; & and 1'2, lipght filters;

35, slit asseubly; L2, schlieren lens; W, bath
mirror; L5, camera lens; L, cylindrical lens;
P, plane of photographic plate (camera). The

sketch is not to scale.
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from razor blades.

(11) In the Spinco spparatus a doubled optical path is employed
whereby the reflected light passes through the cell on its second
passage at a different level from that corresponding to its first
passage. To minimige this vertical displacement of the light rays,
the bath mirror, M2, previcusly tilted dommrards, was ad justed
' unti]l vertical. The source slit was then adjusted vertically until
the slit and its reflected image superimposed: a small lateral
displacement to the slit thencansed it to be slightly off axis
sideways, tut accurately on the optic axis in the vertical plane.
This procedure was adopted following the suggestion of I.ongawo:ﬁ;h29
that the necessary divergence of incident and refleated light is
mich better accomplished by lateral rather than vertical displacenent.
In consequence to the adjustmernt of the mirror M2, the mirror
adjacent to the light source, M3, was replaced by the notched mirror
(supplied for use with Gouy optics) to ensble the light to enter the
renainder of the system. In order to ensure that light reflected
fron M3 passed along the principal axes of both the camera and
cylindricel lenses, L3 amd L), it was necessary to increase the
optical path by displacing M3 by 2.3 om. The camnera P was then
refocussed on the surface of M2 in accordance again with the procedure
sdopted by Longsworth.

At the campletion of these alterations a further experiment
using sucrose (AC = 0.7500 g./400 ml., C = 0.3750 g./400 ml.) wes
performed. ¥, values were agsin constant end Dy was 2.411 x 1076

an.? gec.~! at 1.00°, campared with Gosting and Morris's valus for
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this concentration of 2.408 x 10-6 cm.2 seo.:"'1 obtained with the

Gouy method.Z This represented & 0.1,% discrepancy, an alloweble
margin. (Results on other substances also have agreed with the
litersture values within these limits). Skewness results, while
showing congidersble scatter, were of the correct sign but of smaller
magnitude than predicted. Fig. (VIII-4), obtained with ovalbumin,
ias a plot of the quantities in equation (14-V) end shows that the
experimental points 1ie essentially on a line of zero slope (in
agreement with the deta in Tsble (A-1), indicating the lack of
significant concentration dspendence of ), end D,}. Nevertheless,
in view of the discrepancies with simple solutes, skewness results
could not be considered relisble. It is belleved that this dis-
arepanoy is due to the discontimity in the path of a refracted ray
which iz a consequence of the use of an external mirror to return
the 1ight through the cell. However, since this discrepansy has no
effect on the determination of differential diffusion coefficients or

on the analysis for heterogeneity the spparatus was Judged setisfactory.

In order to confirm this conclusion, a diffusion experiment
was performed on a synthetic mixture for which a thearetical result
oould be caloulated.-C*>! A sclution contsining both sucrose and
urea (0.2250 g. and 7.2040 g. per litre, respectively) wes allowed
to diffuse against pure water: satisfactory agreement was obtained
between the predicted and cbserved values of the "height-area"
average diffusion coefficient (DA celod. ™ 6.583, D, cbad. *

3

60595 X 10- Cn.z m.-1) and total mmber of fringel (Jcald- =

104,82, J g o0 = 104.83) and also between the predicted and cbserved
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devistion plots, shown in Fig. (vIII-5). The error in an individual
D-n value is myruinﬁclyﬁ 3Ix 10"" for J v 100.

The temperatures of the experiments were periodically
reoorded, using a previocusly standsrdised Beclomarn thermometer.
The Rayleigh inberferograns were recardsd on Kodaline C.T.C. plates,’
the latter being measured up with a two dimensional comparatar”

sccurste to 2 x 10'# cn., fitted with a projection screen.
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Fringe deviation diagranm for a ureg-sucrose mixture
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AFPENDIX 4

AN EVALUATION OF THE APPLICABILITY OF

THE DIFFUSION METHOD TO PROPEIN STUDIES

(1) The choice of ovallamin as a 'model’ system.

(2) The diffusion of ovalbumin at p values near the isoelectric
point. Results and discussion,

(3) The diffusion of ovalbumin at pH values different fram
its imcelectric point. The effect of charge om diffusion.

(&) Gensral eonclusions.



(1) The choice of ovalbumin as a 'model' system

The analysis procedure outlined in Section A of Chapter V
hes been gpplied to diffusion results obtained with the protein systems
bovine plasma elbumin, ribomiclease and f-lactoglobulin and indicated,
in agreement with other cbservations,'™® that all of the preparstions
were heterogenecus.! The extemt of the heterogeneity was defined by
e limiting range of values for a,s the corresponding:r, values were
also cited. It has, however, been strongly emphasized by Creeth7
and Gosting® that the spplicsbility of such procedires is subject
entirely to the validity of the essmumptions described esrlier and,
in particuler, to the restriction that the solute flows do not inter-
act. It would be of considersble interest, therefore, to diffuse
an homogeneous protein (if this were availeble) end thereby demonstrate

the validity of the basic assumptions.

Crystalline ovalbumin seems in many ways a suitsble system
t0 examine: reference to the requirements outlined in Chepter I
exsmplifies this. Thus, it may be prepared easily in satisfactorily
large amounts by conventional saslt frectionation techniquea.9 The

value of the isoslectric point has been estsblished O~ '2

and the
protein is soluble at this pH, as well es at higher and lower pH
values. Moreover, information on the probsble charge on the molecule
over a wide pH range'> and the malecular weight'® is availeble.
However, in this commection, the electrophoretic complexity (or micro-
heterogeneity'?) should be mentioned. At suiteble pH values at least
three components (designated A,, Aj and Ay in order of descending

negative mobility) may be distinguished.'®'?  mis heterogenaity 1s
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not reflected in the sedimentation behaviour of the protein, the
ultracentrifuge patterns cbtained with freshly prepared materiel

20,21

showing essentially a single peak. Moreover, & rational

explanation of this behaviour was presented by Perlmannzz’ 25

on the
besis of enzymatic dephosphorylation experiments: 1t was shown thet
Ay oould be converted to & protein with the mobility of A,, with the
similtensous loss of ons phosphate residue per molecule, and a simi]l ax
relation existed between A, and A’. The phosphorus analyses were
such as to indicate that A1, Ay and 1\3 contained, respectively, two,
one and zero phosphate groups per molecule as suggested earlier.zt"
Thus, on the besis of electroﬁhoretic and analytical evidence, the
only difference between the components of ovalbumin is in the mmber
of phosphate groups per molecule; while minor chemical differences
camot be excludsd?2*23 it seaus reasonsble to assume thet in other
respects these molecules are essentially identical. If thias were

the case, then the individual sedimentation coefficienta would be
indistinguishsbly close and the mixture should sediment as one species,

in agreement with cbaserveation.

A similar argument should epply to the diffusion coefficients.
Diffusion experiments on ovalbumin, designed and performed (in
conjunction with J.M. Creeth and D,J. Winzor) primarily to demon-
strate the identity of the diffusion coefficients of the ovalbumin
camplex and the A.' component, strongly support this m:u-xteut:lon.z6
Summing up, it sppears thai in several respects the diffusion of
ovalbumin may be potentially valusble in obtalning evidence, which

directly pertains to the problem of 'flow interaction'. The



ovelbumin results ere presented and discussed in this light.

(2) The diffusion of ovalbumin at pH values near the isoelectrie
point
(a) Experimental and Results.

Both twioe recrystallized ovelbumin and the A1 component
(prepared by prolonged electrophoresis under conditions of reduced
boundery anomalies; see experimental section) were diffused in a
Rayleigh diffusicmeter, and the experimental record analysed using
the Creeth and Gosting spproach, cutlined in Section A of Chapter V.
In this series of experiments any complicating factors, which might
arise if the net charge on the protein were finite, were minimized
by performing the diffusion st pH 1"59, a value close to the iso-
electric point, For this purpose an scetate buffer was used which
contained 0.04, 0,01 and 0.15 moles per litre of potassium ecetate,

aocetic acid and potassium chloride, respectively.

All data obtained in these experiments are summarized in
Tsble (A-1). The following points in relation to this tsble should

be noted.

(1) The At values in column 4 represent the "gero time"
t»t:z:'r:ecxt:ionaz7 and subject to the limitations of the doubled opticel
path operative in the diffusiometer give an indicstion of the sharp-
ness of the initial boundery. It might be thought that these values
are generally too lsrge. However, with this epperatus, it has
generally been found that the values sre some two to five times
greater then in the cese with a straight-through optical system (a

similar experience has been reported by Longsworthzs). In addition,



Tsble (A-1

Diffusion results on the ovalbumin camplex and fractionated A1

t. ) S yb
o Matertal e o at 1.00° P max .
= J* | an. Zse0. V210" x 10 T2 %2 . 2seg™!
x 10
1 a0,% 83.23 @ - 3.9, 37 1/2,4/6  0.078,0.015 3.75,3.86
2 AC,818 85.64 160 3.8 36 1/2 O7h 3.69
3 AC,St 130.97 210 3.92 Ll 1/2,1/6 093,.018  3.82,3.85
L AC,S2 3,,18 290 3498,
5° AC,S2 60.15 80 3.92,
6 AC,S3 89.66 0 349hy e 1/2,1/6 .058,.010  3.81,3.89
7 Mo,s2 118.05 590 3.92 3 1/2,1/6 46,029 3.60,3.79
N 27.05 480 3.959
9° A 47,96 30 3.96,
10 A 80.18 530 3.92; 11 (1/1.5,4.5) (.059,.055) 3.84,4.02
11 A, 100.43 250 3.9, 28 1/1.5,1/6  +155,.011  3.72,3.89
% 75 this epparatus J = 100 corresponds to a concentration increment of 0.58, g./100 ml. for
ovalbumin (see Chspter II). Values corrected for buffer relative viscosity.
® (btained by dilution of a more concemtrated sample. S AC stands for albumin complex, S for
sample no. © jpter its imitial solution, this material had been stored for three months

under saturated emmonium sulphate and was used without recrystallization.

A¥



for all solutes exanined, including simple materials such as sucrose
and urea, diffusion pictures taken st times such that /D ¢ < 0.1 am.
have proved slightly inconsistent with later exposures and, therefore,
have not been used in the calculations. This inability to use
earlier exposures results in much greater difficulty in defining

the zero time sccurately (hence the wide spread of values), but as
the duration of the experiments was at least four days, even the

largest of these At veslues have a negligible effect on ) A°

(i1) The essentisl identity of the &0 , values for the complex
and A1 camponents lends considersble suppart to the other evidence
outlined above, that the components constituting the ovalbumin complex
differ only in very minor respects. If this is indeed true and
there are no impurities in the samples of covalbumin camplex and Ai
component, the values of Q g over the whole boundaries in each case
should be zero, provided that, in addition, the assumptions inherent

in the analysis prc»c:e:!m.‘a29 ere completely fulfilled.

(414) The deviation grsphs shown in Fig. (A-1), where the
crosses represent the mean observed deviations, and the maximm values
of -ﬂ-R in column 6, show immediately that one of these sssumptions
(at least) is incorrect. It proves informative at this atage to
assume that the deviations are due solely to heterogeneity of the
samples, i.e. @A = D,, and to employ the curve fitting procedures
desoribed earlier to define the extent of the apparent heterogeneity.
The graphs, Fig. (A-1), referring to the ovalbumin complex ell show
the maximm at the extreme right of the picture, which is charscter-

istic of a rapidly aiffusing impurity, i.e. rp £ 1. (The diagram
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Fig. (A-1). Fringe deviation diagrams of the albumin complex and
fractionated Aq, the experiment mmber referring to Table
(A-1). The lines are attempts at curve fitting, the
results of which are indicated in each case. In expt. no.
2, no wque pairs of values of az and rp can be glven for
the dashed curve; for ap = 0.5, ro is either 0.83 or 1.17,
the corresponding Dy values being 3.51 and L.17, respectively,
but the material probsbly contains both fast and slow
diffusing impurities.
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referring to Expt. no. 2 indicates the presence of some slow
diffusing impurity in addition to the fest, which correlated with
the lower velue of &) ,). Columns 7-9 give the results of the
sctual curve fitting., Fitting the cbserved dsviations to a unique
pair of a, and r, has not been attempted for the reasons given in
Chspter V: thus, the peirs of values are to be taken together (for
example, for the first experiment reported, the observed deviations
1ie very largely within the two curves described by the charaster-
istics r, = %, a, = 0,078 and r,, = 1/6, ay = 0.015, while the
corresponding values for D,, obtained by using equation (11-V), ere
respectively 3.75 and 3.86 x 107" . gec.”'). The deviation
plots for the more concentrated samples of the A,' oomponent are also
shown in Mg. (A-1) and comparison indicates that these sre somewhat
smaller in magnitude, particularly for Expt. no. 10, where, moreover,
the shepe of the curve is different from thet of the parent material
(AC 2). While the flstter curve may be interpreted as implying a
more idesl diffusion, in the sense that the diffuaion epproximates
quite closely to that of a single solute, curve fitting of such a
devistion plot is very difficult as the sbscissa corresponding to
the -QR o position is 111 defined. The significance of the r,
values quoted is therefore smaller than in the others and the values
with corresponding a,'s are bracketed to indicate this umrelisbility.
It should be noted that while the obaserved deviations fit most closely
the curve for solutes of similar diffusion coefficlent,’’2” sn error
of only 3 x 107% in the £2 . values for the three cutermost points

would resalt in & curve characteristic of rp = 1/3, while Dy would
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still lie in the range given. The second experiment on A,’, Expt.
no. 11, for which relisble analymis is possible, performed at 25%
higher concentration, shows the smme kind of deviestion plot as the
perent material and curve fitting glves essentially the same value

of D1 am was Obtsined with this material.

(iv) Other conclusions fram these remlts, such as the laock of
concentration dependence of the diffusion coefficient of both the
native material and fractionated comporent, while extremely significant
in a study on w'ulb\;un:l.n,z6 are not directly pertinent to this study
and will not be discussed. However, one other point must be made.,

It is important to estsblish that ovalbumin, which is considered to
be very labile, is stsble during the course of the diffusion run.
It has been general experience throughout this work that the
quantities Y,‘/ﬁ and v, were not time dependent. As mentioned
previocusly, this represents a good indication that thers was 10

variation of the diffusing solute with time.

(v) Discussion.
The major conclusion from this work is that interpretation

of the diffusion deviation plots, on the basis of heterogeneity,
leads to the cbservation that in the ovalbumin complex there is
some 2-4% of an impurity with a diffusion coefficient four times
that of the mein eomponent. However, this apparent impurity samnot
be directly related to any camponent that is epparent in electro-
phoretic analysis. Fig. (VIII-1) is illustrative of the general
finding that both materials are free of any impurity, possessing

s markedly different electrophoretic mobility. The accurasy of
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this estimation is improved by employing Rayleigh optics in con-
junction with schlieren, and when this is done ;% of another electro-
phoretic component can be detected in a 100 fringe system. Certainly,
the 'impurity' deteoted by the diffusion experiments camnot be
correlated with the 15-20% of the A, compoment, evident in the complex
(Pig. (VIII-1a)), becsuse the asmme impurity was present in one of the
isolated A, seamples. It is possible (especially in view of the
caloulations presented in Chapter II) thet the ovalbumin complex
contains a relatively rapidly diffusing impurity, which has roughly
the ssme electrophoretic mobility as the main camponent A1 : thus

both the albumin camplex and electrophoretically fractionated A1
would both contain the impurity and therefore indiocste such in their
diffusion behaviour. However, the low deviation plot in Expt. no.

10 is not compatible with this hypothesis. Moreover, there is no
independent evidence either chemical or physico-chemical that suggests
the possibility of the existence of much an impurity.

Any other explanation must be based on the non-ful fillment
of ons or more of the assumptions on which the analysis theory is
based. In this case, there seems no reason to doubt thet the
diffusion coefficient and the refraction increment of each solute
are linser functions (of small magnitude) of the concentration of
that component and are unaffected by the presence of others. It
appesrs, therefore, that the assumption of independence of molute

flows carmot be correct.

The question of interacting flowa is one of great interest
at the mmﬂ;a'jo'sz and the work of D.mlop” seems particularly



relevant to this cese. Dunlop found for an experiment in which
raffinose diffused in the presence of potassium chloride, there

being no increment of potassium chloride across the boundary, that
spprecisble deviation from single solute behesviour occurred:
interpretation of the graph on the sasumption that the deviations
wero due to an impurity would have led to the conclusion that some
0.7% of an impurity was present, with a diffusion coeffiocient four
times that of raffinose. The fact that the deviation plots in

this work have generslly shown the maximum at the extreme right of

the picture thus becomes particularly significant: the implication
is that the flow of protein has csused a very small flow of buffer
salts (essentially KC1). No asimple interpretation is possible of

the value of the sbacissa, ss this is determinsd by a complex function
of the diffusion cosfficients; 32,33 however, for this cese it is
quite certain that the function would be of the same crder as

D,y Deyy OF roughly 1/2. Thus the cbserved deviation plots
are gqualitetively in accordance with the hypothesis of 'flow inter-
action' between protein and buffer. This is a particularly

significsnt finding.

It appears that detailed information on the heterogensity
of protein samples cannot be gained from diffusion measurements,
until the effect of heterogeneity can be separated from that due
to *flow interaction'’. Furthermore, the curve fitting procedures
adopted to ensble Dy values to be obtained from the cbserved cD,'s
are not justified. (It should be noted that these criticiasms do

not necessarily apply to all protein diffusion experiments. Thus,
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the fact that other proteins investigated’’>* have given deviation
plots which show a maximum at an ebscissa position characteristie of
a slow diffusing impurity sppeers to rule cut the possibility of

'flow interaction' in these csses.)

The exact nature of the phenamenon of interacting flows
ig uritcnown. This prevents the prediction of the possible occurrence
of the phenomenon in individual systems and the conclusive inter-
pretation of diffusion results imposaible. Therefore, any inform-
ation on the nature of the phenomenon is very wvalusble at this stage.
It is generally accepted that coupling of flows results in part from
the electrostatio coupling of ion flows,” *>? although this need not
be the complete answer, nor indsed in saze cases part of the answer,
as interaction hes been observed in aystems of non-electrolytes.
Nevertheless, the contribution of eleotrostatic effects to interaction
is perticularly importent in protein diffusion. For example in the
ovalbumin system under consideration, the experiments were conducted
et pH 2...59 at which it appears that A1 was isoelectric under the

10-12 | wever it follows thst in experiments on

conditions chosen;
the camplex some 15-20% of the protein bore a net positive charge
(probebly sbout +1 per molecule>>) and thus constituted n iomlc
species. GCensrally, the effect of charge on diffusion is also
important as many proteins have been diffused at pH valuea sway from
their iscelectric points due to solubility and stebility limitations.
This is the cese with urease. ® Consequently, it is of fundsmertal
importance, having found evidence for the existence of interactions
in protein diffusion experiments, to extend the observations and

attenpt to assess the effect of charge on the diffusion results.



(3) The diffusion of ovalbumin at pH velues different from its

isoelectric point. The effect of charge on diffusion
The ovalbumin complex, sample 3, was diffused at several

pH valuea to determine the effect of charge on @A and on the

fringe devistion diasgrams. (It is true that a series of experiments
on A, would be more desirable, as the charge on 15-2% of the molecules
in the complex introduces an additional complication. However,
sufficient quantities of A,’ sre difficult to cbtain and, at any rate,
although the use of the complex does not represent the limiting

case of » campletely uncharged species, when at pH l...59. it shauld
serve as a valid standard for camparison with markedly charged
species). The sample used had been stored for gpproximetely 48

months, but the eleectrophoretic analysis was unchanged.

All the relevant information relating to this series of
diffusion experiments is sumarized in Tsble (A=2), which is largely
self-explanatory. The values of o), sgree closely with those
reported in Teble (A-1) end it is at once clear that they do not ahow
any significent dspendence on the nst charge of the protein (within
the range O to =10). The insensitivity of &, is in same respects
an importent finding, for if it were e general property of protein-
buffer systems, it would imply that no additional error would be
introdnoed into molecular welght determinations by employing the
results of diffusion experiments performed at pH values away from
the isoelectric point. However, little precise information on

other systems is yet avallsble (Cherlwood's resultsr' on mman

albumin essmot be anslysed for devistions from Gaussian form, while
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O'Donnell et al.>”? cbserved pH dependent values of a‘DA for bovine

albumin) .

In column 9 of Teble (A-2) the maximum values of -, are
reported; the devistion graphs are given in Fig. (A-2), the croases
representing the mesn observed deviations. The following points
require comment. Expt. no. 1 of this series, performed under
conditions where the protein was essentially uncharged, gives a
deviation plot of the same general shape and magnitude as obtained
previcusly (compare Fig. (A-1)). The experimentel conditions differ
only in thet sodium salts have been used instead of potassium salts.
Inspection of the deviations for experiments 2, 3 and 4 (Fig. (2-2)),
where the protein bears a generally increasing net negative charge,
shows a trend in which the maximm becomes shifted from the extreme
right and, morecver, the value of -ﬂ-n . is decreased. This implies
that the diffusion is more nearly "idesl" and appesrs at first sight
contrary to the postulate that flow interaction results in part fram
electrostatic coupling of ion flows, since greater deviations would be

expected in the case of cherged systems.

However the diffusion experiment is conducted with dialysed
solutions and accordingly the initial conditions require closer
examination. Should the protein bear no net charge, the salt
redistribution on dlalysis ie a measure of preferential *binding' of
the buffer oconstituents by the protein: depending on specific effects,
this may lead to & greater or less buffer salt concentration within
the dimlysed protein solution. When the protein is charged, the

Donnan effect’ 9 must slways result in a lowered buffer salt concen-



Table (A-2

Solution data diffusion results on ovalbumin

1 2 3 [N 5 6 7 8 9 10
Expt. Buffer’ Relative Apparent Total no. a e
no. compo:siti.ona M viscosity yalence® of m,,;:sc At aA n.Rd
(molarities) of buffer =J at 1.00° max,  BaX.
(”LNI) m.zug:1 x 10* co:'(.)k
x 107 ‘ =
0.15 NaCl -
1 0.04 Nado 2...59 1.011 0 68.53 140 3.895 57 37
0.01 HAe
0.09 NeCl
0.01 Hie
0.15 NaCl
3 0.01 NaV 745, 1.022 <1044 113.56 150 3.9, 19 L8
0.02 HV
0.12 NaCl
& 0.04 Nav 8.&2 1,000 -10. 5 110.59 60 3.902 26 "
0,01 HV |

Notation as in Table (II-2). 1

Caloulated on the basis Of the method given by Abrsmson, Moyer and Gorin 3 using the mobility data
of Longsworth,12 ,

As before, J = 100 corresponds to & concentration increment of 0.582 g./100 ml. for ovalbumin, based
on Perlmenn and Longsworth's valueS for the specific refractive increment.

4 The signmificance of these quantities is the seme as in Tsble (a=1).

e Values corracted to water basis (by multiplying by 4!.”1)'

o'



40

10

Cupt. Ne. 1

Cupt No.2

¥
x XN ll.

N x
x
L E
x L}
L
-
0 n ¥ 18 - 1 o A B W
0s 1.0
q o -
‘lﬂ.“?’ Expt. No. &
-~
-
- AY
- 4
- Al
-
-
P A
e
’
s
-
Ry ¥ h
. x ¥ ¥x oy

Lt 4

-0 i\

Fringe deviation diaprems of ovalbumin, the expt., no.
referring to Table (A—2) The crosses represent mean
experimentally observed deviations, the solid line
represents the deviation due to the buffer gradient,
consequent on dislysis and the dashed line is a swmlatlonh'
of the two, The vertical axeq in each case are £, x 10
and the horizontsl axes [H(z*)]?



xiv

tyration within the dislysed solution. If the Donnan effect
predaminates, the conditions at the start of the experiment must
involve a small negative concentration inorenent of salt superimposed
on the positive concentration increment of protein. Qualitatively
1t 18 cleer that, in diffusion, salt will only be transported in
those regions where there is a protein conocentration gredient, for
elperhere its chemical potentiel is constant. Strictly, the protein
concentration gredient only reaches zero at infinite diatance from
the initial boundary, but the limits of optical resolution allow
precise definition of regions of effectively gero gredient. The
genersl sclution for this type of problem is kmvw-n,'32 but its
spplication is not yet pcasible with protein systems; accordingly

s precise interpretstion of the results cannot be presento;d. Never-
theless 1t is of some interest to see how much of the cheerved
deviations ean be accounted for on the assupption that the flow of
selt (due to the Dorman concentration gradient) proceeds independently

of other diffusion processes.

The first step is to calculate a value for the initial
concentration increment of salt, AC (asmmed to be completely NaCl).

Use is made of the Dorman membrane relation, as formulated by
 Xo)

(ci)imwr = (ci)onter [+ - b | cp/z 1) (1-1)

where the terminology is as follows.

Svernason!

(C4)y e 18 the concentration of either the Na* or C1~ inside
the dialysis bag (eactivity coefficients being assumed unity),
(c,) — represents the corresponding concentrations cutezide the

bag,
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By iz the valence of the ion considered,
cp 48 the concemtration of the protein in electrochemical
equivalents,
and I is the ionic strength.
The molecular weight of ovalbumin required to estimate Gp was teken
as 45,000 e and the charge values used were those reported in Table
(a~2)., A velus for the refractive index proportion a, was then found
by using the relation
AC = JA/kd (2-4)

where the value for the specific refrection increment, k, was taken
os 1.011 x 10-2 1. mole~!,* A the wavelength of light used was
5,61 8, snd @ was the thickness of the cell. The diffusion coeffioient
ratio, r,, was estimated to be 1/18 fram the results of Vitagliano
and Iyoms*! for NaCl. This is sufficient information to caloulate
e first spproximation to the expected fringe deviation from equation
(10-V). This function is shown in each cese as the solid line in
Pig. (8=2): 4t is of course merc for Expt. mo. 1, From the nature
of these caloulations, it is obvious that these lines can only be
epproximately defined. If the cbserved deviations are regarded as
the mm of the effects of 'flow interaction' ani of an independently
diffusing salt gradient, then the magnitude of the former effect may
be cbtained by subtracting the (negative) value of the lstter fram
the observed deviation at a given value of z*. By this means the
dashed curves in the figumre have been ocmputed.

Pram the general sppesrance of thsse curves, it is cleer
that the assumption mtated sbove leads to a rational qualitative

interpretation of the diffusion results: the general trend shown by
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the measured deviations in experiments 2-4 of Fig. (A-2) is what

would be expected on the basis of increasing negstive increments of
NeCl combined with increasing positive deviations due to ‘flow inter-
action'. The former would be expected on the basis of increasing
negative charge on the protein, and the latter on the supposition

that interaction (being due to coupled ion flows) will also incresse
with the charge on the protein ion. The meximm values of the

dashed curves (reported as '£, ' in column 10 of Table (A-2))

ghow a fairly smoocth pH dependence, while there is a marked similerity
in the genersl shape of these curves ard resemblance to the experimemnt-

al curve obtained at the isoeleotric point.

In this survey of the effects cperating in the diffusion of
a charged protein species, only molecules possessing a net mgative
charge have been cansidered, even though it would be of considerable
interest to investigate the diffusion of positively charged macro-
molecules. This is psrticulsrly true in a study on ovalbumin, as
the complex bears a small net positive charge at pH .lp59. However,
as the primery concern of this work is urease (or more particularly,
the modified derivative present at pH 7) this limitation is not
important. A brief sumary will not be given of the major comslusions
pertinent to the diffusion studies on uresse presented in Chapter V.

(4) General conclusions
In Section A of Chepter V, it has been shown that the

analysis of data obtained fram Rayleigh interferograms can give, in
the case of three-component systems, both a diffusion coefficient for
the main component and an estimation of the heterogeneity. Provided
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that this procedure is valid, in the sense that the varicus assumptions
are fulfilled, the information may be usefully employed in further
charactserization of the protein being studied. However, an exper-
imental diffusion study on ovalbumin and a fractionated ocamponent
provided evidence indicative of a flow of buffer salts resultant on
the flow of protein, Consequently, in this case no mearmingful
interpretation of the finite deviation plot cbserved, in terms of

a second solute impurity, could be made. Moreover, the ocurve fitting
procedures used to estimate l:)1 values were unjustified.

The gensral implication of these findings is that the
interpretation of deviation plots in terms of heterogeneity must be
done cemtioualy as the distinct possibility exists that the findings
may not be mesningful. This is particulerly pertinent if the frings
deviation diagram in the case of uncharged protein diffusion shows a
maxizmm et the extreme right. Furthermore even if the deviation plot
is characteristic of an spperent slow diffusing impurity (the -2,
position being more to the left), the possibility of 'flow interaction'
cannot be excluded if the protein species diffused is charged. Thus
in this case the effect of the initial buffer salt gradient, inherent
on dialysis, may oppose that of intersction and the resultant expex-
imentally cbaerved deviation plot may be of this general shspe.

It is spparent thet a theory practically spplicsble to
protein systems, which would ensble 'flow interaction' effects to
be separated from those due to heterogeneity, is easential before
diffusion results can be enalysed to provide the information which

is potentially available. Variocus experimental approadluzs’jj



for the sepsration of the two effects have been postulated, but in
each oase the procedures are lgboricus and require considersble

smounts of material.

¥While the conclusions presented stress the limitations of
the resunlts obtained from a diffusion experiment, and appear to
suggest that st this stage of development such experiments would not
eontribute significantly to protein characterigetion, the following
points should be noted. First, the deviation plots, even if
compliceted by interaction effects, may be used in a quelitative
camparative mamner: san example of this with uresse was given in
Chepter V. Secondly, although the reliebility of the diffusion
coefficient found by correcting the cbserved o0, (where oD, does
not equal DA) oan be questioned, provided the corrections are small
(a3 in the cese of ovalbumin), it is almost certainly not merkedly
erroneous. Consequently, if a value at zero protein concentrstion
can be determined, a reasonsbly accurate molecular weight can be found:
even an spproximate value is of considersble use in blochemical
studies on proteins. In this connection, the cbservation that
% i3 insensitive to charge effects, at least in the case of ovalbumin,
is important es it lends same justification to the procedure
frequently employed of estimating a moleculsr weight from diffusion
deta found with charged systems.
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A PHYSTCO-CHEMICAL SIUDY OF UREASE
Sumary of Thesis presented by L.W. Nichol for the degree of
Ph.D., University of Adelaide

Urease has been found to give single symetrical schlieren
peaks in electrophoresis over a wide range of pH and at an ionic
strength of O.1, but in sedimentation veloclity expsriments three
mein peaks, in proportions verying with sample, have been cbaerved.
The values of the sedimentation coefficlents are compatible with those

expected for association to dimers and trimers.

The effect of sulphite (and other S-micleophilic bases) is
to reverse the polymerization (so that only one peak is observed in
the centrifuge patterns) and similtaneously to increase the specific
activity. ©Evidence is brought forward to show that the mechaniam of
the polymerization is through the formation of intermolecular disulphide
bridges by the oxidation (with molecular oxygen) of certain sulphydryl
groups.

The sulphite modified form has been investigated by the
methode of electrophoresis, diffusion and sedimentation velocity.
It sppears to differ from the comparasble species in the polymeric -
mixture in that it possesses thiosulphate groups. The micro-
heterogeneity detected in electrophoresis experiments confirmed the
postulated mechanism for the unsymmetrical cleavage of disulphide
bonds by sulphite. The material appeared homogeneocus when subjected
to a test designed essentially to detect the distribution of components
with different sedimentation coefficients., Sulphite also has a very

marked effect on the diffusion properties of the enzyme, altering



both the diffusion ocefficient and the deviations from Geusalan
form.

The sedimentation patterns cbserved on lowering the pH of
urease solutions containing sulphite are interpreted on the basis of
the aleavage of sn inter-chain disulphide bond in uresase. Thia and
other cbservations are related to the published kinetic data on the

mechanism of the hydrolysis of urea by urease.
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