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ABBREVIATI ONS

The following abbdbreviations of chemicel names
have been used in this thesiss
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PHEB p~hydroxymercuribensoio scid
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IaN iodoncetamide |

EDTA ethylene dtamine totra~acetic aeid
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1.
BUMMARY

This thesis first considers the self-association
of the proteolytic enzyme papain in asqueous solution.
Association behaviour wes studlied qualitatively by the
techniqgue of sedimentation veloclty. Quantitative studies
were not proceeded with because of complicatione arising
from the suspected heterogeneity of papaln with respect
to sulphydryl content. Consequently the heterogeneity of
pepain was further investigated and attempts were made to
1s0lste two different forms of papein by electrophoresis

and chromatogrephy.

Sedimentation studies were conducted in several
buffers. The schlieren optical system of the ultracentri-
fuge was used, and some optical distortion sffects in
schllieren patterns are discussed in a separate appendizx,
Reversible sssociation was not detected at pH 4 and was
only slight at. pH 7, but became very marked at pH 8 which
is near the i1socelectrio pH of papain, Contrary to the
findings of previous investigators, no diseggregation wes
observed in the presence of oysteine or ethylene diamine
tetra-acetic acld. There is thus no evidence that pepain
assoclates through.dipulphlde or metel to protein bonding.
However, the sulphydryl reasgents iodoacetamide and
iodoacetic acid were found to exert noticeable and

opposite effeots on the extent of assoclation, indiocating
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the influence of charged groups near the active site.
Henoce it sppears likely that the assoeiaiion behaviour may
be complicated by the suspected heterogeneity of papaln,
i.e. the reported tendency for the active SH group to

exiat in two or more oxidation states.

The detection by physico-chemical methods of
heterogeneity in papain has not previously been achieved;
it was made possible in this investigation by combining
the enzyme with the reversible inhibitor p-chloromercuri-
benzene sulphonic acid (POM8), It was expeocted that this
anionic reagent would bind to the sctive, SH-oontaining
form of papaln, producing a species of diff'erent charge
from the inactive, non-8SH enzyme. Moving-boundary

electrophoresis was then applied to separate the two formes,

In the pH range 4 to 7, POMS modification of
papain always produced another peak in the electrophoretio
pattern on the treiling edge of the maln peak, Recent
theories about eleotrophoresis in interacting systems are

used in discussing features of the moving boundaries,

The two pesks had very similar mobilities, but
by application of back-compensated elsotrophoresis for
24 hours they were separated sufficiently to allow a sample
of the material constituting the front one to be withdrawn,
As this material ha? lower Bpecific enzymic aotivity than
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d4id the unfractionated solution, heterogeneity is strongly
indiloated.

Since a preparative fractionation could not be
obtained by eleotrophoresis, the ion-exchange chromato-
graphy of PCM8-papain on carboxymethyl cellulose was
attempted, Although some separation of asctivity ocourred,
the resolution of components was even poorer than in
electrophoresis, An attempted fractionation of papain
by ohromatography on organomercurial-polysaccharide, a
specific chromatographic material for SH-proteins, was
also unsuccessful, Thus, although strong evidence has
been obtalned for the existence of active and inactive

forms of pepaln, no preparative fractionation was achieved.

In a ooncluding chapter, the findings of this
investigation are discusaed in relation to structural

features of the active site of papain.
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(a) The Field of Study

Research on chemically reeacting protein systems
has been stimulated 1in recent years by advances 1in both
the theory and teohnique of physico-chemical mmthoda1.
Interest in this topic slso stems from the incereasing
recognition of its possible role in metabolioe prooesaeaz.
A variety of reactions may be undergone by even a purified
protein in solution, including self-association to dimers or
higher aggregates, and interaction with small molecules or

fions of the buffering medium,

It 18 now often rewarding to apply new and
improved methods to an investigation of the solution
properties of a protein of which some detalils of the primary,
secondary, and tertiery structure are known. The chemical
nature of any interactions can then often be understood,
and this information may £n turn help to give a olearer
picture of the structure of the protein and its behaviour
under physiological conditions. Examples of this approach
are the work of Townend,g&,ng'h’s who studied the assooia-
tion of p-lactoglobulin by light scattering, elestro-
phoresis, and sedimentation veloocity, and that of Jeffrey
and OoatosG who used sedimentation equilibrium to study
the association of insulin. Both groups of workers were

able to 1dentify the species present in reversible
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equilibrium in the aystem studied and to obtain thermo-
dynamic parameters for the sssociation reactions.
Suggestions could then be made about the type of inter-

molecular bonding.

It was considered that a similar study or‘the
sssociation behaviour of papain, the proteolytic enzyme of
papaya latex, would also be useful. Complex assoclation
behaviour of papain and its mercury derivative has been
reported by 8m1th;gj,317. Later in this chapter, after an
introduotion to the molecular properties of papain, an
account i1s given of the objectives of the present study and
the approach adopted. However the mein points of interest
about the association behaviour of papain can be summarized

as follows,

First 1t would be interesting to compare thermo-
dynamic data for the associstion reections with figures
that have been obtained with other proteins to ses 1if
similerities oxist. Secondly, some evidence has been
presented by Smith et a]l for the participation of disulphide
and metal to protein bonding in the association. This
suggeets that intermolecular bonding in papain may occur
through the active site which is known to contain a reactive
sulphydryl groupa. In this event the influence of factors
such as pH and edded inhibitors on the association could

help to elucidate the chemistry of the active site,
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Thirdly, an understanding of the equilibria set up in the
association of papain could be useful in testing current
theories about the transport properties of systems in
reversible assoclation oquilibriunﬂ.‘ Papain appears to

be a very sultable protein for such tests because its
agsocoiation oan be controlled and if necessary prevented by
suitable adjustment of the pH of the solution eand the

presence of certain reagents7.

A review of the properties of papain is given in
the next section, at the end of which some of the unsolved
problems in papain chemlistry are pointed out and the

structure of this thesis is outlined.

(v) A Review of the Structure and Chemistry of Papain
(1) The Peptide Chein

Papain is & globular protein heaving a molecular
weight af about 21,0009. The molecule is believed to
eontalin about 200 amino acid residues in a single peptide
chain and, as a result of much investigation reviewed by
nght,gx,glﬁo, most of these residues can be placed 1in guite
long sequences. The amino acid seguence of papain as fer

as 13 known at present 1s shown 1n Fig. I-1(a).

The folding of the peptide chain igs largely
influenced by the positicns of three disulphide bhonds
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--Tentative amino acid sc-
quence of papain.  Amino acid residuces
placed in sequence are separated by
dashes; slant lines indicate unassigned
peptides whose relative positions are not
yet established.

(b)

A diagramatic repre-
sentation of the structure of
papain, illustrating the relative
positions of the disulfide bridges,
the active sulfhydryl group, and
the aspartyl group at position
163.
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between half-cystine residuss. The positions of these
bonds have recently been located by hydrolysis of a papaln
derivative containing intact disulphlde bridgeo’1. Hence
& diagrammatic representation of the folding of the peptide
chain 18 now possible and is given in Fig. I-1(b). The

10 is that of a compact molecule as

gross ploture of pepain
can be observed from the folding back of the chain to form
each disulphide bridge. One can visualize the occurrence
of strong electrostatic and hydrophobic foroces along the
polypeptide chain producing an extremely compact structure.
Such a2 etructure is in accord with optical rotation

studies of papain in denaturing eystems which showed that
only a small change occurred in the transition from the

native to the denatured state12.

(11) The Aotive Site

The existence of a free sulphydryl group 4in the
active site of papsain has been established for many years
and been demonstirated in several ways. Papain exhibite
maximum proteolytic activity only in the presence of both a
reducing agent such as oysteine and a metal complexing
agent such as ethylene diamine tetra-acetio acid (EbTA)13.
That these activators 4o not act as coenzymes was shown by
Finkle and Smath§ who used 2 reducing and delonizing

column to prepare papsain which was active in the absence of
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activators. These observations suggested the presence in
active paspain of a sulphydryl group which must be freed
from a reversibly blocked state such as disulphide or metal

mercaptide.

The necessity for the free SH group is supported
by inhibition studies which have shown that sulphydryl
reagents such as p~hydroxymercuribenzoic acid (PHMB)
inhibit the msctive enzyme. In faoct Sanner and P1h11h
showed the inhibition to be an almost linear function of
the amount of PHMBE added, and also demonstrated that papain
combined with this reversible inhibitor was protected from

Srreversible inhibition e.g. by ionizing radtation’ 16,

1718 of the papain catalyaed

Furthermore, kinetic studies
hydrolysis of synthetic substrates over a wide range of pH
have indicated the participation of a sulphydryl group andé
an ionized carboxyl group. The identification of groups
by heets of ionigation calculated from titration pK's is

20 has

however sometimes unreliablcw, and Sluyterman
commented that although the existence of an ionized carboxyl
group in the sotive site seems certain, the kinetio evidence

implicating an SH group is less sound,

The position of the active SH group in the poly-
peptide chain has been found by hydrolysis of a papaln
derivative in which the appropriate cysteine residue wae

elkylated, using G1h-labelled jodoacetate, to distinguish
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1t from the other half-oystine residues''. Pig. I-1(b)
shows that the active SH group is at position 25, and that
the disulphide bridge between positions 22 and 159
probably brings 1t close to the earboxyl group of the
aspartic acid residue in position 163,

The participation of an imidazole group of
histidine in the catalytic mecheniem has recently been
suggested from kinetic reault320'21. This idea is8
supported by photochemical inactivation studieszz which also
indicated that one tryptophan residue may be essentisl.

The latter postulate is interesting since there is a
tryptophan residue at position 26, adjacent to the active
8H group, end another at position 165 which may also be
near the active site, It is more diffiocult to visualize
either of the histidine residues at positions 106 and 475
being near the active SH group in the folded structure

shown in Pig. I-4(b).

It 1s considered likely that the aotive SH group
acts on the substrate by forming an acyl 1ntermadiat023.
Lowe and Williamszb have recently proposed & mechanism in
which the scylation, or formation of a thiol ester, is
followed by a deacylation, both steps being catalysed by en
imidazole group. An 1lonized carboxyl group is believed to
assist deacylation probably by interacting with another
part of the substrate molecule and thereby specifically
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orienting the thiol ester bond. Thies mechanism 1s however

only tentative.

The active SH group of papsin reacts much faster
with inhibitors than does the SH group of cysteine®*25,
en observation which led Smith?® to suggest that 1t might
exist in the enzyme in a "high energy" bond of the thiol
ester type. However this hypothesis has been diecounted
on the basis of chemical evidence that thiol esters are not
aleaved by PHM327, and studles of the ultraviolet differ~
ence spectrea of papain in the presence of an activator
(cyanide) and a thiol ester resgent (hydroxylamino)za. It
gecems more likely that the high reactivity of the active
8H group of papein 18 due to the elestronic effects of

nelghbouring groups on the enzyme surf&ee.

(111) Sulphur Content

The sulphur content of pepain, which is important
in view of the sulphydryl nature of the enzyme and the
structural influence of the disulphide bridges, has proved
difficult to determine. Elementery analysisa’13 showed
1.2~ 1.3% of sulphur, corresponding to 8 atoms of this
element per moleculs of papain, but most reported determina-
tions of the number of half-cystine residues in papain have
given a figure of lesa than 8, The most recent and

reliable analysis appears to be that reported by Glazer and
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Smith29 who, using an amino acid analyzer to determine
cystelc acid in hydrolysates of performic acid oxidigead
papain, found 7.0 ¥ 0.2 moles per mole of papain. The
same investigators have shown, using a coloured d1sulphide
compound, that papain contains 7.8 ¥ 0.2 groups capable of
undergoing a disulphide interchange reaction. It is not
clear why this figure should differ from the number of
half-cystine residues, but Glazer and Smith have emphasiged
that the disulphide interchenge method gives high results
with some other proteins. Since no other sulphur
containing amino acid or inorgasnic sulphate could be
detected in papa1n9 the sulphur analysis 1s also not fully

expleined,

The distribution of half-cystine residues between
the reduced (sulphydryl) and oxidized (disulphide) forms
has also been the subject of much investigation. Balls

30 first reported a result of one SH group

and Lineweaver
per mole of papain by iodine titration of papsin and
iodoacetate-inhibited papain. Their calculations were
based however on en incorrect molecular weight for paps&in,
and subsequent recalculation by Kimmel and Smith31 showed
thet only 0.6 to 0.8 equivalents of iodoacetate reacted.

Numerous other methods have since ylelded a figure between

gero and 1.0 for the number of sulphydryl groups in pepain.
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Finkle and Smith8 estimated free SH groups in
papain which hed been activated by use of a mized bed
reducing and delonizing column, When the enzyme in
eluates from this column wees treated with sulphydryl
reagents, e.g. PIMB and 1odoacetamide, 1t was observed that
0.4 to 0.8 molar equivalents of a reagent reascted rapidly
with papein completely inhibiting 1t. The comhining ratio
veried with the papain preparstion. In the same paper 1t
wae noted that prolonged treatment with PHMB 1in 70%
ethanol produced a papain derivetive containing 6 molar
equivalents of the mercurial. It was concluded that papeain
had 6 SH groups, most of which were "masked" or buried
inside the enzyme, In a later paper29 however this high
combining ratio under such severe conditions was attributead
to reactions of PHMB with other groups, such as the cleavags

of disulphide bhonds commented on by Cecil and McPhee32.

Glazer and Smith2> estimated the SH content of.
papain by spectrophotometric titrations with PHMB and
N-ethyl maleimide, and by amperometric silver ion titration.
They found that unreduced papain (1.e. papain not subjected
to any sctivating procedure) contained 0.1 to O.s SH groups
per molecunle, The S8H titire was not inoreased by denatura-
tion, thereby precluding the preemence of masked SH groups.
With column-reduced papain the SH titre increassed to 0.5
to 1.0 groups, this figure also being unaffected by denat-
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uration. Sanner and Pihl‘h have also performed spectro-
photometric PHNB titrations of unreduced papain, and found
0,1 to 0,5 8H groups per mole in different preparations.

One remarkable feature of all these results is
the variability of sulphydryl content in different papain
samplea, & finding which assumes more significance in view
of the proportionality which has been noted between
sulphydryl content and proteolytic asctivity of papain8’1h.
The sulphydryl analyses elso support the hypothesis that in
native papain some of the active SH groups are in a
reversibly blocked state whioch can be reatored to the
sulphydryl form by some reducing sgenta. These points will
be discussed more fully in Chapter III in connection with

the heterogeneity of papain.

The number of disulphide bonds in the intact
papain molecule has been determined by Glazer and Smith29
by amperometrio titration with silver nitrate in the
presence of sulphito33. This method showed 2.4 to 3.0
disulphide bonds in native or ures=denatured papain.

However 3.8 disulphide bonds were titrated in acld-denatured
papain,
It is therefore apparent that the struoture of

papain represented by Fig. I-1, which has 7 helf-oystine
residues forming 3 disulphide bridges and the active SH
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group, is in accordance with most analyses of the sulphur
distribution, but 1t is possidble that there is one more

sulphur atom in papain.

(17) L QWD (

A crystalline mercuric complex of papain was
first prepared by Eimmel and Snuth”'. This compound,
mercuripapain, was found to have the empirical formula
Hg(Papain)z. It was enzymically inactive, but the usual
aoctivating agents, cysteine and EDTA, restored the activity
presumably by removing the mercury. A strueture of the
form Papain-8~Hg-S-Papain was suggested in acoordance with
the well known affinity of the Hg2' ion for SH groups.
However native papain contsins only a small proportion of
SH groups reactive towards reagents like PHMB; the
formation of a dimeric mercaptide in high ylelds therefore
seems unlikely.

A 1:1 oomplex of papain with mercury has been
prepered by Finkle and Sﬁitha using & mixed bed column,
Attempts to crystallize this compound ylelded only
precipitates of the 1:2 derivative, mercuripapain. Finkle
and Smith considered that the latter was probably the
least soluble of seversal possible mercury compounds of
pepain. Kimmel and Smithg have sinoe reported that the

mercury content of a mercuripepain preparation appears to
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be variable and related to the specific enzymic activity.
It was suggested that the original mercuripapain may not
have been a dimer but instead mixed orystasls of papaln and
the 1:1 complex.

It now seems unlikely that in mercuripapain the
mercury is bound specifically at the active site, Recent
34

X-pay orystallographic work on mercuripapain has shown
that the mercury is not incorporated into the papalin crystal
at specific sites. This is not unexpected since the
complex 1s prepared in 70% ethanol. It has been mentioned
in section (1ii) that under these conditions the reaction

of PHMB with papain is apparently unspecific.

Physical studies by Smdth,gj,§;7 have shown
that twice recrystallized papain giveas single peaks in the
vltracentrifuge and in the electrophoresis spparatus.
Elsctrophoresis of papsin in univalent buffers at an ionle
strength of 0.1 showed its isoelectric point to be at
pH 8.75. This high pH is oonsistent with the predominance

of bagic amino acids in papaing.

Although under certain conditions the sedimenta-
tion behaviour of papain indicated the presence only of
monomers, the engyme generally dieplayed a tendency to

agsociate reversidly. This topic will be taken up in
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Chapter II, but 1t must be mentioned at this stage that
Smith g% al found the reagents cysteines and EDTA to be
capable of suppressing the association under some
conditions. It was therefore suggested that intermolec-
ular disulphide and metal to protein bonds weres formed in

the association of papsin.

The molecular weight of papain was found to be
21,000 from sedimentation and diffusion data obtained under
non-agsociating conditions. Thies is in excellent agree-
ment with the molecular weight of 20,900 found from amino
acid analysiag. A determination of the molecular weight
by the approach to equilibrium method in the ultrecentri-

fuge has ylelded a figure of 20,70070,

(v1) Some Ungolved Problems

Whereas it can be realized from the foregoing
account that the struocture of papsin is by no means
obscure and 1e better understood than thet of many proteins,
several investigators have pointed out still unenswered
quest;onp about the chemistry of this enzyme, Outstanding
among thess are (1), the nature of the "blocked” SH groups
apperently present in a fraction of the molecules in any
papain sample, and (2), the chemical sequence of events

assoclated with the ectivation of papein.
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(1) Blooking of the SH Group

Since the SH titre of papain preparations oan be
increased by reaction with & thioglycollate rosins. excess
of a small molecular thiol>®, or sodium borohydride2?, the
blocked SH groups are probably in an oxidized state.
This is further supported by the observation that the
activity of papain cen be increased by electrolytic
reduction37. Again 1f esctivity is used as an index of
sulphydryl content, 1t can be demonstrated that papain is
reversibly oxidized by hydrogen peroxide and reduced again

1”'29. All these observations seem consistent

by cysteine
with the oxidation of a sulphydryl compound to a disulphide,
a8 well recognized reaotion. However the difficulty28 with
this mechanism i1s in finding a partnering sulphur atom

which oould form & disulphide dbond with the active 8H group.

Sedimentation studiea7 have shown that although
pepain undergoes reversible association the predorminant
species in solution muet be the papain monomer except
perhaps at pH values near its isoelectric point at concen~
trations above 0.5 g/100 ml, Hence intermolecular
dlsulphide bonding cannot be an important factor in the
blocking of SH groups in psapain., Intramolecular disulphide
bonding seems equally unlikely aince no eighth sulphur atom
has been found elsewhere in the molecule, More signif-

icantly, sctivator-free, reduced papain, prepared by
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reduction with sodium borohydride or on a thioglycollate
column, has been found to contain lees than one molar
equivalent of 8H groups. Reduotion of an intramolecular
disulphide bond should yield two SH groups. On the .other
hand the presence of a fourth disulphide bond in pespain
would be oonsistent with the results cited in section (111)
for the sulphur snalysis and some of the disulphide

estimations.

A mixed disulphide of the type PROTEIN=8-8-R,
where R 18 a small molecular group has recently been
described in e streptococcal proteinaacja. Glazer and
smi th?? have pointed out that the existence of s bond of
this type in papeln could explain some of the peculiarities
in the activation process. However there are experimental
reasons for doubting the importance of this type of group
in papain.

Pirst, an analysis for mixed disulphide in papain
has been performed by Glazer and 3mith29 who oxldized
papain with performio acid and examined the products by
paper slectrophoresis, The only products were oxidized
papain and a pmall amount of cystelc acid. Thus papeln
does oontain a mixed disulphide with qysteine but 1t was
considersd that the amount was too smell to account for the
variability 4{n SH titre. Secondly, the detection of less

than one molar equivalent of SH groups after reductive
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activation is inconsistent with the formation of PAPAIN-8H
and R-8SH, Although this could be rationallized by assum-
ing the latter compound to be volatile like the correspond-
ing product of streptococcal proteinase, the explanstion
of some other points would become difficult, Specific-
elly, 1t would be difficult to account for the sulphur
analyeis of column-reduced papain8 which still indicated

a content of 8 sulphur atoms per papein molecule, or for
the reversible inactivation of borohydride-reduced papain
by hydrogen peroxide, if the RSH compound had been losat
from the solution. Hydrogen peroxide inactivation wae

shown29

not to cause dimerization of papaln, Thus an
explanation other than intermolecular or mixed disulphide

formation 18 required,

It has been postulated severel times2®228,29

that the inactivation of papain may be due to conversion
of the SH group to a higher oxidation state corresponding
to a sulphenic acid (RSOH) or a sulphinic acid (RSO.OH).
However no evidence has been reported to either support

or dispute this hypothesis,

The position is further complicated by the likely
existence of another oxidized form of papain which cannot
be reduced to the sulphydryl form by the usual activators.
This suggestion, which was first based on the varisbility
in the SH titre of reduced papain will be considered more
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fully in Chapter III, Recently Sanner and Pihl showed
thet ineotivation of papsin by hydrogen poroxide1h and

X=ray 1rradiation16

» though largely reversible in the early
stages, becomes irreversible on prolonged or excessive
exposure to the cause of inactivation. Reaction with the
SH group was clearly shown to be the cause of inactiva-
tion by the protesting effect of a number of sulphydryl

reagents including PHMB,

To summarize this first problem it can be said
that the active eite of papain containes a2 sulphydryl group
which 18 partly free and pertly bound in other linkages
whioh probably correspond to higher oxidation states of
sulphar, The nature of these linkages is not yet defined.

(2) Meohenism of Aqtiyation

The closely related problem of the mechanism of
the activation process 1s also basic to an understanding
of the mode of action of pspain. Although the usual
activators, oysteine and EDTA, undoubtedly act by liberate
ing in papain sctive SH groups which have become oxidized
or bound to metal fons, there are some grounds for believ-
ing that this is not the only effect of activators.

Finkle and Smith8 found that the activity of

column-reduced papain was inoreased by eyeteine addition.

This was noted by Sanner and P1h11h who further showed that
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different sulphydryl compounds activated papain to
different extents. The latter aothors also showed that
the specific activity of papain in the sbsence of cysteine
was only about 60% of that found by Finkle and Smith for
papain of corresponding sulphydryl content when assayed in
the preasence of cysteine, Sanner and Pihl extended theae
observations to a systematic study of the effect of
cysteine on the kinetic paremeters for the papain-catalysed
hydrolysis of a synthetic peptide. Their results showed
that activation by eysteine was not only due to the
liberation or more SH groups in papain but also to sn
inerease in the rate of cleavage of the enzyme-gubstrate
complex. It was suggested that sn enzyme~substrate-
activator complex was formed which was then cleaved with a

higher rate constant then the enzyme-gubstrate complex,

However conflicting evidence has been obtained
by Whitseker and Bender39 who, using sctivator«free reduced
papainBs, found little or no effect of cysteine on kinetio
perameters for psaspain-~catalysed hydrolyses. Thus the
activating effect of thiols on pepain is 8till not entirely
understood. Even the reductive part of this process may

not be 2 simple equilibrium reaction of the form

2PS°I+2RS’I = 2 PSH 4 RSSR

where PSOx denotes papain with the SH group reversibly
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oxidized. Carty and Kirschenbaum'® consider that an
equilibrium of this type is not in accord with the feeble
inhibiting effect of a disulphide on papain, They have
suggested that the activation and insctivation of papaln

may proceed by different mechanisms.

As mentioned earlier, the initial aim of this
investigation was to cbtaein quantitative molecular weight
data which might help to elucidate the mechaniem of
agsociation of papain, This, 1t was thought, might yleld
information about groups in the active site and the
mechanism of activation. 8ince Smith<gjdg;7 found that
the ususl activators of papalin also suppressed its revers-
ible assoclation under certain conditions, it appeared that
the phenomena of sctivetion and association of pepaln were

closely related,

Accordingly the firat stage in this investigation
was a qualitative reinvestigation of the sedimentation
behaviour of papain in the ultracentrifuge. Thie work 1s
desoribed in Chapter 1I. A di1scussion of some optical
corrections which appear to be pertinent to the accursate
determination of sedimentation coefficients of small
protein molecules such &g papain has been plsced in a

separate sppendix.
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Some notable differences were observed in the
sedimentation behaviour of papain from that reported by
Smith et al’. In partioular, it is shown that the
active SH group is not required for assoclation and that
cysteine and EDTA 414 not affect the assoclation of pepain
under the conditions studied. Thus it is doubtful
whether association studies csn help to eluclidate the
activation process. However it is shown that slight
differences in the nature of groups near the active site
can noticeably influence the association of papaln.

Since the active SH group of papain is believed to exist
in other chemical states, it is the author's opinion that
any study of the association behaviour of papaln requires
first an understanding of what different chemical states
of papeln exist and, i1f possible, a separation of the
different forms. The rest of this thesis is concerned

with an investigation of these topics.

Thus Chspter III deals with experiments designed
to demonstrate any possible heterogenelty of papaln with
respect to sulphydryl content, by electrophoresis of a
papain derivative prepared by modification with p-chloro-
mercuribengene sulphonic acld (pcms), The results provide
strong evidence for the existence of sulphydryl and non-
sulphydryl forms in papain isolated by the usual methodu1.

However a clesr-out preparative fractionation could not be
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echieved by electrophoresais. It was considered that this
fallure, together with some other pecularities in the
electrophoresis of papain and PCMS~-papain, was a possible
sign of a chemically interacting system, Accordingly
pert B of Chapter III comprises & discussion of the
electrophoretic behaviour of interacting systems, and the
possible relevance of some theories to the results

presented earlier in the same chapter.

Chapter IV im an account of attempts to separate
papain into two forms by chrometography. However,
although the results of this work were consistent with the
electrophoretic results, the separation of components was
even poorer than in electrophoresis. Thus this thesis
supporte the hypothesis of sulphydryl heterogeneity in
papalin but does not provide a practiceble method for

fractionating papain into active and inactive species.

Finally 4n Chapter V the contribution of the
present study to en understanding of the chemistry of the

ective site of papain is d41iscussed,
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THE ASSOCIATION BEHAVIOUR OF PAPAIN IN SOLUTION
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(b) Use of the Sedimentation Velocity Method to Detect
Associating Protein Systems

(c¢) The Solubility of Papain and the Choice of Experi-
mental Conditions

(a) Experimental Results and Discussion
(1) Sedimentation of Papain at pH U4
(1) Concentration Dependence of S
20,w

(2) Effect of Low Temperature and Different
Buf'fer Composition

(3) Effect of Cysteine
(11) Sedimentation of Papain at pH 7
(111) Sedimentation of Papain at pH 8

(1) Concentration Dependence of Sedimentation
Characteristics

(2) Efftects of Activators and Inhibitors
(3) Detalled Consideration of Boundary Shapes
(4) size and Nature of the Aggregates

(e) Conolusions
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From the preceding chapter 1t is evident that
the phyeico-chemical studies of papain reported by Smith
at ‘17 form the basis for interpreting much of the
chumical data on this engyme. These investigatore recog-
niged association behaviour of papaln from sedimentation

veloocity experiments.

It was found that native papain in buffer
solutions of pH 4.0 and 5.4 gave a single sedimenting
boundary; the behaviour was characteristio of a rapldly
reversibly associating system (see next section) in that
the sedimentation coefficient lncreased with increasing
protein concentration in dilute solution. At pH 4.0
this oconcentration dependence of the sedimentation coeff-
ioient was abolished by the presence of 0.02 M oysteine.
It was thus inferred that papain underwent assoclation at
pH 4.0 by the formation of intermolecular disulphide
bonds. The reducing agent cysteine would be expeoted to
suppreass formation of this type of bonding. At pH 8 the
association of papain was more noticeable, a second,
faster-moving, peak being observed in the sedimentation
pattern, Considerable disaggregation was epparent in a
solution to which 0.004 M EDTA had been added, thereby
indicating the participetion of a metel ion in the assocla~
tion at pH 8. The metal ilon was not 1ldentified,
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The sedimentation behaviour of the 1:2 merouri-
papain complex wae also ezaqaneds At pH L4 this deriva-
tive gave unimodal sedimentation patterns with no sign of
agsociation, However at pH 8 mercuripspain exhibited a
bimodel sedimentation pattern, the fast component being more
prominent end having a higher sedimentation coefficient than

in the case of papain,

For the several reasons mentioned in the last
chepter 1t was intended to conduct a detalled study by the
sedimentation equilibrium technique of the assoclation
behaviour of papain, and later of the more involved
mercuripapain system, However, since some of the oconclu-
sions drawn by Smith et 8] were based on very few cbserva-
tions, 1t seemed advieable to first establish with more
certainty the conditions under which essociation of papaln

occurred, Sedimentation velocity studies were thus under-

taken to obtain this gqualitative information.

Reversible association of a protein in solution
can usually be detected in the ultracentrifuge by determin-
ing the welght-average sedimentation coefficient (S) at
varying solute concentration (c¢). Non-assooiating

proteins show & negative conocentration dependence of 3
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resulting from hydrodynamic effectauz. The variation of

S with o can be described by equations of the form

g°
1+ ke

8 = 8%1-%o), or 8 =

where 8° 18 the pedimentation coefficient at zero concen~

tration of solute, and k is a positive constant.

It 18 however found that for some protein
systems the sedimentation coeffiocient increasses with con~
centration, Such behaviour signifies the occurrence of

reversible association-dissociation reaoctions of the form

nP &= Pn

It 18 presumed that increasing solute concentration causes
a readjustment of the equilibrium in favour of the larger
aggregates which sediment faster, resulting in an increase

in the observed sedimentation coefficient,

Clearly if adjustment of the equilibrium 1s slow
in comparison with the rate of separation by sedimentation,
then separation of the aggregated from the monomerie form
can be expeoted, giving two boundaries. On the other
hend, with rapid equilibris this 1s not the case. Gilbert?>
has shown that 1f a rapid reversible equilibrium favours
the dimer to the near exclusion of higher oligomers, only

a aingle sedimenting boundary with a positive concentration
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dependence of sedimentation coefficient will be observed,
However if the equilibrium favours one particular aggregate
higher than the dimer, a bimodal sedimenting boundary may
be obgerved regardless of the rate at which equilibrium is
adjusted. The proportion of the faster component will
increase as the solute concentration 1s increased and a
minimom may be visible in the concentration gradient curve.
The gradient however will not drop to zero at any polint in

the boundary.

Thus to test for association behaviour of a
protein by sedimentation veloecity, measurements should be
made of two charaoteristies, viz. boundary shape and
sedimentation coefficient, both at several protein concen-
trations. Reveraible association is signified by either
2 bimodal bhoundery 1n which the relative size of the faster
peek increases with increasing solute concentration, or by
a single boundary which 1s shown to give & positive
concentration dependence of the sedimentation coefficient.
A number of theories can be applied to deduce further
details about the assocliation. Nichol gt g11 have

mentioned moast of these in a recent review.

It is emphasized that the sedimentation coeffic-
fient referred to in the foregoling discussion is the welght-

average sedimentation coefficient of the speoles present
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in the platean rogionuu of the ultracentrifuge ocell. Thias
quantity 1s strictly found from the rate of movement of a
point whose radial position is given by the square root

of the second moment of the concentration gradient ourvays.
Celculation of the position of this point is however so
lsborious that the maximum ordinate of the gradient ourve
18 usually taken as the boundary position in qualitative
appliocations of the sedimentation velooity method. For
symnetricsl gradient curves little error is incurred by

uslng the maximum ordinate’”.

In the present study the sedimenting boundaries
observed with papein at pH L4 and pH 7 were apparently
symmetricel (Fig. II-1). Hence the position of the
maximum ordinate has been used in the determination of
sedimentation coefficientes. At pH 8 where the boundary
wag markedly asymmetrical (Fig. II-5) the shape has been
imagined to erise from two symmetrical peaks, The areas
of each were measured as described later in this chepter.
The sedimentation coefficient of the slow peak was calcu-
lated from the movement of its maximum ordinate, and the
faest peak was treated similarly whenever suffioclently

prominent to be measured.,

(¢) The Solubility of Papain and the Choice of Experi=-
mental conditionsg

There are few published solubility data on papaln,
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although 1t has been noted7 that electrophoresis of papain
at pH values above 7 proved difficult because of the low
solubility of this enzyme in the cold in the region of

1ts isocelectrioc point. In the present study 1t was

found that the experimental conditions used in ultre-
centrifugal and in later electrophoretioc studies (Chapter
I11I) were frequently dictated by the low solubility of
paspain, The author's observations on the solubility of

papein are therefore summarized in Teble II-4,

It 18 generally adviseble in transport experi-
ments with charged proteins to use buffer aolutions of
ionic strength at least 0.1, in order to minimise charge-
separation effeotau7. The solublility of papain does not
always permit this. In the present study, the highest
ionic strengths allowing reasonable solubility of papain
have been used even though this necessitated the use of
different ionic strengths at different pH's. The
alternative would have been to use a single, low ionioc
strength for all experiments, but this might have produced

anomolous charge-separation effects at pH values far

below the 1soeleotric point.



TABLE II-J
Obgervations on the Solublllity of Papain
Buffer . Solubilit Buffer
1 Composition (g/100 ml useful for
(molarities)

20°C 1°c | Sed. | Eleec.

0.1 0.10 NpAe
0.’-‘3 HAc ~2.,0 > 0.5 4o o

0.4 0.02 Naio

0.08 Hae
. . N
0.1 0.10 Nado d:ta ~ 0.5 x
0.043 HAo

0.1

et

0.011 N HPO, | No .
0.066 KH,PO, ata < 0.5 -

—————

0.05 0.005 NazHI’O,4 No ' 1

. data > 0.5 | +oE
| 0.035 KHZPOM | | ’

i
0.1 0.027 NaQHPou

<1.0 < 0. 25 5 g
0.018 KH,PO, | |
1 |
|
0.05 | 0.013 NayHPO, | 4 g }~0-3" o E | +,E
0.010 KH,PO, [ ’

(eontinued) ...
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Table II-1 (continued)

Buffer Solubilit Buffer
pH I Composition (g/100 m1 useful for
(molartities) - =
20°C 17C Sed. Elec.
0.050 HGI ~1o° < 001 hd -
8 0,02 0.035 | Tris No
i 0.020 Hcl ~1 .2 ﬂat& +.'

2 Silow precipitation ocourred over a reriod of 24 hours,
I: Ionle strength
Acs Acetate, Tris: Tris-hydroxymethyl-sminomethane

A + sign inserted in the column headed "Sed." or "Elec."
denotes sultability of the buffer for sedimentation or
electrophoresis respectively. A « gign denotes

unsui tability.

® denotes that the buffer was chosen as the most suitable
of that pH for sedimentation or electrophoresis of papain,
€ red to as having a

Sedimentation velocity studies over a range of solute
concentrations require a protein to be soluble to sbout
1% (w/v) at 209C., The lowest concentration which can be
used with schlieren optics is sbout 0.1%.

Electrophoresis in the apparatus available (see
Chepter VI) is best carried out with approximetely 0.5%
solutions, but satisfactory results can be cbtained at
concentrations as low as 0.1%.
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(d) Experimental Results and Discussion
(1) Sedimentation of Pspain et pH 4

A typlcal series of photographs from a sedimentae
tion velocity run at pH 4 1s shown in Fig. II-1(a).
Details of the methods and controls in sedimentation
veloclty experiments and of the caslculation of sedimenta~
tion coefficlients are given in Chapter VI, In accordance
with the usual procedure, sedimentation coefficients were
corrected to a standard basis corresponding to a solvent
with the viscosity and density of water at 2000. Correo=-

tions were made using the equart‘.ionl'8

8 = ] ’Y) (1-;/‘)20,w)

20,w —

M20w (7-% ) cess II=(1)

where Szo,w i1s the corrected or standard sedimentation
coefficlent,
8 18 the sedimentation coefficient under the
conditions of the experiment,
) and /D are respectively the viscosity and density
of the solvent at the temperature of the
experiment,
1 20,w and/)zo" are the corresponding gquantities for water
at 20°0,
ana v 1s the partiel specific volume of the protein

Ain the solvent used.
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Determination of the required viscosities and densities
is described in Chapter VI. The figure used for v was
0.724, caleulatedhg from the aminc =01d composition of
papain, This figure may be slightly inaccurate since
subseguent vorkio has given a revised estimate of the amino
acld composition. Error eould also arise from the
assumption that v was the same in all buffers and at all
protein concentrations, However provided that/o 18 not
too different from szo.'. 820.' calculated from equation
11-(1) 18 not sensitive to a small error in V. Evalues=
tion of a few results using v's of 0.724 and 0.75 for
papain gave the same 820" figures within 0,014 8,
Nevertheless in experiments at 5°C a temperature correo-

i

tion was applied to V by essuming $% = .0005 ml/gn/°c5°,

(1) Concentration Dependence of 8,4 .

The variation with initial solute concentration
of the standard sedimentation coefficient of pepaln in
acetate buffer of pH 4.01 and loniec strength 0.1 is shown
in Fig., I1=2, The concentration of the most concentrated
solution was determined by refractometry and the other
solutions were prepared by dilution of this solution with
aiffusate, Dilutions were made by weight, the densities
of all agueous solutions being taken 88 1 g/ml. The
error lines shown on the points in Fig, II-2 are 95%
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fiduclial 1imits calculated from the regression of the
logarithm of the boundary position on time (see Chapter
VI).

It ean be seen from Fig, II=2 that, over most of
the econcentration range O- 1,5%, Szo’w decreases with
increasing c. Thus, reversible association of pepsain
either does not occur or 1is so slight that it is masked
by hydrodynamic effects. The three points represented by
s0l1d circles sppear to imply a slight positive slope at
low concentrations. However, these points correspond to
determinations in the 30 millimetre light psth ultre-
centrifuge cell, It 18 considered that, in view of
optical gorrections (see Appendix) which assume importance
when 30 mm cells are used in the determination of sediment-
ation coefficients of emall proteins like papain, these
points should not be given undue emphasis,

The gtraight 1line in Fig, 1I-2 corresponds to
the equation

S = 2.“6 - 0.059 L+ evs II-(Z)

20,w

which 18 obtained by a linear regression of 320" on ¢,
By the conventional stetistical methods51 the =mtandard
error in the slope ip estimated to be X .0h3, and that in
the intercept et ¢= 0 to be s .039. An attempt was

originally made to use the previously estimated standard
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errors in the individusl points to obtasin a weighted
regreasion line fitting the points in Fig, II-2., However
the usual method, that of welghting the points inversely

51, was found to be

as the sguare of their standard errors
inspplicsble because the estimsted standard errors could
not satisfactorily account for the observed large devia-
tions of pointe from the weighted regression line. It

is bellieved that the opticel distortion effects dlscussed
in the Appendix may have contributed to the experimental

secatter of points,

The extrapolated Sgo w of (2.46 .039) 8 asgrees

well with the figure (2.42 ¥ .04) 8 found by Smith et al’
for papain at pH 4 in the presence of 0.02 M cysteine,
However the results differ from those reported by Smith
2t 81 in that they indicate no assoclation of papain at

pH L4 in the sbsence of cysteine, Although the evidence
presented by the sbove authors for assoclation under these
conditions was slight, since Szo.w was determined at only
two papain concentrations, some further investigastion
geemed warranted to see if the two sets of resuvlts oould
be reconciled.

(2) EBffect of Low Temperature and Different
Buffer Composition

More sedimentation studies were therefore carried

out with papain at pH 4, but employing lower temperature

and different buffer composition. By analogy with the
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known behaviour of ﬂ-laetoglobulin3 and 1nan11n6, it was

thought that the use of low temperature might promote
assoclation of papain. In sddition, since papain tends
to precipitate in the presence of chloride ions (see
Table II-1 and reference 41), there was some basis for
believing that its essoclation might be more pronounced in

a buffer containing chloride ions.

Teble II-2 shows sedimentation coefficients
obtalined under the following conditions:
(1) et 5°C in the seme buffer as that used in obtain-
ing the results of the previous section,
and (2) at 20°C 1n s buffer of the same pH and ionie

strength, but ocontaining 0.08 M sodium chloride.

TABLE 11-2 l

Cc T Buffer S,A 8
(g/100 m1) | (°C) | Composition 20, 20".
(molarities) obs. calc.
(8) (8) |
0.96 5¢3 0.10 Nade |2.37 % -00, 2.40
0.67 5.3 0.43 HAc 2,36 & .02 2.h42
1.49  [19.9 [0:08 NeOl |5 61 2 010 | 2.39
0.70 [19.9 [0:02 Reado |, 55t op 2.42
0.08 HAgc 3

® Calculated for corresponding papein concentration, at
20°C, in pure acetate buffer of pH 4.0 and ionic
strength 0.1, by meanas of equation II-(2),
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It 18 eseen that there is good agreement hetween
sedimentation coefficients obtained at 20°C and 5°C in
the same buffer. Thus no essoclation of papain in 0.1 M
godlum acetate buffer of pH 4 1s induced by lowering the
tumperature to 5°C, On the other hand the 820" figures
obtalned with the buffer containing 0,08 M NaCl are about
0.2 8 higher than those obtalined with the chloride-free
buffer at corresponding papasin concentrations in the same
altracentrifuge cell and rotor. This increase, which
appears to be greater than experimental error, could arlse

in at least two ways.

(1) Binding of chloride lons to the positively charged
papaln molecule. This might cause sn increase in the
sedimentsation coefficient if the bound ion were denser than
the eolvent52 or 1f the protein molecule were enabled to
shrink to a more compact shape.

(2) A slight amount of reversible association.,
Gilbert53 has recently reported a pronounced scetate
buffer effect on the association of human oxyhaemoglobin
in neutrael and slightly aclid solution. Aggregated com-
Plexes appeared to dissociate in the presence of high con-
centrations of acetic soid at constant pH and ionic strength.
This 1s mentioned becausé the acetate-~chloride buffer used
in obtaining the data in Table II-2 inevitsbly contained

less acetio sold than 4id the pure acetate buffer. To test
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for the occurrence of a gimilar phenomenon with papain
would require very precise measurements of sedimentstion

coefficients since the inorease is so smell,

(3) Effect of Oysteine

From the results of the previous section it
appears possible, though unlikely, that the ume of an
acetate-chloride buffor may heve promoted the association
of papain at pH 4 reported by Smdth'314317. (The composi-
tion of the buffer is not given in this paper; 1t is
referred to as an acetate buffer of pH 4.0 and 1lonic
strength 0.,1). However the suggested mechanism of inter-
molecular disulphide bonding seems to be inconsistent with
the results of the present investigation which indioste
little or no association of papein in a sodium acetate-~
acetic acid buffer at pH 4. It was therefore decided to
re-investigate the reported deorease in sedimentation

coefficient of papain at pH L4 on cysteine addition,

Mg. II=-3 shows standard sedimentation coeffic-
ients of papain determined at a constsnt solute oconcentra=-
tion (1.07 g/400 ml) in an acetate-chloride-acetic acid
buffer of pH 4.00 with concentrations of cysteine varying
from gero to 0.08M, The solutions were prepared by mixing
nmore concentrated stock solutions of psepain and cysteine,

the volumes being measured with a micrometer sasyringe. Te
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prevent autolysis of pspain in the presence of the oystelne

activatora

, the mixtures were made immediately before
commencing each sedimentation experiment. As a precau~
tion against oxidation of oysteine, the preparation of
and all manipulations with this solution were carried out
in a nitrogen-filled box. The stock cysteine solution
was stored in a refrigerator under a nitrogen atmosphers.
At the beginning and completion of the above experiments
{ts free sulphydryl content was checked by lodine titra-
t1on°?. It was found that less than 6% of the initial

8H titre was lost during the several days of atorage.

Fig, II~3 shows that 8 - is substantially

20
unaffected by oysteine under the r;regoing conditions,
there being only a small increase of about 0.1 8 as the
concentration of cysteine is vearied from zero to 0.08 M,
This almost insignificant increase is not necessarily due
to added cysteine as the ionic strength and sodium chloride
concentration were not constant in this set of experimentes.
Cysteine was added in the form of the more stable hydro-
chloride neutralized to pH 4, which meant that as the
oystelne concentration was varied from zero to 0.08 M, the

sodium chloride concentration changed from 0.04 to 0.12 M
and the ionic strength changed from 0,08 to 0.16.

Since cysteine sddition caused no deorease in

the standard sedimentation coefflicient of papain in the
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acetate~chloride buffer at pH 4, there is no basis for
believing that lntermolecular disulphide bonding ocours

in this buffer, The papaln system at pH Ly does not seem
to warrant a more detailed study by the sedimentation
equilibrium method since any association whioh does ocour
is hardly detectable. Accordingly 1t was decided to make
further qualitative studies at pH 7. It has heen
reported7’9 that assooiation at thie pH is more pronounoced
even though a single peak is still observed in the

sodimentation pattern.

(11) Sedimentation of Papain at pH 7

Fig. II-4 shows the variation of 8 with

20,w
initial solute oconcentration for papain in pho;phnte
buf'fers of ionic strength 0,05 and pH 7.00 to 7.05. Sol-
utions were prepared by weight-dilution as described for
the corresponding set of runs at pH 4. The points in
Fig, II-4 were obtained in two separate series of runs.
The first, represented by circles, was with a commercial
papein preparation55 which was later found by elesctrophor-
esis to contain ebout 4% of impurities. Subsequently the
series was repsated using a papain sample prepared by the
author using a method (see Chapter VI) which had been shown
to give electrophoretically homogeneous samples. The

second set of results, represented by squares in Fig., II-h4,is
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seen to agree closely with the firet. An inerease of
820,' with papein concentration is evident in both cases,

Thus it appears that papain undergoes & rapid reversible

association under these conditionsa.

Extrepolation of the curve in Fig, II-Y4 to zero
papain soncentration i1s Aifficult because of the experi-
mental scatter of points at low concentration. However
it appears that Sgo.w would be approximately 2.5 S which
18 close to the figure 2,46 2 .039 found at pH 4, Ae was
the case at PH L4 there seems to be a discontinuity in the
graph at the point where & change was made to a longer
light path cell and rotor. Again two runs were done at
the same concentration to confirm that the effect was an
artifasct and not due to a change in the properties of the
sedimenting material, Possible causes of this discontin-

uity are disoussed in the Appendix,

Although the association of papain at pH 7 still
appears slight, and therefore Aifficult to study quantitat-
ively, this system does meem a possible subject for further
investigetion by the sedimentation equilibrium technique.
However 1t was decided to first proceed with sedimentation
velocity experiments at pH 8 which, as mentioned in section
(a), are reported to give bimodal reaction boundaries with
papain. Such a system would be more sunitshle for studies

of the effects of specific reagents on the association
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since eny chenge in the amount of association should cause
a8 change in the shape of the sedimenting boundary. This
should be a more readlly observsble and measurasble change
than a small difference in sedimentation coefficient which
18 all that could be expected at pH 7.

{(111) Sedimentat

(1) Concentration Dependence of Sedimentation
The sedimenting boundaries observed with papain
solutions of four different concentrations at pH 8.00 and
fionie strength 0.02 are shown in Fig, II-5. A trig~
hydroxymethyl-aminomethane buffer was used, and the more
dilute papaln solutions were prepared from the most
concentrated by weight dilution 1n the manner previously
desoribed, It is seen that st the highest concentrations
(which were dictsted by the solubility of papain), aggregs~
tion is clearly indiocsted by & prominent shoulder on the
leading edge of the slow pesk. As the sclute concentra-
tion is decreased the shoulder diminishes in the menner
characteristic of a reversibly assoclating system (mection
(k)). Thie behaviour is spparently in sgreement with that
reported by Smith et al’ for papein at pH 8 in a tris
buffer of unspecified ionic strength, although no photo-
graphs of the sedimentation patterns under the above

conditions were published, Their paper gives only
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numerical percentage areas for the two pesks with no detalls
of how the area was divided which prevents any striot

comparison with the results of the present study.

With the idea of galning some information about
the mechanism of aszsociation of papain it was declded to
ascertain the effects of certaln activators and inhibitors
of papsaln on its sedimentation hehaviour at thlas pH ané
ionic strength. The effect of cysteine and of EDTA was
congidered to be of interest in view of the reported
abllity of these compounds to cause dissociation of papaln
aggregates as mentioned in section (a). Furthermore from
the effect of SH-specific inhibitors on the assoclation it
was hoped to determine whether the asctive SH group was
regquired for association of pepain. The alkylating
reagents lodoscetamide (IAM) and lodoacetic acld (IAA) were
chosen for this purpose for the followlng reasons:

(1) Their reaction with papain is irreversibls and
specifically with the SH group®>.

(2) Although very similar reagents, at pH 8 they should
differ in charge. IAA should produce a negatively charged
site (-S-GHZ-COO') in the papain molecule, while IAM ghould
produce an uncharged site (-S—CH2-CONH2). Thue a
comparison of their effects could be expected to show

whether the assoolation were sensitive to the nature of

charged groups at the active site of papain.
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The alkylated forms of papain were in each case
prepared by incubating e mixture of papain (1 mole),
oysteine (15 moles) 2nd EDTA (3 moles) in tris buffer (pH
8, I 0.02) with the inhibitor (25 moles) at 39°C for 60
minutes. More cystelne (11 moles) was then added in
acoordence with the procedure of Thompson and O‘Donnell56
as a precaution asgainst unspeoific alkylation. The
resulting mixture, in which the papain concentration was
approximately 1.,2%, was then transferred to dlalysis tub-
ing and dlalysed at 4°C against 100 volumes of tris buffer
for 48 hours with a change of diffusate after 2 hours.
The inhibited preparations were assayed in the usual way
(see Chapter VI) and found to retain less than 2% of the
activity of the untreated enzyme.

The sedimentation patterns obteained with TAA-
snd JAM- inhibited pepain, and with papain in the presence
of cysteine and EDTA are shown in Fig, II-6, together with
e pattern obtained with untreated papain. It 18 evident
that the sedimentation pattern i1s essentially unaffected
by the presence of 0,005 M cyateine. 84imilarly, addition
of 0.001 M EDTA has 1ittle or no effect, whether the solu~
tion 18 run in the ultracentrifuge immediately after mixing
or after being kept for 24 hours at 20°C. The latter
result 1s in dilesagreement with the effect of 0.001 M EDTA
reported by Smith et 112 Fig. II-«6 however shows that the



Fig, 11-6 Effects of Activators and Inhibitors on the
Sedimentation of Papain at pH 8,

(a) Papatn (0.98 g/100 m1) (b) Papain (0.98 g/100 ml)
+ cysteine (0,005 N)

(e) Papain (0.98 g/100 m1) (d) Papein (0.98 g/400 ml)
+ EDTA (0.004 M) + EDTA (0.004 M) o
Solution kept at 20°C
for 24 hours after
addition of EDTA before
ultracentrifuge run.

(e) Iodoacetamide-inhibited (f) Iodcacetic scid-inhi~-
papain (0.94 B/400 ml) bited papain
(0.99 g/100 ml1)

A tris-hydroxymethyl-aminomethane buffer of pH 8.00,
fonic strength 0.02 was used in all cases. The photo=-
graphs shown were all obtalned with a dlaphragm angle of
55°, after approximately 70 minutes at 59780 r.p.m. The
direction of sedimentation is from left to right,
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ssdimentation behaviour of papain in this buffer is
markedly influenced by inhibition snd by the nature of the
inhibitor. The two inhibitors are seen to exert opposite
effects, the uncharged inhibitor (IAM) reducing the prom-
inence of the leading shoulder while the anionic inhibi-

tor (IAA) increases its prominence,

(3) Detailed Consideration of Boundary Shapes

In order to eipress the sedimentation data on
pepain at pH 8 in e semi~-guantitative manner, the observed
houndaries wore divided into symmetriocal peaks. The
method of subdivision used was that outlined by Svedberg
and Podersen57. From each run the particular photograph
wes selected in which the slow peak had moved (0.264
.012) om (distance in the cell) from the meniscus. Thus
the reaolutions of peaks were comparable and errors due to
radial dilution were as similar as possible, An enlarged
drawing of the photographed pattern (41 om: 1 mm along both
axes) was made on graph paper from comparator measurements
at 0.5 mm intervals along the radial axis. The data was
plotted as (peak height - baseline height) against radial
distance, A verticel bisector of the back peask was then
drawn and a leading edge symmetricel with the trailing

edge was constructed, The ordinates of the so constructed

lesding edge were subtracted from those of the whole
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boundary to obtain the tralling edge of the front peak.
8ince this trailing edge asppeared in all cases to be
symmetrical with the observed leading edge of the pattern,
no further subdivision of the front peak was attempted,
The area of each peak was then measured with a plsnimeter.
To minimise personal bias in selecting the position of
the bisector of the back peak, the point selected was the
boundary position read from the graph used in determining
the sedimentation coeffieient of the back peak (see
Chapter VI). Thus the data from all other photographs

from the run was used in selecting this position,

The sedimentation coefficient of the back peak
was determined in the ususl way although the experimental
error was inevitably larger than in those experimente
which yielded s symmetrical pesk. In patterns such as
those obtained with pepain at pH 8, in whioh there is not
a distinot minimum between the two peasks, 1t 1is of more
quantitative significance to determine the weight-average
sedimentation coefficient from the entire gresdient curve,
However when only quslitative information on the assocla-
tion 1= required, the method used in the present study has
the sdvantage of neceasitating less calculation and being
in some ways more illustrative. It must be appreciated
however that the peak areas obtained in this way are only a
means of desorlbing the shape of the boundary and do _nqt
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represent the concentrations of sggregated and monomerilc
apegleg.

The area measurements so obtalned from the
experiments described in sections (1) and (2) are repre-
sented in Fig., II-7 whioh also shows the sedimentation
coefficients. In this dlegram the areas of the indivigdual
peaks have been plotted agsinst the total aree of the
eorrespondipg pattern, Since all the photographs were
taken with the schlieren dlaphragm set at the seme angle
(55°), the total area is proportional to the papain
concentration in the plateau region of the cell, This
in turn is proportional to the initial concentration
except for small differences in radial dilution, or slight
precipitation of papain which occurred in some solutions.
For the two lowest papain concentrations, only sedimenta-
tion coefficients have been evaluated. The peaks
eppeared reasonably symmetricsl, and no attempt was mede to
subdivide them since the data, being obtained at =
different centrifugal field strength in a different cell,
could not be compared with that from other runs. Linenm
have been drawn in Fig., II-7 connecting points derived
from experiments with each particular sedimenting species
i.e. papain, TAM=modified papain, and TAA-modified pepain,
Mg, I1I-7 $11llustrates in a semi-quantitative manner the

same festures which wsre observed qualitatively from the
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shapes of the peeks, namely that the extent of sssocias-
tion, as judged from the relative arees of the peaks
(section (b)), inoresses with incressing papaln concentra-
tion, is apparently unaffected by edded cysteine or EDTA,
1s decreased by IAM-modification, end inoressed by IAA-
modification.

The apparent sedimentation coefficient derived
from the fast pesk is in all cases sbout 5.4 8. The
intrinsic sedimentation coefficient of the largest aggreg~
ate in the solution cennot be less than thissa. Since
this sedimentation coefficlent of the largest aggregate is
more than twice that of the papain monomer (2,5 8), its
molecular welight must also be more than twice that of
pepain, sssuming there is not a gross shrinkage or a
configurational change sufficlent to make the frietionsl
ooefficient59 of' the aggregate less than that of the
monomer, In other words, aggregates larger then a papain

dimer are almost certainly formed in this system.

The absence of a distinet minimum in the concen-
tration gradient curve is of interest since Fujita6° has
shown that a simple associating system of the form

o= Py ’ 3>2

will give a minimum in the sedimentation velocity pattern

provided that the ooncentration of oligomer is more than
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one fourteenth that of the monomer., (The lowest necess~
ary oligomer concentrstion is less than this for most
values of }, ae can be ascertained by subatituting numeri-
cal values of J in equation 4.82 of the above reference).
Fujita's theory neglecte diffusion snd considers only

very rsapld reactions. The first of these assumptions
limits epplication of his theory to the present problem,
but in connection with the second one it 1s likely that the
inclusion of kinetic terms could only enhance the predicted
resolution61. Neverthelems at lesst three reasons seem

possible for the absence of a minimum in the sedimenta-

tion patterns of papailn,

(1) The total protein concentration is still below
that required to produce a minimum (i.e. by Fujite's
theory the equilibrium concentration of oligomer is still
less then one fourteenth that of the monomer).

(2) The minimum 1s obliterated by diffusion,

(3) Intermedlate oligomers exist in the system. Rao

and Kageleasz

showed thet although & monomer=-trimer equili-
brium yields e bimodal sedimentation pattern, 2 monomer-
dimer-trimer aystem with suitably edjusted parameters

might show only a single peak.

A possible means of deociding whether the first of
the above reasons applies in the present case is by measur-

ing the area of the slow peak at different papain concentra-
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tions., Nichol and Bethun958

have shown that in a rapidly
reversibly assoclating system, the area of the back peak
in the sedimentation pattern is independent of protein
concentration provided the latter 1s greater than the
concentration at which the minimum occurs. Although this
result was formulated for a simple monomer-ollgomer
equilibrium, Nichol end Roy63 observed a constant back
peak area in the sedimentation of sulphatase A when it was

eonsidered that several specles probebly coexisted in
equilibriom,

Reference to Fig. II-7 shows that constant back
peak area was not observed with papaln, This could
indicate that the papain econcentration is still below the
value required for a minimum, or it might be a conseguence
of the arbitrary method of subdivision which was used.
However two other explanations which should be considered
are (1), that the association reaction is not sufficiently
faat to maintain equilibrium at al) points in the cell,
and (2) that a non=associating or differently associating
impurity is present. The latter explanation, which hears

3, also

g possible analogy to the cese of f=lactoglobulin
provides a fourth possible reason for the failure to

observe a minimum in the sedimentation pattern of pepain,

() Size and Nature of the Agoregates
It can be sald from the above d4iscussion that the
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polymerization of papain at pH 8 and ionic strength 0,02
apparently yields aggregates larger than the dimer,
However, the fallure of peaks in the sedimentation pattern
to résolve, together with uncerteinty about the rate of the
assoclation or the presence of differently associating

impurities make further formulation difficult.,

The active SH group of papain 18 clearly not
required for association since the IAA inhibited derivative
assoclates more than does untresated papain. The IAM
derivative however shows a deoreased tendency to associate
which olearly indicates that the nature of chemical groups
near the active site of papain exerts an effect on its
asasocliation at pH 8§, It has, of oourse, not been sghown
that the position of the substituted groups 1s significant.
Papain at pH 8 1e still below its isoelectric point;
accordingly the introduction of a negatively charged group
into any part of the molecule probably reduces 1ts net
charge. The repulsive force between nelghbouring molecules

may thus be reduced, resulting in inoreased association.

Since the reagents cysteine and EDTA, when preesent
in 2 to 10 fold molar excees, exert no slgnificant effect
on the association of papalin, there is now no basis for
believing that intermolecular disulphide or metal to
protein bonds are formed. Further evidence against the

participation of a metal ion in the associamtion 18 provided
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by the results of a spectrographic trace metal analysis

6l on a commerclial paepain sample which had

carried out
been shown by the author to undergo assoclation at pH 8,
The only metsls found were aluminium (0.01%) and caleium
(0.004%). Since an aluminium content of 0.04% corres-
ponds to only one metal atom in {13 molecules of papain,
it 18 unlikely to significantly affect the assocliation
behaviour. It may yet transpire thet hydrophobic forces
are responsible for the association of papain as they

appear to be for that of 1naulin6.

(e) Conclueions

The main findings of this chapter cen be

summarized as follows,

(1) Sedimentation of papaln in ascetate buffer of pH
4 end ionic strength 0.1 revealed no significent indica-
tion of association.,

(2) Similar experiments at pH 7 showed slight
assoclation of papain, The behaviour was oharacteristie
of a repidly reversibly associating system in which no
particular aggregated species is favoured other than
possibly the dimer.

(3) Papain undergoes considerable reversible associa-
tion at pH 8 probably yielding some aggregates larger than

the dimer. This behaviour is manifested as & pronounced

leading shoulder in the sedimentation pattern. It 18 most
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unlikely that intermolecular disulphide or metal to
protein bonds are formed in the assooiation. However the
nature of chemioal groupings near the active site of

papain exerts an influence on its association at pH 8,

Thus, over the pH range studied, association of
papain increases with increasing pH, becoming most
pronounced as the isoslectric point is neared, This
suggests that electrostatic repulsion may be oppoasing the
forces which promote association., Further information
on the association of papain at pH 7 and pH 8 could
probebly be obtalned from sedimentation equilibrium
studien, However acomplications are introduced by the
fact that the association is so greatly influenced by a
slight change in the nature of one group in the active
gite, As noted in Chapter I there are grounds for believ-
ing that the sctive SH group of pspain can exist in differ-
ent oxidation states in proportions which vary among given
preparations. If these different oxidized forms of pepain
ghould differ in their propensity for undergoing associa~
tion then 1t would be extremely difficult to obtain mean-

ingful quantitative data for the association reactions.

Quantitative studies of the associstion behaviour
of papein were therefore not proceeded with, TInstead, as
mentioned in Chepter I, 1t was decided to investigate the
more fundamentsl problem of the heterogeneilty of papain.
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Accordingly the next chapter deals with atterpts to
demonstrate heterogenelty in papain by electrophoresis of
& chemically modified derivative, and to fractionate

papain inte sulphydryl end non-sulphydryl forms.



CHAPTER IIY

CHEMICAT, MODIFICATION OF PAPAIN WITH PCMS:
OPHORETIC STUDIES

DART A
Eleotrephoretio Heterogeneity of PONS-
modified Pepain,

DART DB
Sscondery Effeots in the Elsctrophoretioe
Anglysis of Papein and POMB-Papein,



QUAFTER 11 - PART 4

ELECTROPHORETIC HETEROGENEITY OF PCMS-MODIFIED PAPATN

(a) Previous Evidence for Sulphydryl Heterogeneity in
Papain,
(p) Cholee of e Sulphydryl Resgent.
(¢) OComparative Eleotrophoretic Studies of Papsin and
POMS~Papain.
(1) Results
(11) Discussion
(1) Boundary Shapes
(2) Elestrophoretio Mobilities
(111) Charge Cslculations
{4) Back-Compensated Electrophoresis of Papaln end PCKS-
Papain.
(1) Elimination of the Stationary Boundaries
(11) Compensation
(111) Sampling

(e) Oonclusions,
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(a) Zrevious Evidence for Sulphydryl Heterogeneity in
ZPapein

It was mentioned in Chapter I that the
sulphydryl content of papain has been rqund to vary
between gero and 41,0 molar equivalents in different
preparations. Finkle and 8m1th8 observed that the
specific activity of papain isolated from different
batshes of latex was also variable and that a rough
proportionality existed between specific activity and
sulphydryl content. It was postulated that any papain
preparation contains molecules of two types: an active
SH-contalining species, and an inactive species differing
from the former in that its SH group has become irrevers-
ibly inactivated, The proportion of molecules contain-~

ing SH groups would thus determine the sactivity,

The above hypothesis was formulated only for
pepaln samples which had heen subjected to a prior
activating procedure, since the sulphydryl analyses were
carrlied out on column-reduced papain, and activity
measurements were performed in the presence of the usual
activators (0.005 M ocysteine and 0.004 M EDTA). However
recent work by Sanner and P1h11b has also shown a linear
dependence of activity on sulphydryl content, in this
case for papaln which had not been subjected to any

reducing or activating procedure, Thies result also was
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interpreted in terms of the existence of active SH-

containing and inactive, non-SH forms of pepain,

Glager and Smith29 showed by reducing papain
with sodium borohydride that the proportionality between
activity and sulphydryl content no longer holds if
reduction of structure~stasbilizing disulphide bridges
occurs, In prolonged reduction of papain the maximum
activity occurred when the SH titre was about 0.85 to
1.0 molar equivalents. Further reduction caused a drop
in activity. Thus the specific activity of papain is
proportional only to the molar content of active SH groups
(1.e. to the proportion of molecules having free SH

groups in their active sites).

Desplite this analytical and enzymic evidenoce
for the existence of active and inactive forms of papain,
there have been no reports of heterogeneity in recryst-
alllized papein belng demonstrated by physico-chemiocal
methoda. Technigques which have been used for the examin-
ation of pepsin include sedimentation velocityj, electro-
phoresis both in free solution7 and on starch 39120, and
cation exchange chromatography both on a polymetha=-
crylate reuina and on carboxymethyl cellulosogo.

Although some of these methods have reveasled slight
traces of impurities, no separation into two substantial

components has been achieved. In addition, immuno-
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chemical studies®?

of recrystallized papaln and mercuri-
papain have revealed a homogenous antigen-antibody system
by a number of criteria including complets precipitation
as well as complete inhibition of the enzyme, It is

thus apparent that any differences which exist between the
active and insctive forms of papain are very slight,
probably not extending beyond the chemical state of the

active SH group,

This chapter describes the detection of hetero-
geneity in pepaln after chemical modification with
p-chloromercuribenzene sulphonic acid (PCMS), It was
expected that this anionlc reagent would bind to the
active, SH-containing form of papain, producing a specles
of different charge from the inactive, non-SH enzyme,

(It 18 reasoneble to suppose that the different forms of
papalin originelly have the same charge since electro-
phoresis showe single peak¢7.) Moving-boundary electro-
phoresis was then applied to mseparate the two forms. It
has besn reported7 that electrophoresis of mercuripapain
of empirical formula Hg(Papain)2 showed a double pesk
pattern. However as mentioned in Chapter I, the reac-
tion of papain with mercury is obscure and apparently

unspecific. Herblin anad Ritt66

have recently demonstrated
the capacity of papain to bind three mercuric ions per
molecule, Thus a more specific organomercurial resgent

hee been used in the present study,



The aim of chemical modification of papain was
to alter the charge on each molecule of active papain
thereby making it 4ifferent from that on the inactive
form, A charge difference is readily detectable, and in
favoursble cases measurable, by electrophoresis in free
solution. It was therefore desirable that the modifying
reagent should have the following properties.

(1) It ehould resct only with SH groups.

(2) It should cerry a different charge from that of
the 8H group in the pH renge 4 to 7 (1.e. where papain
15 most soluble),

(3) It should be readily soluble in buffers of pH 4

to 7, thus enabling modification to be carried out in
the presence of sctivators of papsin by addition of an
excens of reagent. It 18 clearly essential to
ectivate the papaln sample before modification since

a large proportion of the SH-groups in a given papain
preparation are reversibly blocked (see Chapter I).
(4) Modification should be reversible in order to
allow any fractionation to be followed by activity
measurements,

(5) The extent of modification should be measurable by
an enalytical method.
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Organomercurial reagents fulfil the eriteria of
being reversible inhibitors and are specific for the sctive
S8H group of papain provided the conditions of reaction
are properly oontrolleda. PCM8 was chosen in preference
to PHMB as it 1s more soluble®’ and contains a sulphonic
acld group which should be negatively charged at pH's as
low as u68, where SH groups are predominently uncharged.,
One disedventage of PCMS relative to PHMB is the greater
difficulty in estimating the binding of the former
reagent by Boyer's spectrophotometriec method67. Both
reagents undergo an absorption change on combination with
8H groups but with PCMS the maximum change occurs in a
slightly different spectral region where sbsorption by

proteins is much grester (see Chapter VI),.

Electrophoretic patterns observed with papein
and PCMS8-papain in the pH range 4 to 7 are shown in Figs.
III 4<h4, The photographs shown were each obtained after
the boundary hed moved the entire optical length of the
cell. Apparent mobilities of the various peaks are given
in Table III-1, which also records spectrophotometric

analyses of bound PCMS, In the examination of a protein
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for heterogeneity 1t 1s advisable to conduct electro-
phoresls over a range of pH's, as has been done in the
present study, since the extent of resolution often depends
on the pH, ionic strength and chemical composition of the
bufrersg.

Before PCMS-modification, papein was sctivated
by treating an approximately 1% solution of the enzyme
with a 10-fold moler excess of cystelne (0,005 M 1in the
activation mixture) and a 2-fold molar excess of EDTA, all
solutions being made up in acetate buffer at pH 5 and
ionic strength 0.1, To this solution at room temperature
was then added one of the same pH containing 1% to 3 times
the quantity of PCMS necessary to react with all the SH
groups in the solution. The solution was immediately
transferred to dialysis tubing and dialysed at ca. 4LOC for
2 days against 4O to 100 volumes of diffusate, with a
change of diffusate after 24 hours, to remove excess
reactants and non-protein products. The diffusate, which
was of course the buffer to be used in electrophoresis,
contained 3 x 10~2 M PCMS to suppress dissociation of the
papein~-PCMS complex. Vhen permitted by solubility the
concentration of elther papain or PCMS-papain was about
0.5 g/100 ml in the final solution, In some sarly experi-
ments there were minor differences to the procedure. These
are recorded in footnotes to Table 1I1I-41, Detalls of the

methods and controls in electrophoresis are given in

Chapter VI,



Fig, 111-1 Electrophoresis of Papain and PCMS~Papain
at PH 4.

Iop Row

Papein in scetate buffer pH 4.041, ionic
strength 0.1, Electrophoretic patterns
after migration for 310 minutes at a fileld
strength of 6,2 volt/cm,

(a) Ascending 1imb; (b) Descending limb.

Middle Row

PCMS-papain in acetats buffer pH 4,00,
ionio strength 0.1, - Electrophoretio
patterns after migration for 358 minutes
at a fleld strength of 6.2 volt/om,

(c) Asoending 1imb; (d) Descending limb,

Bottom Row

Papain, treated with cysteine (10 moles)
+ EDTA (2 moles) and dislysed to remove
these resgents, in acetate buffer pH 4,00,
ionic strength 0.1, Eleotrophoretio
patterns after migration for 327 minutes
at a field strength of 6.3 volt/om,

(e) Ascending 1imb; (f) Descending limb.






Il- Electrophoresis of Peapain and PCMS=Papaln
at pH 5.

Pepain in acetate buffer pH 5.01, ionie
strength 0.1. Electrophoretic patterns
after migration for 396 minutes at a rield
strength of 5.9 volt/om,

(e) Ascending 1imb; (b) Descending limb,

¥iddle Row

PCMS8=Papain in acetate buffer pH 5.02, ionic
strength 0.1. Electrophoretic patterns
after migration for 400 minutes at s field
strength of 6.1 volt/cm,

(o) Ascending 1imb; (&) Descending limb,

Bottom Row

PCMS-Papain, prepared without prior treat-
ment of papain with cysteine or EDTA, in
acetate buffer pH 4,99, ionic strength

0.1, Electrophoretic patterns after
migration for 409 minutes at a field strength
of 5.8 volt/em.

(e) Ascending 1limb; (f) Descending limb,






Flg, 111-3 Electrophoresis of Papsin and PCMS8-Papain
at pH 6.

Papain in phosphate buffer pH 5.98, ionie
strength 0.05, Electrophoretic patterns
after migration for 400 minutes at a
field etrength of 5.0 volt/em.

(a) Ascending 1limby (b) Descending Llimb,

Bottom Row
PCM8-papain in phosphate buffer pH 6,00,
ionic strength 0,05. Blectrophoretic
patterns after migration for 460 minutes
at a field strength of 5.1 volt/om.
(c) Ascending 1imb; (d) Descending limb.






ig, I1I-4 Electrophoresis of Papalin and PCMS8-Papain
at pH 7.

Iop Row
Pepain in phosphate buffer pH 6,98, loniec
strength 0.05. Electrophoretic patterns
after migration for 380 minutes at a
field strength of 6.5 volt/om.
(a) Ascending 1imb; (b) Descending 1limb.

Bottom Row
PCMS-Papain in phosphate buffer pH 6.99,
jonic strength 0.05. Electrophoretic
pattern after migration for 446 minutes
at & field strength of 6.5 volt/om.
(c) Ascending 1imb; (d) Descending 1limb.
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ELECTROPHORETIC DATA FOR PAPAIN AND PCMS~PAPAIN

Buffer® Katerial | Conc. g x 10 om® sec”! volt™? Other data | Boundary
;gg - (g/400 m1) - . 7 fneve
. cending Descending Shown
i, e Ol [ 1w habg 45y | %20,w = (5 ena
B0 9 2,40 8 (b)
GO at_18°C
PCMS~ 0.48 1. by 8 = (o) ena
Acetate ain 2. hs bk 20.% 5 (a)
pH 4,00 ¥ .04 23 -+ bl T 183
L= gad 3. 3.7 Bound PCMS
= 0.&0
molar equ.
Pgpain® 048 | 1. kg (o) ana
h-h ot
2 2. 3.9, 2 (v)
Papain 0.37 1. u.zu k.0 _ Fig,I1I-2
E/27 *~8 a) and
L (b)
Acetate
pK 5abo 2 .02 PCM8~ e 3.9, 1. 3.9 Bogndspcns (c)(g?d
= 0.1 Papain O.L3 2. 3.5, - 1.5
E/26 molar egu.
3. 2.9

(continued) ...

*6S



ZTable 111-1 (gontinued)

- - F
s Material (g?pgg. ) TS 4 105 em2 geo™! volt 1 Other data |Boundary
and 1 ml 8
putter Run No. Asoendingb Descending s§§3§
pH 5000 PCHS= a 1. hoos 1. 3-91 e FMg, IiI=-2
continued) Papain 0.48 (e) ana
Pﬁpain 0.46 1. 5."03 u.eu - %‘1 JII-3
E - and
Phosphat 23 2. “'50 : (g)
pH 6.00 - ,02
I = 0.05 PCMS- 1. b.0, 1. 3.9, - (e) end
£/30 ! 2
Phosphate ! ‘ (b)
u
T =0.05 pois e | 0.9 | 1o 32 34, |=0.61 (o) ena
£/47 2. 2.8, molar equ. (a)
u? Apparent electrophoretic mobllity I: Ionic strength

a See Table II-1 for buffer composition ‘

b Peaks are numbered in order of decreasing mobility (see Piga.I1I-{ to 4)

¢ Control experiment: Papain activated but not modified; activetors
removed by dislysis.

4 Control experiment: Papain modified without prior setivation by adding
a 30-fold molar excess of PCMS and dialysing.

e Modification procedure - (Papsin + 20 moles cysteine) treated with
30 moles PCMS,

009
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The apparent electrophoretic mobilitles recorded
in Table III-4 are obtained from the rates of movement of
rexima in the schlieren patterns, 8ince the theoretio-
ally correct position to use 1s that of the centroidal

70, the apparent mobility figures obtained are for

ordinate
hypothetical symmetrical pesks with msxima in the same
positions as those of the observed peaks. The specific
conductance used in the ocalculetion of electrophoretio
mob111t13371 was that of the protein solution placed in

the electrophoresis cell. Usually this solution conslisted
of the dialysed protein solution diluted with water, or in
the ocase of acetate buffers dilute acetic acid, in order

to reduce the size of the S-=boundary. This procedure
ensbles back-compensation (see section (d)) to be applied,
but also hae the effect of meking the spparent mobility
figures from the ascending and descending limbs more
similar than would otherwise be the case (1.e., if the

specific oonductance of the dislysed protein solution were

ulad)72.

(11) Discusaion
(1) Boundary Shepes
It can be seen from Figs, III 4-4 that PCMS

modification of papain produces an extra peak in the

electrophoretic pattern on the trailing side of the maln
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peak. Thie 1s in accordance with the formation of the
expected product, consieting of two differently charged
species, by combination of the sulphydryl form of papain
with the negatively charged reagent. Resolution of
oomponents can be seen more clearly in the ascending
patterns than in the descending ones owing to the usual
gradients of conductivity which produce sharper peaks in
the ascending limb of the electrophoreeis 001173.

- Since a chenge in electrophoretic moblility can
ariee from a change in either effective charge or friotion-
al coefficient, 1t was necessary to eliminate the latter
poesibility. Acocordingly, sedimentation veloolity runs
were conducted on solutions of paspein and PCMS-papain at
PH L4, since a difference in frictional coefficient cen
reasonably be expected to produce a change in sedimenta-
tion coefficient, It wae found that both solutions gave
single peaks in the ultracentrifuge and, as shown in
Table III~1, the sedimentation coefficlents were nearly
the same., Thus the difference in electrophoretio

behaviour must srise from a difference in charge.

Since the PCM8-modification of pepain as des-
oribed in section (1) is a two stage reaction, control
experiments were carried out to ascertain the effect of
each step individuaelly., Fig, III-1(e) shows that activa-
tion of papein, not followed by PCMS-modification, does
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not produce the extra peak in the slesctrophoretic pattern.
Fig. ITI-2(e) shows that when POMS-modificstion 18 carried
out without prior activation, the extra peak produced is
not as large as that formed by the usual method (Fig, III-
2(e)). This 1s consistent with evidence cited in

Chapter I for an inocreasse in the sulphydryl content of
pepain upon activation, The extent of modification as
Judged from the shape of the peak was also found to be
less when using a papain preparation that had been stored
for some time, As papein 1s known to lomse activity on

prolonged storages , it 1s not surprising to find sn

apparent decrease in its free sulphydryl content.

The eppearance of a double peak in electrophor-
eals 1s not conclusive proof of heterogeneity since
interaction equilibria in solution can give rise to a bi~.
modal reaction boundary from only a single maoromolecule.
Systems of this type are discussed in Part B of this
chapter which also desoribes some tests for reaction
boundaries which were applied to the present system. It
is also of interest that the ascending boundary of un=-
modified pepain has a small trailing peak which s
spparently retalned as a small third peek in the PCMB8-
modified preparation. In some experiments, espeocially at
pH 4, this peak developed a spiky appeerance (Fig, III-
1(=2)), typical of convection, efter several hours of
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electrophoresis, This occurred sven though the heat
output of the eleotric ocurrent was alwaye less than 0.15
watts/6.0, and thersfore unlikely to cause thermal
conveotion’™. In addition it was observed that the small
trailing pesk never ocompletely separated from the main
peak, even after 24 hours of electrophoresis (see section
(a)), and that a further recrystalligation of papain hed
no effect on the size of this peak when the sample was
sabjected to eslectrophoresis. It 18 therefore unlikely
that this small peek represents an impurity in papain,
However, as will be seen in Part B, the sbove observations

oan be interpreted in terms of an interscting system.

(2) Elestrophoretioc Mobilities

At pH 4 and pH 5, the apparent electrophoretic
mobility of the leading pesk in the slectrophoretic pattern
of PCM8~papein is only slightly lesa then that of
unmodified papain. This suggests that a large proportion
of the papain molecules are unaffected by PCMS, The
analytieal figures for bound PCMS, although subject to
considerable error for reasons explained in Chapter VI,
also indicate the binding of only a fraction of a molar
eguivalent of PCM8, Although the mobllity figures at
pH's 6 and 7 show a decrease in the mobility of the main
peak of PCMS~papain relative to that of papsin, it is
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possible that association resctions occur in these solu~
tions. In Chapter II it was shown that assoclation of
papein was favoured by an increase of pH between 4 and 8,
Furthérmore, the electrophoretic patierns of unmodified
papain at pH's 6 and 7 show obvious asymmetry which could
be due to self-association of papein. 1In view of the
possibllity of such compliocetions at pH's 6 and 7, only
data obteined at pH's 4 and 5 has been used for the

approximate charge calculations made in the next section.

(111) Charge Calculations

Agssuming that each bound PCMS molecule carries a
unit negative oharge at pH's down to L, the difference in
charge between the two molecular species apparently
present in PCMS-papain should be a messure of the number
of PCMS molecules bound to each molecule of modified
papain. This in turn would show the number of engyme SH
groups liberated in the activation of a papain molecule,
In Chapter I analytical evidence was oited which indicated
that only one S8H group wes liberated under these
conditions. However, analytical methods cannot distin-
gulsh between, for example, a protein ssmple in which 90%
of the molecules contain one B8H group, snd a sanmple in
which 45% of the molecules contaln two. Since this

information is potentially avaeilsble from the electro-
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phoretioc results, 1t 1s of interest to determine the
difference in sharge which would give rise to the
observed difference in mobillties between the two peaks
in the electrophoretic pettern of PCMS-papsain. Calocula=-
tion of oharge from mobility has been made on the basels

of two theories, since nelther 1s free from assumptions.

(1) Gorin's Method

Gorin's method of charge caloulation’” requires
that a shape for the protein be envisaged in order to
make approximate allowance for the retardation of the
protein ion by its own ion atmosphere, The most general

form of Gorin's equation, asm expressed by Vellie’® is

6N (1 +Kr + K1y )
£(vr)(1 +1r,)

'.f(K,-‘).o

2.
®
ev o000 III"(1)

where q 18 the net charge on the protein
p 18 the electrophoretic mobllity

Y) 18 the viscosity of the solvent

r is the radius of a sphere having the same volume
as the molecular volume of the protein in
solution

Ty i8 the average radius of the buffer ions
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K 18 the Debye~Huckel constant defined by
equation (49) of reference 75
r(xr) is a funotion which corrects for distortion
of the electric field by the protein 1on which
is assumed to be non-conducting. Values of
£(xr) are tabulated in reference 75
f(Kg%) is a function, also tabulated in reference 75
which corrects for asymmetry of the protein as
expressed by the axial ratio 2 of a oylindriocal,
or rod-like, moleculs. For spherical
proteins f£(x ,'g') =1 and r is the actual radius
of the molecule
and ¢ 18 a dimensional oconstant chosen to give q in

units of positive electronic charges.

In order to find the necessary molecular dimen-
gions for the papain moleculs, the frictional ratio (f/fo)
was caloulate677 from the sedimentation coefficient at
infinite dilution (2.46 8), the molecular weight (21,000),
and the partial specific volume (0.724 ml/g). A frie-
tional ratio of 41.13 was obtained, whiéh, from the

78 oould corrsespond to

contour lines calculated by Oncley
either a 35% hydrated spherical molecule, or an unhydrated
rod-like molecule with axisl ratio (%) = 3,4, Caloula-

tions were masde for these two extreme forms but it should
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be realized that the papain molecule may have a shape
intermediate between these extremes or may possibly be
disc-like. The limitations of this method are thersfore

gpparent,

For a spherical, hydrated papain molecule, the
molecular radius r is 20.6 R, and (Yu) x 1072 1n an
acetate buffer of lonic strength 0.1 wes calculated to be
1.15 at pH 4, and 1.11 at pH 5. (The slight difference
i1s due to different viscositles of the two buffers). For
a rod-like, unhydrated papaln molecule, the equivalent
sphericel radius is 48.1 2, end f(K,%) was found by inter=
polation of data in Teble 11 of reference 75 to be 1.45.
Hence (%/u) x 10”2 wee calculated to be 1.38 at pH L and
1.33 at pH 5. The charge calculations made from the %/,
ratlos for both models are glven st the end of thie

section,

(2) Longsworth's Method

From the Kolrausch regulating function theory

79,80

for strong electrolytes and first-order Donnan

theory81, Longsworth82

calculated the concentration chenge
(A ¢) across the €, or buffer concentration boundary.

His equation is

rB - rR I‘A 1) Ga‘ seoe III-(Z)
rg r, = rp 2

Ao =(
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where Pps Ty and rp are the relative mobilities of the
protein ion, buffer cation and buffer anion respectively,
and Gg 18 the protein concentration in the initisl solu-
tion. This oconcentration is in equivalents per litre.
Hence 1f an independent messurement is maede of ¢, the
protein concentration in g/100 ml, 1t e¢an readily be
shown that the charge (g) on the protein ion is given by

g = ‘116 (n;og ) senve III-(B)

where M i1s the molecular weight.

An equation analagous to III-(2), though slight-
ly more complicated, can be derived for the concentra-
tion ehange aoross the S-=boundary. Both equations are
inexaoct owing to the limitations of the Kolrausch theory
when appllied to weak oleotrolyteasz. This uncertainty
ie greater in the cese of the S~boundary since the
protein mobility may be different on sither side of 1t as
a result of differences in the pH and ionic strength of
the solution, Consequently, celculations for papain

weres made only for the £ =-boundary.

The number of fringes in the & ~boundary wes
measured on a photograph in whieh the papain pesk had
migrated well clear of the ©boundary. (This messurement

was of course done for a run 1in which the stationary
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boundaries had not been reduced by the method to be
described in section (d4)). The error in this measure-
ment is considered to be less than 0.2 fringes which
corresponds to a 5% error in Ac. A similar measurement
on the 3~boundary would have been subjeect to about half
this error, but the increase in experimental precision
would be offset by the other factors which have been
mentioned. /A ¢ was converted from fringes in the elecotro-
phoresis cell to refractive index 1ncrement8% then to
normality of sodium acetate using refractivities deter-
mined st 0°C by Longsworth®2, The mobilities of the
buffer ions were also found from the literatnresh, while
that of the protein was obtasined from the electrophoresis
experiment. The latter was corrected from 1°C to 0°C
(the temperature at which the other mobility Adata were
obtaineaah) assuming the only significent correction over
such & small range to be that for visooaityas. The
molecular weight of papain was taken as 21,000, and the
weight concentration required in equation III-3 was found
by refractometry. The ratio (Vu)x 10”2 obtained for

an experiment with papain at pH 4 was 1.48; for one at
pH 5 the ratio was 1.55. These ratios were then used to
calculate charges which are given in Table 1I-2 together
with charges celculated by Corin's method.
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Rogults
Table III-2 shows results of each of the fore-
going methods for the caloculation of the difference in
charge between the two species in PCMS-papain, It was

gssumed that the 1/u ratio for pepain was unchenged by
PCMS-modification.

IABLE I11-2

CHARGE CALCULATIONS FOR PCMS~PAPAIN

Auxﬂ-ﬁ & Aq
Run | pH |2 f01t/sec | Longeworth's | Gorin's Method
No, Method
gpheres rods
E/15 |4 .01 0.36 0.53 0.1 0.50
B/22|4.00 0.53 0.78 0.6 0.73
E/23|4.00 0.26 0.38 0.30 0.36
E/26|5.02 0.47 0.73 0.52 0.63
E/36| 4.99 0.38 0.59 0.42 0.51
E/37|5.00 0.29 0.45 0.32 0.39
Average of 6 0.58 0.43 0.52

Ap = pg = uo for ggoending limb, since only the
escending pattern ylielded two measursble peaks,
Elsewhere 1n the calculations n ,
mobilities have been used, since the specifioc
conductance 1s known more accuretely in the
descending 1imb72,
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It 13 seen from Table ITI-2 that the calculated
difference in charge between the two appsrent main
components in PCMS-papain is about 0.5 valence units.

The number of PCMS molecules hound to a molecule of
papain must be an integer, It therefore appears that
charge calculations are not a satisfactory means of deter~
mining this number although they suggest that it is
unlikely to be more than one. It is possible that the
binding of a PCMS molecule to pepain affects the ioniza-
tion of neighbouring groups in the enzyme resulting in a
net charge decrease of less than one, However the
calculated oharges in Table III-2 are too tentative to

allow any definite conclusions sbout such factors.

As mentioned earlier, the appearance of two

peaks in the electrophoretic pattern of PCM8~papain is

not unambiguous proof of heterogeneity. It was therefore
decided to conduct prolonged electrophoresis runs using
back-compensation in the hope of being shle to make a
preparative fractionation. In back-compensated electro-
phoresis the movement of the moving boundary is counter-
acted by causing a slow flow of buffer through the cell

in the oppoeite direction. In this way electrophoresis
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can be continued for much longer times without the pesk
migrating out of the optical part of the cell. This
technique, as applied to the present study, entalled
three steps: (1) elimination of the stationary boundar-
1es, (11) compensation, and (11i) sempling.

(1) Elimination of the Stationsry Boundaries

It 43 well known that in an electrophoresis
sxperiment there ocour, 1n eddition to the moving boundar-
ies, two stationary boundaries. These are the §- and
£ - boundaries (in the ascending and descending limbs
respectively). They arise from differences in the
regulating functions® of the protein snd buffer solutions
prior to’eloctrophoresis, and comprise changes in concen-

tration of all ionic species present sbove and below them,

The presence of stationary boundaries consti-
tutes a problem in back-compensated electrophoresis,
since a flow of buffer in the direction opposite to that
of electrophoretic migration brings the ¥=boundary into

& The regulating function B of a solution i1s defined by
e
B = i(—l)
LS}
where 0, equivaelent concentration of ionic species 1
Byl ionic mobility of ionic species i

and the summaetion extends over all ions in the solution.

B has the propesrty that 1t remalins constant at any
horizon$§1883vel in the electrophoresis cell throughout
the run/7»°Y,
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the bottom seotion of the cell., Convestion then ensues
due to there being two solutions of different denslity at
the same level in the cell. Before attempting back-
compensated electrophoresis it 1s therefore necessary to
eliminate the 3~boundery by making the regulating
runofions of the protein solution and diffusate equal,
In the present study this was achieved by diluting the
protein solution with the unionigzed or weakly ionizing

portion of the buffer (of. Longsworth and UaoInnes'2).

The necessary dilution factor was deduced from
a measurement of the 8-boundary\1n a previous run
together with a measurement of the refractive index
increment (An) of all the ions in the protein solution.
The latter quantity was obtained by differential refracto-
metry (see Chapter VI) of the protein solution using the
woakly ionizing portion of the buffer (dilute acetio
acid solutions in the present cases) as the reference
solution, With the assumption of constant relative lon
mobilities, it oan be shown that all ionie speclies are
diluted at the: §-boundary by the seme factor, which is
the ratio of the regulating function of the initial
protein solution to that of the diffusate’>. Henoce
thie rfaotor (f) must be given by

(An)g19 tons eoe III=(Y)

T = { A .
(A n)u]_ fong - An)s-boundary
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Dilution of the initlal protein solution by this factor
should therefore meke the regulating functions of the
protein solution and diffusete equal, thereby eliminat-

ing the 8- and £ = boundaries in a second run.

The above method was found to be quite
successful in removing the statlionary boundaries. How~
ever, since a slight error leading to over-dilution
produces oonvection in the second run, it proved more
practicable to use a dilution factor calculated to leave
a 3-boundary of about 0.5 to 1.0 fringes. (To do this,
the required refractive index decrement i1s substituted
in equation III-(4) in place of (an)s-boundary)' A
S~boundary of this size was found to cause no perceptible
convection in the asoending 1limb during the usual 2L hour
duration of an experiment. The descending 1imb however

always convected after about 12 hours.

(11) Compensation

When the peaks had moved the entire optical
length of the electrophoresis cell, baok-compensation waa
commenced by slowly withdrawing buffer from the compart=
ment asbove the descendlng limb, In some experiments a
siphon was used for thie purpose, in otheras s mechanical

syringe. The back-~compensation was spplied intermittently.

Fig. I1I-5 shows electropharetic patterns
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obtained with papein and PCHMS-papaln after prolonged
electrophoresis with beck~-compensation. Pig. 11I=-6
shows two photographs obtained during the seme electro-
phoresis run using PCMS-papein; (&) was obtained before
compensation wae commenced, (b) was obtained after 18
hours of intermittent baek-compensation. It 1s clear
thet the distance between the two maln peaks inoresses
during back-compensated electrophoresis. However it can
be seen from Figs. III-5(b) and 6(b) that even after a
total electrophoresis time of 24 hours there is still no
region of constant econcentration between the peaks, As
will be seen from part B of this chapter, this is a

possible sign of an interacting protein system,

(111) Sempling

Although back-compensated electrophoresis of
PCMS-papain d4id not produce complete resolution of the
two maln peaks, the separation was sufficient to enable
the withérawal of a sample representing essentially the
species disappearing scross the leading pesk, Of the
buffers used for back-compensated electrophoresis,
acetate of pH 5 and ionic strength 0.1 gave the best
resolution and was therefore used for sampling experi-
ments. Fig. II1I-6(b) was obtained from a run in which

sampling was cerried out, After the distribution shown
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had been attained, the current was turned off, the bottom
section of the cell 1solated from the middle smection to
reduce convection, and s syringe needle lowered to the
level denoted X in Fig, III-6(b). This operation was
nonitored by means of the schlieren optioal system with
the oylindrical lens removed. (The needle can be seen
more clearly when this 1s done). The cylindrical lens
was then replaced and the schlieren pattern observed while
a sample of the solution meking up the front peak was
withdrawn through the needle by a mechanical syringe,

and collected in a trap (see Fig, III-7).

A semple of the unfractionated initial solution
was recovered from the bottom section of the ocell, Both
samples were then anslysed for bound PCMS in the spectro-
Photometer and were amsayed in the usual way (see Chapter
VI). The results of these analyses in two fractiona~
tlon experiments are shown in Table III-3 which also
records the spparent percentage composition calculated

from the number of Rayleigh fringes under each peak,

It can be seen from Table III-3 that in both
experiments a separation of activity occurred and was in
the expected direction i.e, indicating a lower specific
activity for the species, believed to be non-SH pepain,
disappeering across the front pesk., It should be noted
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TABLE III-3

ELECTROPHORETIC FRACTIONATION EXPERIMENTS ON PCMS-PAPAIN

Run No. E/33 E/37
Unfractionated Solution
Bound PCM8 (moles/mole pepain) 0.69 0.63
Specific activity® 0.69 1.06
Front pesk
Area (per cent) 72 49
Bound PCMS (moles/mole papain) 0.49 0.96
Specific activity 0.3L 0.13

® Specific activity is expressed as the proteolytic
coefficient (c4y) (defined in Chapter VI) for the
hydrolysis of a~benzoyl srginine smide (BAA).

that activities were measured in the presence of 0,005 M
cysteine and 0,004 M EDTA, Under these conditions the
PCMS inhibited enzyme 1s re-sctivated.

This separation of activity, persisting after
completion of the electrophoresis experiment, 1s strong
and spparently unambiguous evidence for heterogenelity.
However, the detection of some residual activity in the
front pesk suggests that the leading component may not be
simply an lnactive, unmodified form of papein. Undue

emphasis should not be placed on the differences in bound
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PCMS between fractions since the accuracy of these
determinations 18 probably poor (see Chapter VI),
Nevertheless it seems clear that both fractions contain
bound PCMS, This is also difficult to reconcile with
the hypothesis of a simple electrophoretic separation
between an active papain specles inhibited with PCMS and

en inactive unmodified species,

(e) Conclusions

The main finding of the work described in this
chapter 1s that chemical modification of papain with
PCMS glves a product comprising two epecies with differ-
ent charges, It has been shown by sampling after
prolonged electrophoresis that electrophoretiec separation
1s accompanied by a sepsration in enzymio activity.
These results are consistent with the hypothesis that

b1

papain, as normally isoleted” ', contains an active, SH=-

contalning species and an inactive, non-SH form.

Some observations have however been made which
suggest that heterogenelity may not be the only factor
respongible for the electrophoretic behaviour of PCMS-
papain, Accordingly, Part B of this chapter comprises
a discussion of the effects of various types of inter-
action on the electrophoretic behaviour of proteins. It

will be seen that some forms of interaction, if super-
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imposed on heterogeneity effects, could account for the
observed electrophoretic behaviour of PCMS-papain.
However 1t 1s difficult to show whether any of these

interactions definitely occur in the present system.

It seems unlikely that a preparastive fractiona-
tion of PCMS-papaln can be achieved by electrophoresis
in free solution since only incomplete separations have
been obtalned, and the method has the additlonsl die-
advantage that only small samples oan be regovered, It
was therefore decided to attempt a fractionation by ion-
exchange chromatography. This technique also gives a
separation of proteins having different charge propesrties,
and is readily adepteble to large scale operation. An
account of attempted fractionations by lon-exchange

chromatography is given in Chapter IV,
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(a) Introdyction

It has been emphasized in recent papers and

revlewa1'2'86

that a single macromolecule, if involved in
certain types of equilibria in solution, oan give rise to
more than one peak or zone in transport experiments.

Thus in any electrophoretic investigation of heterogen-
eity 1t is important to consider the possibility of inter-
actions. There can be 1ittle doubt that the PCMS8-papain
system is heterogeneous in view of the activity separa-
tion brought sbout Hy electrophoresis. However, as
mentioned in Part A of this chapter, heterogeneity does
not immediately account for all the experimental observa-
tions. The following, apparently anomolous, secondary
eff'ects can be listed,

(1) Prolonged electrophoresis of either papain or
1ts PCMS-derivative gave peaks of complex shepes (see
Figs. III-5 and 6).

(2) The electrophoretic patterns of both pspain
and PCMS-papain showed a smell tralling pesk which never
completely separasted from the main pesk even after 24
hours migration. The shape of this peak was often such
as to indicate a mild convective disturbanoce,

(3) Complete resolution of the two peaks in the
eleotrophoretic pattern of PCMS-papain 4id not occur, 1i.s,.

the refractive index gradient between the pesks never
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became zero.

(4) Approximate calculeations of the charge differ-
ence oorresponding to the difference in apparent electro-
phoretic mobility between the two components in PCMS-
papain implied a difference of less than a single valence
unit per papain molecule, |

(5) Attempted electrophoretic fractionations showed
that the fast component of PCMS-papain had some activity.
It was expected that only the slow component would be

active,

The purpose of the rest of this chapter is to.
consider possible causes of the above effects and to
deaoribe attempts which were made to obtaln experimental
evidence for some types of chemicel interactions. Inter-
actions have been divided into two groups, one in which
the protein molecule undergoes an isomerization or a
reaction with the solvent medium, the other in whieh there
is an assoclation between macromolecular ions, In
theories which have been formulated to describe the
elsctrophoretic behaviour of reacting systems, a simplifi-
cation which has always been made is that electrophoresis
12 1deal 1.e., the electric field strength is assumed to
be oconstant across the moving boundary. This assumption
is unrealistic since gradients of conduotivity, and

hence of field strength, ococur across any moving
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boundarya7. Thues, before proceeding to the elestro-

phoresis of interacting systems, a brief outline will be
given of effeots arising from non-ideal electrophoresis

in a heterogeneous but non~interacting protein system,

(b) Non-Idegal

The Dole theoryso

for astrong eleotrolyte
electrophoresis can with reasonable justificetion be
applied to well-buffered protein systems where variations
in pH and ionic strength are smallaa. Alberty73 has
spplied thie theory to a hypotheticsl mixture of two
proteins, and caloculated the nature and megnitude of the
deviations of electrophoresis from the usually assumed
1deal case, As well as the formation of statlonary
boundsries 1n aocordance with the Kohlrausch regulating
function theory, deviations from ideal behaviour were
manifested in three ways.
(1) Volumes
The ascending boundaries swept through larger

volumes than d1d the descending boundaries because of the
greater field strength between the 5-boundary and the
ascending boundary. The mobilities of the two proteins
were in the ratio 2:1, but on the ascending side the
ratio of the volumes swept through by the bounderies was

less than 2:1 while on the desocending side it was more
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than 2:1.

(2) Aress in the Eleotrophoretic Pattern

Because of superimposed concentration gradients

of buffer snd protein ions the refractive index charge
ecross the faster moving boundary was too great in bhoth
the ascending and descending patterns. The error was
calculated to become less at high ionie strengths but
greater with buffer ions of high mobility.

(3) Shepos of the Peaks
No quantitative assessment of the ghapes of the
peaks could be made, It was however evident from the .
variation in the calculated field strength that both
peaks would be expeated to spread more in the descending
1imb and less in the ascending limb than if diffusion
alone were responsible for boundary spreading. Alberty
suggested that gradients of conductivity and pH might
cause the moving boundaries to deviate from the Gauseian

shape produced by Aiffusion alone.

These non~ideality devistions will all exert
some influence on the electrophoretic bshaviour of PCMS-
papain. Hence calculations of relative mobilitles and
percentage areas from measurements on the ascending
pattern are unreliable. In =ddition, although it 1ia
unlikely that deviations of type (3) can acoount for the
unusual shapes of individual peaks, 1t certainly oannot
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be expected that pesks will remain Gaussian over long

periodes of elesctrophoresis,

(o) Isomerization and Protein-Buffer Intersctions

(1) Theory
A simple type of chemicel reaction which can
complicate the electrophoresis of a protein A 1= an

isomerization,
ioeo A ‘___\ G

where the electrophoretic mohilities of A and C are
different,
The system

A+B &= ¢

i1s mathematically equivalent to the former ocase provided
that the concentration of B is sufficiently consatant
throughout the system to ensure that the forward reaction
remains essentlally first-orderag. This condition is
fulfilled if, for example, B is H' in a buffered system
or 1f the concentration of B 18 large compared to that of

A&nﬂco

Any protein in an aqueous buffered medium is
involved in a variety of rapid equilibria of thie type
and in this sense all moving boundaries in transport

experiments are reaction boundariesgoa In most ocases,
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however, such reactions are rapid; thus A and C each
travel with the same average or constituent velocity and
only & single maximum will eppear in the sohlieren

pattern89’91.

The case where interconversion of A and C
is very slow is also simple in that the behaviour will
not aiffer much from that of a non-interacting, two-

component system,

The intermediate case where the duration of the
experiment 18 of the same order of magnitude as the hslf-
time of the reaction is more involved, but useful

89,91,92 .4

predictions have been made from numerical
approximate analyt1093 solutions of the appropriate
differential equations, It has been proposed that in
such systems the initial sharp Gaussisn boundary may first
split into two pesks which, as electrophoresis proceeds,
gradually decrease in sigze with the concomitant growth of
a centrsl peak, Thus the schlieren pattern may show

one, two or thres peaks depending on the rates of reaction
and the time from the start of electrophoresis. Ascend-
ing and desoending patterns need not necesssarily be
enantiographic, even for ideal electrophoresis, but in

the cases so far golved, the essentisl features are the

same in both limbsa,

Another case requiring special consideration

occurs when the reaction with a constituent of the buffer
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1s such as to significently change the concentration of
this constituent. This reaction is no longer formally
analogous to an isomerization. Cann and Goad9h have
recently discussed the electrophoresis of proteins which
reversibly react with emall, uncharged molecules such as
undissociated buffer acid. It was shown that, with
properly chosen vaelues for parameters such as the number
of bound acid molecules and the equilibrium constants,
the theory could predict resolution into two moving peaks
despite instantaneous re-establishment of equilibrium,
Exploratory calculations illustrated how the whole
epectrum of experimentally recognized types of moving
boundary electrophoretic pstterns, both enantiographic
and non-enentiographic, may in principle arise from the
rapid, reversible interasction of a single macromolecule

with an unoharged constituent of the solvent medium,

(11) Application
On the basis of the following observations it

18 congldered that protein-buffer interactions of the
typre described probasbly do not play an important role
in the electrophoresis of papain and PCMS-~papaln,

(1) Similar patterns were obtained in buffers of
difrferent pH between L4 and 6, and even in buffers of

different composition, viz. acetate or phosphate (see
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Figs, III-1 to 3). Thus the patterns are not very
sensitive to the concentration of undissociated acetio
acid. |

(2) Apart from grester spreading in the descend-
ing 1limb as a result of non-ideal slectrophoresis, the
ascending and descending boundaries have similsr shapes
et pH's below 6, The Cann-Goad theory predicts non-
enantiographié bounderies except when the protein binds
large numbers (of the order of 300 per molecule) of
uncharged molecules. However it should be realized that
deviations from snantiography in the electrophoretic
pattern of PCMS-papain might be hard to detect when super-
imposed on an already heterogeneous boundary. Farther-
more, isomerization reactions are quite compatible with

enantiographie boundaries,

(3) Electrophoresis of unmodified papain in the
same buffers as were used for PCMS-papain gave essentially
vnimodal patterns. It 1s unlikely that the capscity of
the papain molecule to bind acetic acid would be much
altered by combination with a single PCMS molecule,
especially since this combinstion eppears not to be
accompenied by any gross configurational change in the
papalin molecule, However features which eppear in the
electrophoretic patterns of both, such as the emall
trailing peak, could be due to protein-buffer interactions.
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Such & mechanism might be able to aocount for mild
convective disturbances since thls effect has heen pre=
dicted for ovalbumin and bovine serum albumin in acetate

Eurfersgu.

Cann and Gom’t%'gll have pointed out that an
unambiguous method of distinguishing between interactions
and true heterogeneity 1as to isolate the material consti-
tuting a particular boundary; this protein is then
subjeocted to electrophoresis under conditions identical
with those used in the initial separation. Particular
oare must be taken to ensure the same concentration of
protein and the same specifle conductance of the buffer.
A single pesk under these conditions would show that the
original separation was due to heterogeneity. It was
however not precticable to apply this test to PCMS-papsin
gince an inordinate number of preparative runs would have
been necessary in order to isolate enough protein from
the front pesk to use at the same concentration in an

analytical electrophoresis run,

A form of experiment devised by Cann and Phe1p|ﬁ5
in their work on bovine serum albumin wes used to test
for the occurrence of an isomerization reaction in PCMS-
papain, The sbove msuthors conduoted prolonged elsstro-

phoresis with back-compensation to give a reasonable
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separation of the two peaks. The current was then turned
off for several hours during which time the only changes
apparent in the boundary shapes were those expected from
diffusion. On re-applying the electric field however,
one or two new pesks were observed between the existing
ones. It was proposed that the separated components
underwent an isomeric interconversion during the inter-
ruption. Although Oann96 later discerded this interpre-
tation in favour of the acetic acid binding theory, there
seems no reason to doubt that the shove behaviour would
also be observed for a protein undergoing an 1someriza-
tion reaction with a helf-time of the same order as the

duration of electrophoresis.,

Tests of this type were carried out after backe
compensated electrophoresis of papaln at PH 5 and PCMS~-
papsin at pH's 4 and 5, using interruption periods of about
24 hours, No new peaks were observed when the electriec
fleld was sgain epplied for 3 hours. Thus isomerization
18 not indicated. However, the sensitivity of this test
was probably poor in view of the considersble broadening
of main peaks during 2y hours of electrophoresis and a
similar period of Aiffusion. Small new pesks would
thersefors have been difficult to detect.

To summarize, it seems clear that the bimodel

boundary of PCMS-papain 1s not due to isomerization or
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protein-buffer interactions. Assuming however that the
main features of the boundary can be attributed to
heterogeneity, 1t is possible that interactions of these
types could contribute to the unusual shapes of the
individual peaks after prolonged electrophoresis. In
particular, interactions may be responsible for small
traliling shoulders which probasbly hinder resolution
between the malin peaks, Unfortunately, experimantél
proof of interaction phenomena is difficult to obtain in
a system such as the present one where any interaction
effectas are superimposed on and largely masked by effects

of heterogeneity.

(1) Theory

In a heterogeneous system such as PCMS-papain,

there are two types of association which must be considered:

(1) those between like molecules
A+ A = A, (or higher aggregates),
and (2) those between unlike molecules
A+B &= ¢
Such e reaction differs from the protein-buffer type

discussed in the last section in that both reactants are

non-dialysable and hence will be initially confined to
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As with isomerigzations, the fundamental factor
which determines the nature of the pattern is the rate
of' production of a specles by re-equilibration compared
to the difference in transport rates between qpeoiea1.
Agaln the simplest case is that in which the forward and
reverse reactions are very slow; <then each species
migrates with its own mobility and the concentration
gradient becomes nearly szero between the peaka, The other
extreme case exists when the equilibrium 1s maintained
by rapid reactiocns. This has been the subject of most
theoreticel exploration and the present discussion will
be confined to this cass. The problem of deducing
boundary shapes for the case of intermediste resction
rates 1es very complicated. Bethune and Kegeles61 have
suggeasted that the inclusion of kinetic terms can be
expected to broaden the calculated schlleren curve and
improve resolution, This seems to be supported by
numeriocal calculations made by Belford and Belfordg7 for
the sedimentation of a dimerizing system, These authors
prediocted that one, two, or three schlieren peaks might
be observable depending on the rate of the reaction.

It seems well established that a rapid dimerizstion

gives only one peakhs’so.

As mentioned in Chapter II, the theory of
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sedimentation in raepidly, reverasibly assccliating systems
has been extensively inveatigated. However, caution is
negsessary in spplying the same theorles to electrophor-
esis, first because sedimentation is formally asnalogous
to eleatrophoresais only in the deacending 1imb2, and
secondly because the assumption of a greater migration
veloclty for the aggregated species which is justifisbly
made for sedimentation is unlikely to be true in

electrophoresis,

G11bert"> ana Gilbert and Jenkins®® neve calou-
lated theoreticeal escending and desoending boundary
shapes for the eleotrophcreéia of systems in which associa-
tions between elther like or unlike macromolecules occur,
Their theory, whioch neglects diffusion and non-idesl
electrophoresis, predicts that for the self-association
of a protein A, the boundary in one limb should broaden
rapidly while becoming hypersharp in the other limb.
For the bimoleculsar association of two unlike molecules
A and B, a variety of boundary shapes oan be prediocted
depending on the relative velocities of A, B and C, the
relative concentrations of A and B, and the equilibrium
constant, Two boundaries usually appeer in each 1limb,
though one may be bimodal giving the appearance of a
total of three. A8 would be expected for a ooncentration-

dependent reaction, the boundaries are always non-
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enantiographic since in the ascending limb the direction
of migretion is towards a more dilute region while in

the descending limb 1t is towsrds a region of higher
concentration, For example in one quite simple case the
pure fast eomponent tends to give a separate pesk in the
ascending limb, while the pure slow component tends to

separate out in the descending 1limb.

(11) Applicatiop

There is sufficient similerity between the
boundary features prediocted by the Gilbert-Jenkins theory
and those observed with PCMS8-papain to warrant some
consideration. 1In particular, if an interaction were to
ocour between unmodified papain and PCMS-papain, giving
rise to a reaction boundary, the difference in apparent
mobilities of the two observed peaks might well be less
than the difference in the intrinsic mobilities of the two
components, Furthermore the oconcentration gradient
between the two peaks oould not be expeocted to hecome
gero, and one or both of the moving boundsries would not
represent a pure component. The latter faotor could

account for the residual activity in the front peak,

The spparent absence of hypersharp boundaries,

which are predicted in the aystems considered by Gilbert
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and Jenkins may not be too significant considering that
their theory neglects boundary epreading due to non-
ideal electrophoresis or diffusion. Of possibly more
elgnificance 18 the sbsence of the pronounced non=-
enantiography predicted for Gilbert-Jenkins systems.
Further evidence against the occurrence of bimolecular
assoclation 1In the present system 1s provided by the
sedimentation behaviour of PCMS-papain reported in Part
A of this chapter. The boundary shape and sedimenta~
tion coefficient observed with PCMS~papain were nearly
the same as with papain, which precludes the poessibility
of any great change in the extent of association. How~-
ever, this sedimentation result was obtained only under
one set of conditions (pH 4, 18°C). Before discarding
the assoclation hypothesis, 1t would be advisable to
study the sedimentation of PCMS-papain at other pH's

and at the same temperature as was used for elsctro-

phoresis, viz. 1°9C.

One other experiment was done to test for the
occurrence of interasction effects in the selectrophoretio
analyaes; =& different inhibitor, iodoacetic acid (IAA),
was used and the papain derivative subjected to electro-
phoresis, A different papain derivative could reason-
ably be expected to have different association behaviour.,

Furthermore, IAA has the advantsge of being an irrevers-
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ible sulphydryl reagent thus meking it unnecessary to
maintain a small concentration of free inhibitor in the
buffer solution. The use of 3 x 107> M POMS in the
buffer for the electrophoresis of PCMS-papain was in some
ways undesirable sinece 1t is difficult to predict what
effects might arise if it were to interact weaskly with
other groups in papain. The Gilbert-Jenkins theory does
not seem to be applicsable in this case because the PCUS
§s uniformly distributed through the cell, while the
Cann-Goad theory has been developed only for interactions
with uncharged buffer constituents whose gradients of

concentration 4o not move in the electric field,

Elasctrophoresis of IAA-papain was conducted at
PH 7 where the oarboxylic acid group could be expected
to exiet in the anionic form., Modification was carried
out as described in Chepter II, and an assay revesled no
activity in the modified enzyme. The results of the
electrophoresis are shown in Fig, III-8, Comparison
with Fig, I1I-4 shows that the boundary shapese resemble
those of PCMS=-papain at pH 7 except that the slow
component in the ascending pattern of the latter is
hardly diescernable in the IAA derivaetive, The apparent
mobilities of the peaks are, however, only slightly less
than those of unmodified papain and significantly higher
than those of PCMS-papain.
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It thus seems doubtful whether IAA-modification
was successful in introducing a negative charge on to a
significant proportion of the papsin moloeuleé at pH 7,
In these oircumstances the experiment is of 1little value
for comparison between the TAA- and PCMS- inhibited forms
of papsailn, Since carboxyl groupe of proteins are usually
completely ionized at pH's above 5.599, it 18 diffioult
to explain the electrophoretic bshaviour of IAA-papaln,
A possible rationaelizstion could be that the ionized
S-carboxymethyl group weskens the acid dissociation of =a
neighbouring group, such as a histidine residue which

would be expected to dlssociate between pH 5.5 and 899.

(e) Conglusiong

In general, the foregoing discussions support the
conclusion expressed in PartA of this chapter that PCMS
modification of pepain ylelds a product with charge
heterogeneity. The major differences in the electrophor-
etioc behaviour of papain and PCMS=papain are evidently
brought ebout by the exiatence in the latter of two
differently charged forms, one of which carrlies a slightly
lower positive cherge in weskly acidic solution then does
papain, Although electrophoresis of both papaln and
PCMB=papalin reveels some other peculisrities, 1t 1s

spperent that mechaniams in terms of interactions or
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deviations from 1deal elsctrophoresis or both can be
suggested to account for all of the experimental observa-
tions. However, it is difficult to obtain experimental
measures of the magnitude of such factors, except in the
case of proteln-protein assoclations where sedimentatlion

velocity experiments at 1°C would be useful.

Another potentially useful method which has not
been used in the present work would be to conduct
electrophoresis at various concentrations of solute as
far as permitted by solubility and the gensitivity of
the optical systems of the apparatus. The interaction
effects which heve been discussed are all concentration
dependent by virtue of either equilibrium or kinetie
considerations, Thus 1t might be possible to interpret
any changes in the electrophoretic bdehaviour, However,
deviations from 1deal electrophoresis become less at low
protein concentrations and allowance must be made for

this.

One principle which is well 1llustrated by the
discussion of interactions i1s the importance of fractliona-
tion experiments and tests for chemical or enzymic
differences in conjunction with any electrophoretic
separation, This is the clearest way of showing whether

a separation of pesks results from heterogensity or from

interactions.
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(2) Intreduction

The elsctrophoresis results presented in Chepter
III provide strong evidence that PCM8 modification of
papain ylelds a product consisting of two different
charged species, Thus, as mentioned at the end of Part
A of that chapter, 1t was thought that a separation of
components might be achieved by ion-exchange chromato-
graphy. This 18 a method for the fractionation of
proteins with different charge characterlatica1oo, and
separations analogous to those observed in electrophor-

101'102. Proteins of lower

esls have been reported
elactrophoretic mobility were eluted more easily from a

column material of opposite charge,

Previous chromatographic work on papain slso
gives some basis for attempting the fractionation of a
guitable papein derivative. Finkle and Smith8 carried
out ohromatography of psapealn using the polymethaorylate
resain IRC=50, Pspain and mercuripapain were each eluted
as a single pesk at pH 7, At pH 6,1, however, papain
was eluted as a very broad pesk and in some fractions had
e higher specific setivity than that of the sample applied
to the column, This implied some separation of sctive

from inactive enzyme, However 1t was also found that

considerable autolysis (1.e, self-catalysed hydrolysis)

of papain took place during the experiment. In fact the
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amino acid compositions of fractions eluted at different
stages were also significantly different. Thus the
enrichment in specific activity in some fractions may only
have been due to separetion of intact papain molecules

from sutolysed fragments. Nevertheless the results
suggest that a successful separation might be obtained

by chromatogrsphy of papsin in the presence of an inhibitor.

More recently, SIuytermanzo

oconducted chromato-
graphy of papaln on carboxymethyl cellulose (M-
cellulose). The technique was used as a oriterion for
the purity of a papain preparation to be used for kinetic
-gtudiesn. Papain was eluted by a stepwise change in
buffer concentration at a constant pH (5.0), and e single
peak chromatogram was obtalned in whioch total proteln

and enzymic aotivity were superimposable.

This chepter desls mainly with attempts to
fractionate pepain into active and inactive specles by
cation-exchange ohromatography on CM-cellulose columnsa.
The use of s sulphydryl-specific column is also desoribed.
The next section is an account of the principles of ion-
exchange chromatography and the ways in which the best

poesible resolution cen be achieved.

(b) NCLPDLEE f Ion=E; vange Chroms

Chromeatography of proteins on ion-exchange
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materials usually reguires the establishment of electro-
statlic bonds between charged sites on the asdsorbent phase
and oppositely charged eites on the protein molecules,

In some cases non-electrostatic forces may assume
importance, The cellulosic ion-exchangers are particu-
larly suitable for the ochromatography of proteins einos,
by virtue of their low charge density snd hydrophiliec
nature, they have little tendency to csuse denstura-

t1 0n1 0o .

Diffential elution 1s generally achieved either
by reducing the charge on the protein molecule by a pH
change, or by decreasing the effectiveness of existing
bonde by increasing the salt ooncentration1°1. Proteins
of different charge, charge density or charge distribu-
tion may differ in their reguirements for elution.

Ideally an elution procedure should allow adsorption
equilibrium at all times to achieve the maximum potential
resolving power, However, in view of the range of
affinitles usually encountered in protein mixtures some
means of progressively increasing the eluting power is
usually employed, Furthermore such a technique helps to
prevent the "talling" of bande usually observed when a
single eluant 1s used for the chromatography of a substance
having s Freundlioch or Langmuir type of adsorption iso-
therm1°3. The elution method most free from artifacta1°°
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is that of gradient elution in which the composition of
the buffer is inoressed in eluting power gradually and
smoothly.

A suitebly designed gradient brings the bound
proteins gradually into adsorption equilibrium. The
- faster the increaee in eluting power the sooner is the
attainment of conditions that prevent re-adsorption snd
nullify the effeotiveness of the remaining portion of the
column. Thua 1f the gradient is made more graduel to
permit the use of a longer portion of the column in multi-
stage adsorption, an improvement in resolution can be

expected. -

In electrophoresis the best resolution of PCMS-

Papaln was achieved when using acetate buffer of pH 5,

a solvent in which papein is stable and gquite soluble.

It was therefore deoided to sttempt chromatography at this
PH using a gradient of ionio strength. 8ince both pspain
and ita PCMS derivative are positively ohargod at pH 5,
the oation exchanger CM-cellulose was chosen as the

adsorbent,

The ionic strengths required for adsorption and
elution were determined by batohwise adsorption experi-

ments. The following solutions were prepared:
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(1) four scetate buffers of pH 5.00 having fonic
strengths (21l sodium scetate) of 0.01, 0.1, 0.25
and 0,5,

(2) an equilibrated suspension’®®

of CM=-cellulose
(12 mg/ml) in each of the sbove buffers,

and  (3) a concentrated (ca. 1.2%) papain solution in
distilled water against which 1t wes dlalysed for 2|
hours,

Mixtures of adsorbent suspension (5 ml), the corresponding

buffer (5 ml), and papain solution (0.2 ml) were stirred

at room temperature for 2-3 mirutes then centrifuged to

settle the adsorbent. The optical densitiee of the

supernatant solutions were measured at 278 my, the

appropriate buffer being used as the reference solution,

Optical density messurements were also made on blank

solutions from which the adsorbent suepension was omitted,

an equal volume of buffer being added instead.

The binding cepacity of the CM-cellulose for

papein in each buffer was then calculsted in terms of

the distribution coefficlent (C) which 1e defined by the
103

relation

aotion of solute in the liquid phase 1n oontaot with
that adsorbent

Caloulation of C requires a knowledge of the void volume,

or volume of 1liquid phase held between the particles, in
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& given mass of adsorbent. For the present purpose,

the manufacturer's datal Ol (1.e. that 1 gram of dry cell-
ulose ylelds 8 ml of settled bed volume of which LO% is
void volume) was assumsd to be sufficliently accurate.
From thie 1t follows that the 60 mg of sdded adsorbent
occupies a volume of O.48 ml, of which 0.49 ml is void
volunme, Thus, the total volume of 1iquid phase in the
reaction mixture 1s (10.2 - 0.48 + 0,19), or 9.9 ml.

Hence ...
Wt., of papein in 1liquid phase in (arbitr-
contact with adsorbent particles = 0,19 D ary

units)
where D is the optical density of the esupernatant,
And LN N )

Wt. of pepein in adsorbent phase = 10.2 D° - 9.9 D

( aame
units)

wheres D° is the optical density of the 10.2 ml of blank

solution,

0,2 p° - D
Therefore C = 1—*23:ﬁ5151d1“

Table IV-1 shows the optical density measurements and
approximate distribution coefficients in each of the

buffers,
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TABLE V=1

EFFECT OF IONIC STRENGTH ON THE BINDING OF PAPAIN TO
CM=CELLULOSE IN ACETATE BUFFERS OF pH 5,00

1 om b
Srewth ooy Distribution
0.01 0.025 0.404 810
0.4 0.064 0.397 300
0.25 0.343 0.436 16
0.5 0.419 0.433 3.4

* Variation in the figures in this column is mainly due
to the use of 2 different papain sclutionse on
different days.

If, instead of assuming a void volume of LO%, a 105
figure of 70% (as found by Thompson and O'Donnell

for dlethyleminoethyl-cellulose) is used, the

distribution coefficients are 25% to 60% lower. For
the present purpose such a differsnce is8 not important.

Distribution coefficients between 2 and 5 are
the most favourable for elution ehromatographyj°3. How-
ever, to achieve high resolution the protein should be
applied to the column in a buffer which allows strong
binding; this reserves a longer portion of the column for
- multi-stage re-sdsorption during elution1°o.‘ Thus in the
initial experiments with papain, the enzyme ias applied to

the column in acetate buffer of pH 5 and ionie strength
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0.1, and eluted by a gradual increase in ionic strength
(2® sodium ecetste) at this pH. A check on the solub-
111ty of papain in such buffers at 2°C (& slightly lower
temperature then waes used in chromatography - =ee
Chapter VI) showed 1t to be about 0.1% in the 0.25 ionio
strength buffer and sbout 0.05% at ionic strength 0.5,
This solubility was considered satisfactory for chroma-
tography since the method for detecting papain in the
eluate (1.e. ultraviolet absorption) is applicsble at
low concentrations. The elution conditions found in the
above manner are similar to those since reported by

Sluytermanao

s Who eluted papain from CM-cellulose by a
stepwlse change from 0.1 to 0.7 ionio strength in acetate

buffer of pH 5,

Fig. IV=1 shows gradient elution chromatograms
for both pepain and PCMS~papain. A CM=¢ellulose column
(12 om x 1 om diameter) was used in both experiments;

a 50 mg load of enzyme was applied as 0.2% solution in
acetate buffer of pH 5, ionic strength 0.4, and eluted
by an approximately linear gradient to 0.4 ionic
strength buffer over a volume of 200 ml. The gradient

1s 1llustrated in the chromatogram by messurements of
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specific conductance which were made on the eluate
fractions. 'The protein peaks are shown by optical
denslty measurements both at 254 mu, recorded by a flow
analyzer atteched to the base of the column, end at

278 my (the absorption maximum for papain) measured on the
fractions. Detailes of the chromatographic techniques

and instrumentation are given in Chapter VI,

It can be seen from Fig. IV=1 that no spparent.
separation of PCMS-papaln was achieved, alnce 1t gave a
chromatographic profile only slightly broader than thet
of papain. The small shoulder on the tralling edge of
the latter 18 almost certainly due to the levelling out
of the 1onlc strength gradient. With PCMS~-papein,
proteln begins to sppear in the eluate earlier (1.e. at
emaller elution volumes) than with papain under the same
oonditions, which is in accordance with the hypothesis
that the average positive charge on the moleculss 1s less.
However, PCMS-papain is eluted in a single peak which
gives no indication of heterogeneity.

When a more gradusl gradient, from 0.2 to 0.3
ionie strength, was used for the chromatography of PCMS~
pepain the eluted peak wae slightly broader but still
showed no apparent resolution into components. However,
assays of a few widely eeperated fractions revealed s

slight fractionation of engymio mctivity. The specific
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activity of PCMS-papain (measured in the presence of
0.005 M cysteine and 0,001 M EDTA) was higher by sbout
25% 1n an early fraction, and lower by about 20% in a
fraction coming after the optical density maximum, than
that of an unfractionated sample, In view of this
indication of separation it was declided to compare the
chromatographic profiles, both for total protein and for
enzymic activity, of papain and PCMS-papain under
conditions of maximum resolving power, i.e. using a

gingle eluant rather than a gradient.

(11) Use of e Single Eluant

Figs, IV=2 and 3 show the results of chromato-
graphy of papaln and PCMS-papsain respectivély on simllar
CM~cellulose columns (11-12 em long x 1 cm diameter) in a
single eluant, viz. a sodium scetate~acetic aclid buffer
of pH 5.0 and ionic strength 0.2. The solid lines show
the optical density of the eluate fractions, and the
circles represent engymic sctivities celculated as the
first order rate constant (k1) for the hydrolysis of BAA
under the usuel conditions (Bee Chapter VI). 1In the
inset graphs sbove the chromatographic profiles, the
orosses represent specific enzymic activities of the
fractions esssyed and the horizontal broken line repres-

ents the specific activity of the unfractionated sample,
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In neither case does the optical density curve
indicate a resolution of the protein into two components.
The small peek eluting ahead of the maln peak in each
chrometogram corresponds to a component which was not
retarded by the column end which differed from papain in
that 1ts absorption spectrum had no maximum at 278 my,
instesd showing a stesdy increase in extinction below
this wavelength. The main optical density peaks in bd%h
chromatograms are similar, slthough that for PCHS-papain
is flatter and slightly less symmetrical. A marked
difference 18 however observed in the activity graphs.
With paspain the maxima in the activity and total protein
curves approximately coinoide, but the early fractions
have lower gpecific activity than the later fractions.
The opposite trend 1s shown by PCMS~-papain, the specifio
activity being higher in fractions constituting the
leading edge of the peek, Furthermore the maximum in the
activity curve occurs before the maximum in the total
protein curve. With both semples, the specific activity
figures obteined at very low protein concentrations
(optical density below 0.1) have not been plotted. Thelr
uncertainty 1is considered to be too large owing to the
high relative error in the determination of low

activities and low protein concentrations,
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(e) Disouesion
(1) Evidence for Heterogenelty

The chromatogram for unmodified papain on OM-
cellulose (Fig, IV-2) is in some respects similar to that
obtained by Finkle and smith® using a polymethacrylate
resin column and phosphate buffer of pH 6.1. These
investigatores almo observed a slight fractionation of
activity, the early fractions showing depleted specifio
activity and the later fractions greater specific activity
compared with the unfractionated solution. As mentioned
in section (2), 1t was considered that the activity
fractionastion was at least partly due to the separation of
sutolysed fragments from intact papain molecules, It 1e
possible that similar behaviour may have occurred in the
present study, especially sinoe the peapain sample had been
stored for several months (in the form of a crystallized
suspension - see Chapter VI) before use in the experi-

ments desoribed in the last section.

It 18 however significant that the activity
fractionation obgerved with PCMS-papain is in the opposite
direction, The specific activity was highest in the
fractions constituting the front of the peak where, by
analogy with Finkle and Smith's experimentsa, autolysed
fragments of papaln might occur, and lower at the protein

maximum where there should be a greater predominance of
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intect molecules, This result is consistent with the
hypothesis that in PCMS modification the positive charge
on active papain molecules 18 made less than that on
inactive molecules, The former would then be retarded

less by the CM-=cellulose column,

(11) Analogies Between Res

B r g f

Asguming that protein cations of higher
electrophoretic mobility should he retarded more by the
cation-exchange cellulose, the apparent transference of
activity towards esrlier fractions in the chromatography
of PCMS-papain compared to papsin is analogous to the
results of preparative electrophoresis which showed that
most of the activity of PCMS-papain wes assoclated with
the component constituting the slower electrophoretiec
peak. The elution volume at which the optical density
maximum was reached was approximately the same in the
chromatography of pepain and PCMS-papain. Thies seems
analogous to the observation that the elestrophoretioc
mobility of the maln peak was approximately the same for
both papain and PCMS-papain st this pH (Table III-1),
The explanation in both ceses 1s bellieved to be that a
large proportion of both modified and unmodified papain

consists of the ssme component, & non-SH form of papain.

The shape of the chromatographiec profile of
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PCMS-papain (Fig. IV-3) provides a much less convineing
demonstration of heterogeneity than does its electro-
phoretic pattern (e.g. Fig. III-2), It must be
appreciated however that the electrophoretic patterns

are differential plots (3%/dx y. x) which are slways more
sensitive to changes in shape than are plots of concentra=-
tion y. distance, or volume in the case of chromatography.
Accordingly, in Figs., IV=l4(a) and (b) are plotted first
derivative chromatogreams for papain and PCME-papeln,
obtained by graphical differentiation of the optical
density curves in Figs., IV=2 and 3 respectively. The
change in optical density (AD) was celculated for each

20 ml increment in effluent volume (AV), and the quantity
é%% hes been plotted agalnst ;, the mean value of the
effluent volume in the interval AV, Differentiation
was ocarried out in this way for the leasding edge of the
main pesk in each case, i.e, from the point et which
elution of the maln peak commences up to the optlecal

density maximum,

The derivative curves so obtained show some
similarity to the electrophoretic patterns of papain and
PCMS-papain at this pH (Fig. III-2), A small leading
pesk is seen in both elution derivative ourves analogous
to the tralling one noticed in elestrophoresis. In

addition, the main derivative peak, though not symmetrioal
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in either case, showas more tendency to asplit into two
peaks in the case of PCMS-papain (Fig. IV-4(b)). Thus,
heterogenelity of POMS-papain is tentatively implied by
the elution derivative curves,

'06, and Winzor and Nioh011°7

Winzor and Scherage
have observed, both for associating and non-associating
protein systems, diatinct analogies between derivative
curves of Sephadex gel filtration chromatograms and
ultracentrifuge schlieren patterns, Briefly, the similar-
ities arise bhecause both technigues tend to separate
proteins of different moleoular size. It therefore seems
reasonable to expect an analogy between ion-exchange
ohromatography and electrophoreaias both of which methods
tend to separate protein molecules of different charge
density. It should be noted however, that in the gel
filtration work mentioned, the teschnique of frontel analy-
sis was used, 1.e. the protein ssample was fed continuocusly
on to the column until a constant eoncentration of
protein in the effluent was attained, This technique
is necessary for any quantitative theoretical interpreta-
tion of chromatographic behaviour since i1t 1s the only wey
in which the concentration of protein in the liguid phase

inside the column can be controllodz'107.
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(f) Preperative Considerations and Conclusions

It can be seen from Figs. IV-2 snd 3 that
higher specific activities of papain were obtained in
the later fractions of unmodified papsin than in the early
fractions of PCMS-pepain, Thus, as a method of separat-
ing sctive papain from insctive molecules and poassibly
asutolysed fragments, chromatography appears to be more
succeasful with unmodit'ied papain, In neither case
however 1s the separstion sufficiently oclear-cut to
provide much hope of using ion-exchange chromatography to

obtain gamples of active and insctive papain,

The conclusions to be drawn from the ion-
exchange chromatography desecribed in this chapter are
that confirmatory evidence has been obtained for the
existence of two different charged speclies in PCMS-papain,
but that the separation of these specles was less distinot
than in electrophoresis. The latter occurrence may be
assoclated with the nature of groups in the region of
the protein surface which is affected by PCHMS-modifice-
tion, 1.e. the active site. If this region is negative-
ly charged in unmodified papein, as may well be the case
in view of evidence cited in Chapter I for the exlstence
of an ionized carboxyl group in the active site, it
probably has 1little tendency to bind to the catlon

exchanger, In this event the ohromatographic behaviour
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of papain might not bes much altered by PCMS-modifioation,

One disadvantage of both electrophoresis and
ion-exchange chromatography in the present case 1s that
separstion is determined by a difference in charge whioch
1s small in comparison with the total charge on the papaln
moleculs. More success might be achieved by a separation
method based on chemical differences, Thus the next
section describes attempts to separate the sulphydryl and
non-sulphydryl forms of papain by the use of msn adsorbent

having en affinity for sulphydryl compounds,

(g) Use of Orgenomercurial-Polysaccharide
108

Eldjarn and Jellum have recently reported

the preparation of orgenomercurisl-polysaccharide, a

column material with & specific affinity for sulphydryl
compounds, and have used it to separate sulphydryl from
non-sulphydryl proteins. The function of orgaenomercurial-
polysacchaeride is based on the reversible reaction between
8H proteins and an organomercurial grouping firmly

anchored to a cross-linked dextran, The structure of
organomerourial-polysaccharide is illustreted in Fig. IV-5
which also shows the method of synthesls and mode of

aotion of this material,

The above authors found that proteins contalning

SH-groupe were, in contrast to non-SH proteins, readily
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bound to columns of this material snd could be eluted in
an active, unchanged state by small molecular thiols or
other complexing agente having affinity for mercury.

A number of protein mixtures were fractionated by the use
of’ organomercurial-polysaccharide. Of particular
interest were the fractionstions of, (1) human serum
albumin originally conteining 0.58 molar equivalents of
8H-groups into mercaptalbumin with 41,0 SH-groups per
molecule and an albumin without titratable SH-groups,
and (2) a orude sample of urease originelly containing
15.6 molar equivalents of SH-groups into two fraoctions,
one without SH-groups and the other containing active
enzyme with an 3H-titre of 25.2 groups per molecule.
Since the problem of separating papain into sulphydryl.
end non-sulphydryl forms appears to bear a close analogy
to the above separations, 1t was deoided to attempt

chromatogrsphy of papaln on organomercurial-polysaccharide.

E d Regu

Organomercurial-polysaccharide was synthesised
from Sephadex G-25 by alkylation, thiolation, and combina-
tion with 3,6 bis-acetatomercurimethyl-dioxasne as described

by Eldjarn and Jellum108.

The product was characterised
by means of heemoglobin which, in accordeance with the

results of the above authors, was shown to be extracted
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from solution in 0,04 M phosphate buffer of pH 7.6, and

released in the presence of 0.05 M cysteine,

For experiments wlth papaln 1t was considered
neceesary to firsgt activate the enzyme in order to free
the SH-groups for binding to the column meterial.

Pepain solutionas were therefore treated with cysteine

(20 moles, concentration ,005 M in the activation mixture)
and EDTA (4 moles) just before use; these compounds were
then removed by gel filtration on a column of Sephadex
0=-25 (coarse grade) equilibrated with the appropriate
buffer.,

Preliminary batchwise experiments on the binding
of papein to organomercurial-polysaocharide showed a
partial binding of papain from solution in 0.01 M
phosphate buffers between pH 6,0 and 7.6. The bound
papain was completely liberated by oysteine or EDTA at
a concentration of 0.05 M, and substantially liberated in
0.01 U acetate buffer at pH 4.0, These results seemed
conglastent with the binding of a fraction of the papailn
molecules to the adsorbent in a similar manner to other

sulphydryl proteins108.

Chromatography however proved quite unsuccess~
Tuol, The column retained all but a slight trace of

papain semples applied in 0.041 M phosphate buffers of
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pH 7.6 or 6,0. Stronger sluants such as acetate bhuffer
of pH 4, EDTA, or ocysteine solutions each removed some
protein but the total recovery was still less than 50%
of the initial semple. No explanation can be offered
for thie apperently unspecific binding of papain to
organomercurial-polysaccharide, Eldjarn and Jellum1°8
observed retention of non-SH albumin on columns of this
material which had been equilibrated with distilled waeter
only, but thls apparently unspecific adsorption was not

observed in 0.01 M phosphate buffers,

In view of the lack of success with chromato-
grephy, attempts were made to fractionate papain by
batchwise binding and elution on organomercuriale
polysaccharide, It was found that no difference in
specific activity could be detected betwesn papain which
was not bound to the adsorbent at pH 6.0 or 7.6 end
pepain which became bound and was later eluted at pH 4.0,
Further investigation showed that paspain which had not
been subjected to any activating procedure was bound to
the same extent as was activated papain., In addition,
pepain inhibited with iodoacetic acld was also extracted

from solution to the same extent.,

It thus appears that the binding of papain to
organomercurial-polysaccharide 1s not through the active

SH=group but 1s probably unspecific. Consequently no
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separation of the sulphydryl snd non-gulphydryl forms of

papain can be expected from the uge of this adsorbent,



SOME FEATURES OF THE ACTIVE SITE OF PAPAIN

(a) Mechanism of Activation
(b) Conoept of a Sterically Hindered Active 8ite

(o) Consideration of Possible Oxidation States
other than Disulphide for the Blocked SH
Group

(1) Reversidly Inactivated Papain
(11) Ivreversibly Inactivated Pepain
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The prineipal conclusions arrived at in previous
chapters can be listed as follows.

(1) Conditions for the ocourrence of reversible
association of pepain in solutions of pH's below its
isoelectric point have been ascertalned.

(2) There is no reason to bellesve that associlation
of papain requires the formation of 1ntormoleoﬁ1ar
disulphide or metal to protein bonds.

(3) Papain, as usually isolated, comprises at
least two similar molecular species which apparently
differ in the chemical state of one sulphur atom end in

enzymio activity.

Purther detalls of these and some other conolu-
sions have been given in the esppropriate chapters.
However, sinoe much of this work has been concerned with
derivatives of papain in whioh the active SH group was
oombined with inhibiting reagents, the results also
provide some insight into the chemistry of the aotive site.
It was mentioned in the introductory chapter that there
is still some doubt over the possible chemical states of
the aoctive SH group, and the chemliocal sequences of events
which bring about activation and@ inactivation of papain,
The purpose of this conocluding chepter is to oonsider
what information sbout these problems can be deduced

from the present stuldy.
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It was shown in the course of electrophoretic
analyses desoribed in Chapter III that the proportion of
pepain molecules reaoting with PCMS, as judged from the
size of the slow peak, was inoreassed when papain was
treated with oysteine and FDTA before modification. This
obeervation supporis previous evidence ocited in Chapter I
that the usual activatoéa of papein liberate reversibly
"blocked” SH groups present in some of the engyme
molecules. The blocked SH groups are apparently in an
0xidized state since the enzymic activity of papain is
increased by reducing procedures and deoreased by

oxidationa’1h’29.

Objections have been pointed out in Chapter I
to the possibllity of any known form of disulphide bonding
in protelins, 1.s. intramolecular, intermolecular, or of
the mixed (Protein-8~-8-R) type, constituting the
reversibly oxidized form of papain, Further evidence
against the exietence of the first two types is provided
by results of the present study. Activation by reduction
of an intramolecular disulphide bond to two SH groups
seoms unlikely on the basis of approximate calculations
made in Chapter III for the difference in charge between
the two main electrophoretic components of PCMS-papain,

These results, though indefinite, were more consistent
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with the incorporation of one PCMS molecule than two into
the active papaln moleoule, With regard to inter-
molecular disulphide bonding, the results of Chepter II
confirm previous findings that papain exists predominantly
as g monomer at the aconcentrations end pH's used for
engymic studies, and show also that under condltions

where aggregation does occur this type of bonding is not

the csause.

(v) Concept

S8ince the active SH group of papain is readily
oxidized, it 18 surprising that papain does not form
disulphide~linked aggregates as do some other proteina

109 110. This behav-

such as urease and a soybean protein
lour esould be explained however if sterlo hindrance or
electrostatic repulsion by the surrounding protein surface
were to prevent formation of a disulphide bond between

the active sites on two neighbouring molecules. Steric
hindrance of the active site of papain has previously

111. From studies

been suggested to oscur by Kirschenbaum
of asteric and sequential substrate apecificity in papain-
oatalysed peptide syntheses, he postulated that the
active site may be situated in a cavity or invagation on

the enzyme into which the substrate must fit.

This concept seems cepable of acocounting for
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other observations made during the present study. Speci-
fically, it might explain why the ion-exchange chromato-
graphic behaviour of papain was not greatly altered by
PCMS-modification, and why the active SH group of papain
appeared not to bind to organomercuriel polysaccharide

(see Chapter IV),

(e) Cons

The proposal mentioned in Chapter I that the

active 8H group of papain may undergo oxidation to a
state such as a sulphsnic scid or sulphinic acid now
assumes greater significance, There is evidence that
gome small molecules econtalining sterically hindered SH
groups sre more likely to undergo oxidation to products

other than dimeric disulphides. For example the

compounds
o
=] H5.C €~ L0, CoHg
and | ]
COOH HS S SH

oan be oxidized in high yields to the sulphinic acid112
and the di-sulphinie aeid113 respectively, In eddition,
high yields of sulphonic acids can be obtained by hydrogen

peroxide oxidation of tertiary mereaptans11b’115. It is
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by no means certain that steric hindrance 1ls an important
factor in all of the sbove reactions, Nevertheless, 1if
1t could be shown that organic oxyacid states of aulphur
exist in the inactivated forms of papain, there would be
strong grounds for believing that the active SH group

is unfavourably situated for intermolecular disulphide
bonding.

Of the above mentioned groups, viz. sulphenic
acid (-SOH), sulphinic acid (~-30.0H), and sulphonic acid
(-SOQ.OH), the first is probebly the only one which
could constitute a reversibly oxidized form of papain.
Little is known of the properties of free sulphenic aclds
since only one such compound is sufficiently stable to be
isolated, viz. 1-anthraquinone sulphenic ecid, and this
probably owes its stability to a substantially rearranged

116_

type of structure However, other compounds corres-

ponding to the sulphenic oxidation state can be reduced

17 and would therefore

to disulphides by mercaptans
probably give rigse to an SH group in the presence of s
large molar excess of the mercaptan. According to
Ferdinend gt 3158, a sulphinic acid could elso give rise
to an SH group under these conditions, but Reid's mono-
graph117, although giving several methods for the
reduction of sulphiniec scide, makes no reference to this

reaction, For the present, sulphinic acid will be
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considered a possible oxidstion state in both reversidbly
and irreversibly inactivated papain. It 18 generally
eccepted that reduction of a sulphonic acid group to an
S8H group requires the use of more powerful reducing

agents than merceptans in aqueous solution118.

From the results of the present study it is
possiﬁle to speculate sbout the magnitude of charges
carried at various pH's by groups in the active site of
modified and unmodified papain. Only tentative
suggestions about the nature of groups can be maede on
this baels since interactions with neighbouring groups
often cause the ionlzation characteristics of groups 1in
proteins to differ from those in simpler mOlecu10599’119.
Howsver, as there are no established methods for the
detection of sulphenic or sulphinic acids in proteina38,

aome speculation i1s probably worthwhile,

(1) Reversibly Inactivated Papain

The followlng points are noted which suggest
that the acid dissociation of the reversibly oxidized SH
group in papain is not greatly saltered by reduction to
the sulphydryl state,

(1) When papain, before electrophoresis at pH L,
was treated with oysteine and EDTA, these activators then

being removed by dialysis, its electrophoretio mobility
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showed only a very slight dsecrease compared with unreduced
papain (Table III~1),

(2) 1t was shown in Chepter II that the extent of
sasociation of some papein derivatives at pH 8 wag in the

order

unreduced __ ocystelne =
IAA-pepain > papain = reduced papain > IA¥~papain

If, as appears likely, association is enhanced by the
presence of an anionie group in the active site, the above
sequence implies that the charge carried by a papaln
molecule at this pH 1s not substantiaslly affected by
activation, However, the spatial positions of charged
groups may also be important in whioh case a comparison
of papain with & derivative into which a carboxymethylene
group has been substituted would be unjustified, More-
over 1t ig 4difficult to decide how much charge difference
exists between the above species; electrophoresis of IAA-
papain at pH 7 surprisingly indicated very little charge
difference from pepain at this pH (see Chepter III,

Part B).

If the reversibly oxidized form of the active
SH group does have similar ionigation charscteristice to
the free 8H group then it is unlikely to be a sulphinio

acld. Simple sulphinic aclds are stronger than corres-
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ponding carboxylic acldn12°. Nevertheless the presence

of a compound such as an internal ester of a sulphinie
acid might still be possible. 8imilarly the sulphenic
state, though almost unknown as the free acld in simple
molecules, might exist in a protein in the form of an
internal ester. The formation of the sulphenyl oxida-
tion state in some proteins has been postulated121’1zu
to acoount for the results of oxidation with iodine,

t121'122 found evidence for this state in

Fraenkel-Conra
native, but not in denatured, tobacco mosaic virus protein
after 1odine oxidation of the SH groups. This oould
sgain be a case of steric hindrance preventing the forma-
tion of disulphide bonds, It would be interesting to
find whether denatured papain would form 4isulphide-
linked aggregates on oxidation with, for instance, lodine

or hydrogen peroxide,

(11) Iprreveralbly Inactivated Papaln

The electrophoretic results of the present study
confirm previous findings oited in Chapter I that most
papain preperations contasin a substantial proportion of
molecules which do not react with sulphydryl reagents such
as PCMS even after activation. The results also indicate
that the charges carried by all unmodified forms of papein

are very similar, For example, electrophoresis of



128,

oysteine motiveted papain et pH 4 showed no apparent
separation of sctive and inactive forms (Fig, III-i(e)).
Separation became spparent however when the active form
was ocombined with the reasgent PCMS which carries an
jonized sulphonic asid group. These observations suggest
that, like the reversibly inactivated form, irreversibly
inactivated papain does not contain a strongly acidie
derivative (such as & sulphinic or sulphonic acid) of the

sulphur atom in the active site,

To summarize this discussion it can be sald that
the present study provides further evidence that activa-
tion of papain liberates, in some molecules, free SH
groups from bonding which 1s not of the intramolecular or
intermolecular disulphide type. However the actual
nature of both the reversibly and irreversibly inactivated
states remeins obescure. If the different molecular forms
of paspain could be separated 1t might be poessible to decide
from comparative studies what differences exist. Deter-
mination of titration curves and spectral characteristios
might be useful 1in this respect. Unfortunately however,
the fractionation of papain into different epecies has

been found to be an awkward problem,



TERIALS METH

(a) Papain

(1) Commercial Samples
(11) Preparation
(111) Assay

(v) Other Materials

(¢) pH Measurements

(8) Preparstion of Papain Solutions

(e) Determinstion of Papain Concentrations
(£) Estimation of Protein-Bound PCMS

(g) Bedimentation

(1) Experimental
(11) Calculations

(n) Viscosities and Densities
(1) Eleeotrophoresis
(3) Conductance Measurements
(x) Ohromatography

(1) Preperation of Columns
(11) Losding and Fluting Conditions
(411) ¥onitoring and Collection of Effluent



129.

(a) ZPapain
(1) Qommercisl Samples

In the initial stages of this investigation,
twice reorystallized papain was obtalned from Sigma Chemi-
oal 00.?® Lot number P41B-60 was used for investigating
the eff'ect of cystelne on the sedimentation of papain at
pH 4, and lot number P52B-59 was used for some of the
experiments on the sedimentation of papain at pH 7.
Papain for all other experiments was prepared as reported

in part (11) of this section.

The sbove commeroiasl samples were found to have
specific sctivities of 4.0 and 0.9 respectively (expresesed
as the proteolytic coefficient (01). determined in the
manner desoribed later in this seotion). Eleatrophoresis
showed batch number P52B-59 to contain 2-3% of impurities
with mobility at pH 4 different from that of the main

component.

(11) Preparation
Following the discovery of impurities in a
commercial papain preparation, all further samples were
prepared from 4ried papaye latex (a gift from Wallerstelin
Laboratories, New York) by the method of Kimmel and
Smithy1. The samples were recrystallized three times
from dilute sodium chloride solution as desoribed by the
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above authors, As a precaution against eontamination by
heavy metsl ions, the second of these reorystallizations
was from a solution eonteining 0.001 ¥ EDTA (di-sodium
salt). Papain was atored at 0-4°C as a orystallized
suspension in 0.05 M sodium ascetate solution the pH of
which had been sdjusted to 4.5 by addition of hydrochloric

ecid,

Freshly prepared papain semples had o4 values
of 1.1 to 1.3, Aotivity was lost slowly during storage
under the above conditions; sesamples which had been stored
for several months had o, values of 0.5 to 0.6. Electro-
phoretic analyses of several batches of papain prepared
from latex revealed no trace of the impurities detected in

the commerocial sample,

(111) Assay

Since the speoifio activity of papain samples
is varieble and related to the sulphydryl content, it is
clearly necessary to determine the specific activity of
any ssmple s a measure of the proportion of active enzyme
present, Thus, from the results of Finkle and Smithg,
the ¢, values of 1.1 to 1.3 indioate that ebout 50-60% of
the paspain molecules in each preparation were able to be

activated to the sulphydryl form.

Papain was assayed by measuring the rate of
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hydrolysis of a=bengoyl-L-arginine smide (BAA) under the
conditions desorided by Kimmel and Smithu1. The liber-
ated ammonium lon was estimated by titration with alkalil
in 90% ethanol aolution as desoribed by Davis and smitn!23,
The proteolytioc coefficient (01) is defined as the first
order rate constant for the hydrolysis, expressed in
decimal logarithms, divided by the enzyme concentration

in milligrams of protein nitrogen per millilitre of reac-

tion mixture,

5 ml volumetric flasks were used as the reaction
vessels instead of the 2.5 ml size recommended by Davis
and Smith, Although this requires the use of double
quantities of all reagents, it has the advantage that twice
as many 0.2 ml samples can be taken for analysis during the
reaction, This permits the construction of more precise
rate ocurves. Usually about 15-20 samples were titrated
during the courae of the hydrolysis, and dupliocate apsays
by this method always gave the same gpecific activity to
within 2%,

In determining the sctivities of chromatographiec
fractions, recorded in section (d),(11) of Chapter IV, some
sacrifice in precision was necessary in order to assay
such a large number of samples. Here 1 ml reaction
mixturee were made up and only 4 samples were tsken for

titration over the reaction period of 3 hours.
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(v) Qther Materiels

a~Benzoyl-L-arginine amide was an "A" grade
Calbiochem product stated by the manufacturer to be free
of ammonium salts. Lot numbers 660281 and 30233 were
used during the oourse of this work, p=Chloromercuri-
benzene sulphonic soid was obtalned as the 1lithium ealt
from L, Light and Co. Iodoacetic acid, iodoacetamide,
and cysteine hydrochloride were B.D.H. laboratory
reagents, Carboxymethyl cellulose was a product of
Blo-Rad Laboratorlies =and was supplied by Calbiochem,
supplier's 1ot number 105410, All buffer salts were of
analytical reagent grede and solutions were made up in

gless~distilled water.

(e) pH Meapurements

pH measurements were masde at 25°C using a
Rediometer pH meter, type piHML, Glase electrodes were
standardized by means of 0.05 M potassium hydrogen
phthalate solution, the pH of which was taken to be

i.005726,

For some of the preparetive work a direoct resd-
ing Philips pH meter, type PROLOO, was used and measure-

mente were made at room temperature.

(a) Preparation of Papain Solutions

Papain solutions were prepared by adding the
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required smount of orystallized enzyme suspension, the
concentration .of which was known approximately, to a
buffer solution, and dislysing overnight st 4°C against

a large excess of the sppropriate buffer. 118/32 Vieking
tebing was used for all dislyses; <this tubing has been
shown to be impermeable to insulin molecules of molecular

welght 6000127,

When using bufferes in which papain was diffi-
cultly soluble, the engyme was first dissolved by dlalysis
agalnst water at 4°C. The resulting asolution was then
dislysed ageinst buffer for at least 36 hours with a
change of diffusate after 18 hours. Any precipitate was
then removed by centrifuging at about 2500 x g for 40
minutes at 5-10°C. |

(e) Determination of Papain Concentrations

Two methods were routinely employed for the
determination of papain concentrations, each being useful
in a oertain concentration range. Refractometry waa
useful for protein concentrations above 0.1 g/100 ml and
up to 2 g/100 ml, and spectrophotometry for protein con-
centrations below 0.05 g/100 ml and down to 0.005 g/

100 ml.

Refragtometry

A differential refractometer of the type
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described by Cecll and Ogston."28 was used, The instrument

was calibrated129 using standard solutions for which
accurate refractive index data is avasllasble, viz. sodium

chlorido13° and sucroae131.

Spectrophotometry

Optical densities were measured in 41 om silica
cells with either a Uniocem SP500 or a Beckman model DU
spectrophotometer, the latter having a photomultiplier
attachment. The ultraviolet absorption spectrum of papeain
was found to have an extinotion maximom at 278 my, the
same wavelength as that reported by Glager and Smith132.
Accordingly measurements for ooncentretion determinaetion

were made at this wavelength,

Both of the above methods required standsrdiza-
tion in order to obtasln papaln concentrations in absolute
units, Miocro-scale Kjeldahl nitrogen analysis was used
for this purpose, the technjigue being a slight modifisetion
of MoKenzie and Wellace's procodure133. The technique
was practised with standard amino acld and protein
solutions until the results were reproducible and accurate

to within 2% of the theoretical figures,

FPor standsrdization of the routine methods, an

approximately 1.2% pepain solution in scetate buffer of
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PH 4, ionic strength 0.1 was analysed in triplicate for
nitrogen, with appropriate diffusate blanks, The
refractive index increment of the same solution was
measured in the refractometer, and optical density
measurements were made on other solutions diluted volu-
metrically from the original one, Using Kimmel and
Smith's!’ figure of 16.1% for the nitrogen content of
papain, the refractive increment of a 1% papaln solution
was estimated to be 0.00990. (Smith gt a1’ used e value
of 0.00184 for the corresponding quantity, but as in the
present cese this was based on nitrogen analyses with an
estimated error of 2%). The specifioc extinction coeff-
fcient, D;7gm (1% solution), was found to be 23.4.
Previous reported determinations have given figures of
25,0 at 278 mu'>2, and 2 at 280 my'¥,

(£) ZEstimation of Protein-Bound PCMS

The reagent PHMB, which gives rise to the
p-mercuribenzoate ion in solution, is commonly used for
the estimation of 8H groups in proteins by utilizing
nmethods described by Boyer67 or Sela et 31135. These
methods depend on the increase in sbsorbance of the
organomercurial at 250-255 my on binding to an SH group.
8ince proteins and the free organomercurial also absord

significantly at these wavelengths the preparation of
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appropriate blanks 1s essential.

The use of an analogous method to estimate the
protein-hound PCMS in a solution of POMS-modified papain

however introduces the following compliocations.

(1) The inorease in extinotion at 250 my by POMS
on formipg a mercaptide 1is only about one third that of
Pue®7, A groater inorease 1s obtained with PCMS at
240 my, but at this wavelength absorption by papain is
proportionately higher, Benesch snd Benesch136 have
oconmented thét PHMB is the only mercurial which gives rise
to an adequate absorbance inerease in a useful spectral
region (250-255 my is a region of minimum extinction for

many proteins),

(2) In the present study it was necessary to
estimate hound PCMS in a protein solution after dialyais
or even after a fractionation procedure. This 1s more
difficult than the spectrophotometric titration of SH
groups because appropriate blank solutions cannot readily

be prepared,

(3) It was desired to estimate the frgction of a
mole of bound PCMS per mole of papain. Clearly this
requires greater gocuracy than d4cesg the estimation to the
nearest integer of SH groups in proteins with several

suoh groups.
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The following method was employed to avoid the
use of blank solutions. The optical density ef the
modified papaln solution was measured at 278 my and at
240 my with diffusate as the reference solution. Then,
neglecting the absorption by bound PCM8 at 278 mu67, the
theoretical opticel density of paepain at 240 my 1f no
binding had occurred was read from a previously determined
ealibra‘tion‘graph of Dzuo X. D—'278 for unmodified papain
(Fig. VI-1). The sbeorbeance change of pepain at 240 my
was thus ascertained. The moler concentration of bound
PCMS was calculated from this by using the increment in
molar extinetion coefficient for cysteine (6.8 x 10> at
24L0 Mp) determined by spectrophotometric titration of a
standard cysteine solution with PCMS, The molar
concentration of papain was computed from its optical
density at 278 my by using the previously determined
specifio extinction coefficient and a mqlecular weight of

24,000,

Since the increase in optical density due to
the binding of a fraction of a molar equivalent of PCMS
is small relative to the optical density of papain at
240 my, 1t 1s very difficult to obtain acocurate results.
Assuming en uncertainty of 0,005 in an optiogl density

measurement of the order of O.B%f the estimated error of
P
Bound FOMS]  t10 of 0.5.

[Papain]

the method 1s about £ 0.4 1n a
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This 18 certainly an underestimate as several other

sources of error have been neglected.

(1) It has been assumed that no change occurs in
the relationship between D278 and Dguo for papain other
then that due to reaction with PCMS. However, Fig, VI-q
shows that slight changes occurred when a papaln solution
was stored for two weeks at u°c in the absence of PCMS, A
similar graph of D250 X. D278 showed muoch more pronounced
changes with time, This is probably not surprising since
Myers and Abernethy157 have observed marked changes in the
ratio of optical density at 250 my to that at 280 my for
papain as a result of y-ray irradiation. It was suggested
that these changes were due meinly to destruction of trypto-
pPhan, a reaction bslieved to be an oxidation138. Similar
changes might therefore occur slowly in papain solutions
by way of atmospheric oxidation. The observed spectral
changes, together with the smaller extinction of hound
PCM8 at 250 my precluded use of optical density measure-
ments at this wavelength for estimetion of bound PCMS,

(2) If there were sny form of binding of PCMS to
papain other than mercaptide formation, high results would

67,135 measure only the

be obtained, The usual methods
amount of mercaptide since the total conceentration of
mercurial is made the same in both the unknown and the

blank solutions, The inoreage in absorbance can then he
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attributed to organomercuriel which is bound in the
protein solution but free in the blank solution.

(3) Since papain solutions were asctivated with
cysteine before PCMS-modification (Chapter III), the
solutions before dialysis contsined appreciable amounte
of a cysteine~-PCMS gomplex. If this complex were not
completely removed by dialysis, it would add to the
optical density of the bound PCMS giving high results.

(g) Sedimentation

(1) Experimentgl
A 8pinco Model E ultracentrifuge equipped with

e phase plate as the schlieren diaphrqgm was ugsed for all
sedimentation veloclty experimentas. When the protein
concentration was above 0.5 g/100 ml, solutions were
placed‘in a 12 mm light path cell and centrifuged at
59780 r.p.m. in an "An-D" rotor. To improve the defini-
tion of optiocal patterns at lower protein concentrations
a 30 mm light path cell in an "An-E" potor was used,

The latter experiments were mostly conducted at a rotor
speed of L4770 r.p.m. which is slightly below the rated
maximum for the rotor, becsuse sapphire windows had to be
used to bdring the welght of the aell up to that of the
counterbalance, 8light differences in the measured

sedimentation coefficients were found betwesn the two
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types of runs, and some possible reasons are discussed

in the appendix,

Double sector cells were used to give & base-
1ine in the schlieren pattern in case detalled measure-
ments of the boéndary shape were required. The rotor
temperature was oontrolled by mesns of the manufacturer's
“"Rotor Tempersture Indioator and Control Unit" at close
to 20°0 except for the two experiments done at 5%
(Chapter II, seotion (d), (1)). Temperature was recorded
several times during sach run; varistions were never

greater than ¥ 0,1°C,

Photography was commenced as soon as the
gchlieren peak was completely visible, and ten or twelve
photogrephs were taken at 8 minute intervals. Kodak
type I1-G plates were used, the optical system being
fitted with a Kodek Wratten filter no. 77A, (green).

All optical patterns were measured on a toolmaker's
miorosoope139 equipped with a projection viewer and a
stage having 2-dimensional movement. Photographs were
aligned along the meniscus image whioch was assumed to be
perpendicular to the direction of sedimentation. The
radial position of the meniscus was determined for the
first and last photographs of a run to ensure that no

leskage hed occurred from the cell.
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(11) Calculstions

Sedimentation coefficients were evaluated from
the slope of the line relating the logarithm of the
boundary position to time, This procedure 1s based on

the equation1h°

S = "(-*)12' g‘%'—;rtl seseses e W"'(1)

where 8 1s the sedimentstion coefficient, w 1s the angular
velocity of the rotor in radisns/sec, x is the distance of
the maximum ordinate of the boundary (see Chapter II)

from the axlis of rotatiorn, and t 1s the time in seconds.
The sedimentation coefficient obtained from equation

VI=(1) hes the units seconds but 18 ususlly oconverted to
Svedberg units (S), where 1 8 = 10713 gec.

The elope of each log X y. t 1line was calculated

1 of log xont. 1In

from a least squares regresgsion
order to distinguish between rendom fluctuations and
systematic trends it was necessary to have some estimete
of the error in the determination of sedimentation coeff-
1oients, Therefore the standard error of esch slope
was caloulated by the routine statistical method, and
multiplied by the sppropriate "t" factor to give the 95%
fiducial 11m1t51. This latter quentity represents the

¥ J4mits within which 95% of an infinite number of deter-
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minations of (d log X/4t) could be expected to lie.
This error was then used to compute the errors in sao,w
shown on the graphs in Chapter II, The relative errors
in w (calculated by timing with a stop watch the period

for 500 or more revolutions of the odometer), and in the
correction factors used in equation II-(4) are small in

compsrison with that in (@ 1log X/at) determined by

comparator measurements.

(n) Viscopitlos and Dengities

Viscosities and densities of buffer solutions
were roquired for the correction of sedimentation
coefficlients to standard conditions by means of eguation
II-(1). The viscosity correction factor can be split
into two parts (i.e. L/ SR RE ), and since the
factor R varies 11tti223{¥h £25§e£2§3$: for aqueous

Nw
salt solutions between 20°C and 40°C'41, 1t was consider-
ed sufficient to know this factor at one temperature only,
For the acetate and phosphate buffers ﬁnod, (%% - 1) and
( ﬁ-/’w) were calculated by summation of figures for the
individual components as described by Svedberg and

Pederson1h1.

The required viscosity and density data
for water at various temperatures were also obtained from
Svedberg and Pedersen's book-C. However, for experi-

ments at 5°C where e larger temperature correction was
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required, a more up to date source was used1u2a

Since the necesaary data for tris buffers and
solutions of oyateine could not be found in the litera-
ture, the densities and relative viscosities for these
solutions were determined experimentally by use of
pyenometers and sn Ostwald viscometer respectively.

These experiments were carried out at 25°C. The visco-
meter was of the type BS 188 for which the kinetic energy
correction oould be negleoted for the purposes of this

investigation.,

The tris buffer solution (pH 8.00, ionio
strength 0,02) had the composition shown in Table II-4,
Cysteine solutions were prepared by mixing equivalent
amounts of oysteine hydrochloride and sodium hydroxide,
and thus contained equal molar consentrations of oysteine
and sodium chloride. Since cysteine was added in this
form whenever used in the present study, corrections for
sodium chloride have not been subtracted. The experi-~
mentaelly obtained density inorements (Ap) and relative
viscosities (';%) are set out in Table VI-1,
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TABLE VI-{
EXPERIMENTALLY DETERMINED VISCOSITY AND DENSITY DATA
Solution Composition [3‘0 (25°C) N 25%)
molarities) (g/m1 g
0347 Tris + .02 HO1 .0015 1.012
025 Cy + 025 NaCl 0021 1.0055
05 Cy + .05 NaCl 0043 1.042
«10 Cy + .10 NaCl .0086 1.026
Cy: oysteine, Tris: tris-hydroxymethyl-aminomethane

(1) Eleotrophoresis

Electrophoresis was conducted in a Spinco Model
H Electrophoresis-Diffusion instrument. In order to
allow simulteneous photography of ussble patterns from
both the Rayleigh interference and schlieren optical
systems, the manufacturer's channel selector flag was
replaced by one which did not obscure the reference fringes

(see Fig. VI-2),

Experiments were performed at 1°C in the standard
size (11 ml) cell, All compartments of the cell assembly
were open to the atmosphere. The field strength applied
was usually about 6 volt/cm, and the cell assembly was

always tested for leakas as described in the manufacturer's
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instruotion manual immediately after formation of the
boundaries., The boundaries, formed at the ends of the
centre section of the cell, were brought into the optical
path by slowly withdrawing buffer from the compartment
above the ascending 1imb with a mechanical syringe,

The syringe was then removed from the solution, the
initial boundary photographs tsken, and the electrie

current turned on and adjusted,

The photographlic system was operated manually,
5 or 6 photographs from each cell channel being obtalned
while the pesk moved from one end of the viewing screen
to the other, Photographs were taken on sheet film,
either Kodek Process Pan (now out of production), Kodak
Royal Pan or Kodslith Pan, Optical patterns were
measured on the previously described toolmasker's micro=-
scope, the reference fringes being used for alignment of

both the Rayleigh interference snd schlieren patterns,

(3) Conductance Megsurements

The specific conductance of a protein solution
is required for the svaluation of electrophoretio
moh111t1e571. Conductance measurements were made in
the electrophoresis water bath st 1°C, with a cell
similar to that described by Mysels1“3 for measurements

on smell volumes of liquids, Only 4 ml of solution wasa
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required to 111 the cell which had a cell constant of

1

331 cm‘ s, determined at 0° with the standard potassium

chloride solutions recommended by Jones and Bradshaw1hu.

Resistances were measured at 5 frequencies
ranging from 0.5 to 10 ke with a L-deocade resistance and

capacitance bridge1h5. In accordance with the recommend-

ad prooodure1h6

the true resistance was found by extre-
polation to infinite frequency. Graphs of R y, '/ /F
and R y,. 1/? were drawn for this purpose, the more nearly

linear curve (usually the latter) being extrapolated.

For conduotance measurements on chromatographic
fraot;qns during gradient elutlion experiments,less solu-
tion was available but less precision was required.

Hence a Philips conductivity bridge, type OM 4249/01 was
used in conjunction with a Philips type PR 9512/01 cell
having dipping electrodes and requiring only 2 ml of
solution for a measurement. The cell constant was
0.775 en'1, and measurements were made at only one

frequency (1.0 ko).

(k) Chromatogrephy
(1) Breparation of Columns
OM-cellulose was washed with alkali and with
acid, then equilibrated with the appropriate buffer before

use1°°. For experiments with PCMS8-papain this buffer
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contained 3 x 1072 M PCMS, as d14 all solutions used in
the elution, for the purpose of suppressing possible
dissoclation of the protein-PCM8 oomplex. Organo-
mercurial polysaccharide was thoroughly washed with the
appropriate buffer before use as recommended by Eldjarn

and Jellum1°8.‘

A water-jacketed chromatogrsaphy column of about

1 cm internal diameter was used. The column was cooled
by circulation of water through the water-jacket from a
refrigerated water bath kept at 2°0c, The columns were
packed at room temperature, a slight pressure (2-5 1b/
8q.1n.) being applied in the case of the CM-cellulose,
then cooled and washed with several hundred millilitres
of buffer to dissolve air bubbles,

(11) Loading and Eluting Conditions

| Pegpain was applied to the top of the column as a
dislysed solution (ca. 0.2 g/100 ml) and allowed to drsin
into the column without application of pressure. The
load was never greater than 50 mg of papain on an everage
column containing about 1.5 g of dry OCM-cellulose. The
column was immediately connected to e buffer reservolir and
feod line, end as soon as the cellulose was covered to a
depth of 1 om (i.e. sufficient to Just kesp immeraed the
delivery tip of the feed 1line) an air-tight joint at the

top of the column was sesaled.
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The flow rate was adjusted to 6-9 ml/hr for
experiments with OM-gcellulose. Sufficient pressure to
maintain thies flow rate was provided by mounting the
buffer reservolir approximately 2 ft above the top of the
column, When gradient elution was required, the buffer
reservolr was replaced by a simple linear gradient form-
ing device comprising 2 identical flasks mounted at the
same level and connected by tubing to maintaln hydrostatio
equilibriun, Concentrated buffer was placed in one
flask and an equal queantity of starting buffer 1n the
other, Liquid withdrawn from the latter (i.s. the
mixing chsmber), which was stirred continuously by means
of a megnetiec stirrer, should then increase linearly in

conoentration1oo.

(111) Monitoring and Collection of Effluent

The column effluent was continuously monitored
by passege through the flow cell of an Isco Model UA
recording ultraviolet snalyzer. This instrument measures
extinction at 254 mu. A oheck with the Beckman spectro-
photometer showed the results to be reasonably accurate
provided that allowsnce is made for a gradually increas-
ing "baseline" abeorption due mainly to air bubbles coming
out of solution in the flow oell. The flow analyzer was
perticularly useful for ascertaining elution conditions

when a careful anslysis of the fractions was not required.
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Equal fractions of approximately 2.5 ml were
collected in test tubes using a drop counting device
attached to a fraction collector. This collector was
kept in a refrigerator of the showoase ceblnet type, and
by use of a fan to circulate the air in the cabinet the
fractions were kept at about 6-8°C. The effluent
volume was determined by weighing each batch of 10
fractions and subtracting an average tare for this number
of test tubes (determined from the weight of 100 tubes),
To minimise random errors a linsar graph of effluent
volume y. fraction number was drawn and used to find the

effluent volume for any given fraoction.

Optical density measurements were made on
pooled asmples of itwo fractions in the Beckman spectro-
photometer. The chromatogram obtained in this way is
more reliable than that from the flow analyzer because
the sbsorbance of papain 1s nearly three times as high at
278 mp es at 254 muy., In addition, impurlties absord
lees and no corrections have to be made for the changing

baseline.
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CORRECTIONS TO SCHLIEREN DATA

(a) Experimental Evidence for an Effect of Ultracentri-~
fuge Cell and Rotor on the Measured Sedimentation
Coefficient
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Refraoction
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(1) Geometrical Effeots of Light Bending and
Refraction
(11) The Equivalent Level
(111) Results and Disoussion



In Chapter II it was noted that discontinuities
appeared in graphs of 820.' Y. initial solute oconcentra-
tion at the point where a change was made to the longer
light path cell. Even though the same type of discontin-
uity was observed both at pH 4 and in two sepaerate series
of runs at pH 7, 1t was at first suspected that this
effeot was a random error. To ascertain therefore whether
the caloulated 95% fiducial limits were realistic estimetes
of experimental error, a number of sedimentation coeffic-
ient determinations were carried out on a single papaln

stook solution. Table A-41 shows results of suoh sets of

rung for papain at pH 4 and at pH 7.

Papain (0.68 g/100 ml) in Papain (0.72 g/100 ml) in
Acetate buffer pH 4, I=0,1 | Phosphate buffer pH 7, I=0,05
Time® | 8 + 95% £.1, Time® | 8 t 95% .1,

0 2.42 ¢ 034 0 2,78 & .02,

0 2.45 £ .03, ) 2,77 ¢ .02

1 2.45 2 .01 1 2.80 ¥ .02,

3 2.46 ¥ <02, N 2,73 * .02,

7 2.40 & .03, 8 2.72 -03g

& Time from date of first run in series.
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It appears from Table A-1 that day to day
differences between Sgo.w figures can be accounted for in
terms of the 95% fiducial limits, each of these belng
computed from a graph in which the scatter of points is
presumably due to experimental error in measuring the
photographs ( see Chapter VI)., The results also demon-
strate the stabllity of pepain with regaerd to changes in
sedimentation coefficient over the period required for a

series of runs. The observed ohanges in 8 are all

20,w
less than the 0,1 S disoontinuity which occurred on

changing from one cell and rotor to the other.

To detect a dependence of 3 on the cell and

20,w
rotor, identicel solutions were oentrif;god in different
cells (12 mm and 30 mm light path) on the same or
successive Jdays. Thres such paire of experiments were
done, one each with papain at pH 4 and pH 7, and one with
bovine serum albumin (BSA) at pH 7.3. The results are
shown in Table A-2; the results for papain have also been
included in the eppropriate graphs in Chapter II (Figs.

I1-2 and II=Y4),

It 18 seen that in each pair of experiments
the standard sedimentation coefficient 1g ebout 0.1 8
higher in the E than in the D rotor, Phe difference
appears to be outside the estimated limits of experimental
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TABLE Apg
Co n Obhtained w Iden 3
D C R
Run Cell Rotor | = 855 o
Solution No. Thi ckness * 95% £.1.
(mm)
Papain (0.50%)  |UC/35 12 D 2.38 £ .01,
in acetate pH L, .
T = 0.1 00/36 30 E 2051 - 0031
Papain (0.42%) |UC/30 12 D 2.65 ¥ .03,
in phoephate pH7,
I = 0,05 uc/31 30 E 2.75 ¥ .03
BSA (0.3%2 in uc/28 12 D y.23 % -034
phosphate® 5
pH 7.3, I= 0.2 Uc/29 30 E L.33 = .05,

® Buffer composition: 0.004 M KH,PO, , 0.02 ¥ Na,HPO ,
0.142 M NeCl,

error in each oase. The next section comprisss a consid-
eration of possible causes of this difference; one such
cause, viz. the optical effeots of cell thickness, is
discussed in more detail in the rest of this appendix,

(b) Posgible Causeg | fferences 1 geen > ant e '
Coefficlents Determined in Different Cells and Rotors

The observed discrepanclies might be imagined

to arise from any of the following cesuses: (1) incorrest
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temperature calibration of either rotor, (11) incorrect
positions of the reference edges 1n elther counterbalance
when positioned in the rotor, (111) an effeect of changing
the snguler velocity of the rotor, and (iv) an effect

of the thiokness or opileal light path of the cell, Each

of thess possibilities was therefore considered.

Both rotors were temperature calibrated, using
the same thermometer, during the course of the experiments
described in section (a). This was considered advigable
as the rotor thermistor characteristics are liable to
change with time. It is essential thet this callbration
be accurate to within 0.05°G over the entire temperature
range used mince the vigocoeity of aqueous solutions varies
by sbout 2% per centigrade degree1"7 and the sedimentation

coefficient is therefore subject to the same variation.

(11) Reference Edge Positlons

The positiona of the reference edges in the
counterbalance when positioned in sach rotor were determin-
ed as follows. The longest axis of the rotor was measured
to 0.001 in. with oalipers and the centre to edge distance
was assumed to be half of this. The distance from the

edge of the rotor to each reference edge weas then measured
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on the toolmeker's microscope (Chapter VI). From these
data the distance of each reference edge from the centre
of rotation was calculated. For the D rotor the average
distance of the inner and outer reference edges from the
centre wae 6.490 om; for the E rotor it was 6,503 om,

The discrepancies between these and the manufacturer's ‘
stated distance (6.500 cm) could not cause any signifiocant

error in the sedimentation coefficient,

Stretching of the rotor at high speeds is known
to be a factor affecting the positions of reference edges.
SQhachman1u8 has found that the reference edges move
outwards sbout 0.04 om when a type An=D rotor accelerates
from 5000 to 59780 r.p.m. The estimated centrifugal
field in the region of the boundary would therefore be in
error by about 0.7%, leading to an error of less than
0.02 S in a sedimentation coeffioclent of 2,58, The
resulting discrepancy between 820.' figures in the two
rotors would certainly be less than this, since the An-E
rotor will also be stretched to some extent when rotating

at a speed of 44770 r.p.m.

(111) Angulgr Veloclty of Rotor
A rotor speed of 59780 r.p.m. was used for the
D rotor, and 44770 r.p.m. for the E rotor. The apparent

sedimentation coefficient, determined as described in
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Chapter VI, might vary with the angular velocity of the
rotor i1f 1t were pressure dependent or so strongly concen=—
tration dependent that 1t could be affected by differences
in radiel dilution at different angular velocities, In
either case a variation of sedimentation coefficient should
be detectable during & psriicular run, because as the
boundary moves down the ocell, radial dilution ocours and the

average pressure on the sedimenting moleculss increases.

Taking as an exsmple the sedimentation of papain
(0.5 g/100 m1) at pH 4 in the D rotor (see Table A-2, run
no. UC/35), the variation of sedimentation coefficient
during the experiment was therefore computed., The
method used was similar to that described by=A1berty1u9
who caloulated an average sedimentetion coefficient (St) up

to the time of each photograph by use of the eguation

8, = 59g 1n (%) veee A=(1)

where t 18 the total time of sedimentation (corrected for
sedimentation occurring while the rotor was being acceler-
ated), X, 18 the distance of the menisous from the centre
of rotation and the other terms are as defined in Chapter
Vi, In the present case, the boundary position on the
first photogreph waas used instead of the meniscus position

sinoe the time before the first photograph was taken was
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not known., The so calculated sedimentation coefficients
varied rsndomly with time by the order of 1% or less.

There is thus no reasson to believe that the determination
of sedimentation coefficiente of papaln is significeantly

affected by pressure or concentration dependence.

(1v) Effrect of Cell Thickness

(1) Mag Fact f Camera Lena

Since the schlieren optical system when focussed
on the mid plene of the 12 mm cell 1s focussed on a
slightly different plane in the 30 mm cell (see next section
and Pig. A-2), the possibility of a difference in the
camera lens magnification factor was considered. However,
when the E rotor was positioned in the rotor chambai with
a ruled diso and holder on the spacer ring supplied by the
manufacturer, the optics were still observed to be in a
good focus,. A determination of the megnification faoctor
gave the same figure within 41 part in 750 as that found
previously with the same disc and holder, but no spacer,

in the D rotor.

(2) Distortion of Optical Patterns

In two recent papers Ford and Ford15°'151 heve
deduced certain corrections which should be applied to

ultrecentrifuge schlieren patterns, Caloulated sedimenta-
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tion or diffusion coefficlients are affected. No experi-
mental verificetion was reported by the above authors,

but their caleulations for a hypothetical BSA solution (of
consentration 41.22 g/100 ml) predicted an observed
sedimentation coefficient 1.38% higher in a 30 mm cell

than in a 12 mm ocell., Furthermore it sppeared likely that
the corrections might be larger for a faster aiffusing,

slower sedimenting protein like papain.

This appendix therefore deals with the explana-
tion of these corrections and their evaluation for the
data in Table A-2, It will be seen that the predlcted
disorepancies are of the same pign as those found experi-

mentally but are only one third to one half the magnitude,

Ford and Ford showed that two types of distortion
are present in camera recorded sohlieren patterns of

refractive index gradients in the ultracentrifugs oell:

(1) geometrical effects of light bending and refraotion15°,

151.

end (11) the "equivalent level” phenomenon

(1) Geome

This first effect arises because rays of light
entering normal to the lower cell window are bent by the

refractive index gradient in the cell and then are
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refracted on entering and leaving the upper cell window
(P1g. A-1(2)). Ford and Ford showed by geometrical con-
struction that the aspparent radiel position (x) in the
oell image recorded by the camera is slightly different
from that which would be recorded for an undeviated ray.
The apparent displsoement is proportional to the refract-
ive index gradient (%ﬁ) end hence results in tilting of
the photographed schlieren peaks., The direction of the
displacement, and hence of the pesk tilt, depends on the
thickness of the cell. For the exemples considered15°,
the peask was calculated to tilt forwards (i.e. away from
the centre of rotation) in a 12 mm cell, and backwards in a
30 mms cell. During s sedimentation velocity experiment,
in elther type of cell, the peaks will not only broaden

as the refractive index gradients decrease by diffusion,
but also tilt less., Therefore, experimentally obtained
sedimentation coefficients will be alightly low if
determined in a 12 mm cell and slightly high in a 30 mm
cell.,

(11) Ihe Equivalent Level

Since a light ray traverses a finlte x-coordinate
interval in passing through the cell, the camera-recorded
deflection from the schlieren baseline is determined by

the refractive index gradient in the whole coordinate
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Diagram illustrating the bending and refraction
for deflected rays.
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L}
. A dlightly moditied version of the dingram used by
Svensaom in his analysis of the effect of light curvature on the
positions of schlieren ceuter linea.

Origin of two kinde of distor;bon ?g schlieren
patterns (from Ford and Forda150,151),

(a) Due to geometricsl effects of light bending
and refraction, the correction §, has to be
applied to the ocell level. Detf11ea diagrams
of the entire optiocal system are necessary to
derive this correction.

(b) Since the light ray ourves and travels
through regions of different refractive index
in the cell, the resulting deviation corresponds
to the refractive index gradient not at the
camera-reocorded entry level C, but at the
"equivalent level" D,
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interval between the sntrance and exit levels. Svonsaon152’

155 recognized the need to deduce the position of a

single level whose refractive index gradient would give the
same deflection es that given by the x-coordinate interval
traversed. By approximate methods he deduced that this
"equivalent level” was situated below the camera-recorded
entry level by a distance EE equal to about one third of
3pe11’ the x coordinate interval between the exit level

of & ray and its camera-recorded entry level (sees Fig.
A-1(b)). 8 thus represents the distance between the
csmera-recorded and the actual cell level where a partiocu-
lar refractive index gradient exists. 8ince 80311 is
clearly greatest for regions of high refractive gradient,
SE is greatest at the tope of peaks and less at other
levels. This leads to a skewing of schlieren pesks

referred to as Weiner akewnens15h.

The distinetion between this type of distortion
and that described in (1) may not be immediately apparent.
The equivalent level effect arises because the light ray,
in passing through the cell, curves and therefore travels
through levels of varying refractive index gradient. The
geometrioal optiosl bending snd refraction effeot takes no
sccount of the path followed by a light ray in the cell,
only of the resulting deviation. 80 long as & ray is
deviated there is likely to be an error in its cemere-

recorded entry level.,
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One way of appreciating the difference is to
imegine a given deviation, in terms of the angle between
the paths of a ray on entering and leaving the cell, taking
place in cells of gradually decreasing thickness. The
equivalent level dlsplacement, being spproximately
proportional to 80611, decreases steadily with deoreasing
cell thickness. However, this is not the case for the
displacement, 81, due to geometrical‘erfeets, which is
proportional to the displacement of the light ray at the

150 have shown that

schliersn diaphragm. Ford and Ford
& /e .
the ratio ‘/80.11 increases sharply for very thin cells

(of less than 10 mm light path).

Svonason153 has shown that Welner skewness is
minimised if the camera lens is foocussed not on the mid
plene of the cell but on a plane situsted one third of the
ocell thickness below the lower surface of the upper window.
However, in order to record the true position of the
menisous, the camera lens has to be fooussed on the mid
plane of the c011155. 8ince this latter condition is
eriticel in Archibald end equilibrium work, mid plane
focussing i1s employed in most ultracentrifuges including
that used in the preasent study. The camera lens was
focussed by means of the ruled disc mentioned in the
previous section. The thickness of this disc and its

position in the holder are so designed that when it is
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installed in an An-D rotor attached to the drive shaft,
the rulings are at a position optically equivalent to the
mid plane of a 12 mm cell filled with water snd having
quartz windows.

Sinoe Ford and Ford's optical ocorrections have
been formulated only for optical systems employing mid
plane focussing, it was important to ascertain the position
of focus for the 30 mm ocell., The distance was measured
(see next section) from the upper c¢ollimating lens to the
top surface of the c¢ell window for each of the two cell
and rotor assemblies when installed in the rotor chamber,
This distance was 6.2 mm shorter for the long light path
cell and rotor. The spproximate geometrical analysis in
Fig. A=2 indicates that the focussing is therefore also very
close to the mid plane of a 30 mm cell. It will be
assumed for the purpose of evaluating ocorrections in the
next section that the camera lens was focussed on the mid

plane of each of the cells.

Ford and Ford151 have pointed out the limitations
of Svensson's approximete analysis, and have devised a
nunmerical method for computing more exact equivalent
level corrections for Gauseisn schlieren curves. They
have shown that the ourves are tilted towards the axis
of rotation and are distorted. The corrections beocome

smaller with successive photographs in a sedimentstion
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ABCD and APQR represent an on-axis and off-axis light ray
respectively. Both pass through the mid plane of a water-
£illed 12 mm cell at A, and after emerging from the gquartz
window at C and Q respectively both are focussed to the
gsame point by the camera lens. Vertioal distances (in
mms) messured from a horisontal plane through A are shown
gt the)left of the diagram. (Thickness of cell window =
«1 mm),

Now if the 12 mm cell is replaced by a 30 mm cell, a
new plane through the point A' will be fooussed. The
problem is to find a relation between the inocrease in
height (x) of the top window and the lowering (y) of the
plane of foocus. _— _

The paths of the rays will now be A'B'C'D and A'P'Q'R
(1.8, still emerging slong the same directions in order to
be fooussed).

Consider the horigzontal projections of esch ray on
the line DR, Clearly
DK 4 KL 4 LN = DM 4« ¥N

6 tan |BAP+ 5.1 tan |{KPQ+x tan |LQR = (x+ y+ 6) tan |B'A'P'
+ 5.1 tan @_P_:Q'

If both cells have guarts windows of the same refract-
ive index then \MP'Q' = \KPQ , and |B'A'P' = \BAP

Je (x + y) tan\BAP = x tan |LGR

MBBP .z 292 B
sin\Lgk Xx+y ocos (LQR
Provided [BAP and |LQR are less than 10°, their cosines
cen be taken as unity with an error of only 1.5%. The
error in assuming the ratio of the two cosines to be unity
is certainly less than this, The ratio of the sines can
be equated to _the patio of the refractive indices of alr
and water (1.0/1.3) by Snell’s law., Hence,

y=~%

x was measured to be 6.2 mm (ses Text), thus y is
2.1 mm, and the distance of A' from the lower surface of
the quartz window is (2.1 + 6.246) = 4.3 mm. This is
only 0.7 mm from the mid plane.

If the upper window for the 30 mm cell is made of
sapphire which has a refractive index of 1.71, compared to
1.5l for quartz, 1t is no longer possible to put |MP'Q’' =
QQ. Instead ...

1.74 sin |[MP'Q' = 1.54 sin |[KPQ = 1.33 sin [B'A'P =

1.33 sgin |BAP
and the same ratios sre assumed for_the tangents. From
this 1t oan be shown that y~Z t. 1.3 showing that the

point D' is only 0.3 mm from the mid plane,




ol
IIIIIII o
N [~
|||||||||||||| Q//
=3 ) o] O ) < <
£ 3 b
= =
[= 3] Ee _ _
bad o~ ¢ | |
hy =
a
i = wo
3 3 < < |
< o 2 = | I
o L
| | | | I |
_ || _ [
_ || _ |
I 1 _ |
— © — © o T
= =
- k_ 4
»



162,

velocity run as the peak spreads. Thus, experimentally
obtained sedimentation coefficients are too high, Por

12 mm cells these corrections tend to cancel those due to
geometrical optical bending and refraotion, but for 30 mm

cella the two correotions are ususlly in the same direction.

Pord and Foral2° have shown that the displscement,

849 (away from the axis of rotation) of a point in the

camera-recorded mohlieren pattern is given by the relation

Fe-0-3-§1 3103

coee A=(2)

where 8 18 the deviation of the light sheet at the schlier-
en diaphregm (oorrected for deviation due to the
solvent).

G is the distance from the top of the upper oell
window to the principal plane of the upper colli-
mating lens,

F 1s the fooal length of the upper collimating lens,
and can be equated to the optical lever arm for a
correctly focussed optical system.

C 18 half of the inside thickness of the cell.
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W 1s the thickness of the upper cell window.

T=C+W+G4F

Ny 1s the refractive index of the cell window materiel,
and np 1s the refrasctive index of the liquid.

The required constants in equation A-(2) were

determined as follows.
a:

This distance wae found by stretehing a cotton
thread between the upper cell window and the upper collimat-
ing lens. The thread was marked and measured with a
ruler. The chamber side of the upper collimating lens
can, to a close approximetion, be taken as the principal
p1anu156. In this way G was found to be 4.72 for the 12 mm
cell in the D rotor, and 4.10 om for the 30 mm cell in the
E rotor,

P

The epacing (w) of Rayleigh fringes obtained with
en empty cell was used to give a value of F x Mc, where Mo
is the magnification of the oylindriocal lens, using the

equation157

FxM = J/I\B ceee A=(3)

where h is the distance between the slite in the lower
window holder

and \ 18 the wavelength of the light used.
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Then the oylindrical lens magnification was found by
pPhotography of a ruled plate at the plane of the schlisren
diaphragm (c.f. Van Holde and Baldwin158).

A fringe spaoing of (2.79 % .02) x 102 om was
found, giving a figure of (203.5 ¥ 1.,5) em for F x M.

The factor M, was found to be 3.567 £ ,007. Hence F 1s
(57.05 ¥ 0.5) om. The errors quoted are standard errors
obtained from linear regressions which were used to obtaln
the distances between fringes or rulings.,

C:

The manufacturer's stated distances wers
considered to be sufficiently accurate, Thus C = 0.60 om
or 1.50 om depending on the ocell uged.

Ws

The thickness of the cell wall was measured with
a micromster and found to be 0.51 cm.

ny?

The refractive indices of quartz and sapphire
were taken as 1.544 and 1.709 reepectively159.

ng:

An average figure of 1.335 was used for the
refractive index of the liquid in the cell. This repres-
ents the refractive index of water at 20°C (1.334) to
which hes been added half the refractive increment for a

0.5% papain solution in acetate buffer of pH 4 and
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iontc strength 0.1.

In this way the following values of ’2/5 were

obtained from eguation A~(2)

(1) °%/8 = ( 4+ 4.0 £ 0.1)x10"3 for a 12 mm cell with quarts
windows, in an An~-D rotor,

(2) *%/5 = (0.0 * 0.1)x10™> for a 30 mm cell with sapphire
windows, in an An-E rotor.

8imiler figures were obtained by Ford and Ford'C; the

particular figure depends of course on the gonstants of

the optical system,

To obtain the correction 81 it was then necess-
ary to know &, the deviation at the schlieren diaphragm
of the light sheet paemsing through a particular cell level,
8 varies with cell level (x), but can be caloulated for
any x-coordinate from the height (z) of the sohlieren ourve

above the baseline. The equation used15° is

"8“0 oote esoe A-(u)

where uo_is the previously determined magnificetion factor
of the oylindrical lens, and © 1s the diaphragm angle,

Since all sedimentation coefficientas were obtained
from neasurements of the movement of the maximum ordinate

of the schlierer ocurve, it was sufficient for the present
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purpose, to calculate ax only for the maximum ordinate.
Furthermore, to reduce the amount of computation, measure-
ments were made only on the first and last photographs

of a partioular run, The difference in 8, values was
then expressed as a fraction of the distanoe moved by the
peek to deduce the correction to be applied to the
sedimentation coefficient. Ford and Ford150’151 adopted

the same procedure.

(11) Ihe Equivalent Level
Ford and Ford'?! have shown that the aistortion
of Gaussian schllieren peaks due to the equivalent level
effect may to a close approximation be calculated in terms
of one dimensionliess parameter, L.

Lﬂ "Z'TL_ A'-n'n seeve A-(h)
0.6065

where a is the cell thickness in om,
2 B4 . 6065 18 the Caussian inflection leg in om,
(1.e. the distance across the Gaussian curve at
the spparent inflection level).
A\ n is the total refractive index change due to
concentration

and . n 18 the refractive index of the solution.

The same authors have made theoretical calcula-
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tions for the dependence on L of perameters required for
the ocorreotion of schlieren date. These parameters
inolude the negative (i.e. towards the centre of rotation)
displacement, 3;, at the apparent inflection level of the
bisector or centre line of the pesk. ' The term "apparent"
is used because it 1s only the distorted, camera-recorded
schlieren pattern which can be observed and measured,
However, the distorted patterns in most cases so closely
resemble the correct patterns that correotions based on
the dimensions of the distorted pattern are in relative

error by a lower order of magnitudo151.

The following method wae therefore used to
evaluate equivalent level corrections for the data in
Table A-2,

a:

As before the cell thicknesarwas taken to be

that stated by the manufacturer,
2 99,6065°

It was first necessary to determine the inflec-
tion level of the photographed schlieren peak, which was
assumed to be CGaussian, This was accomplished by
meapuring the height of the maximum ordinate above the
baseline and utilizing the fact that the inflection level
of a Gaussian curve is found at 0.6065 times thé pesk
height. The Gaussian inflection leg was then measured
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‘on the photograph and converted to i1ts value in the cell
using the magnification faotor of the camera lens.
Ans
The refractive inocrement of the protein at the
beginning of the run was known from its concentratlon,
Radial dilution corrections were applied to find An at
the time of & particular photograph.
n
The refrective index of the solution in the
region of the boundary was taken to be the sum of the
refractive index of water, the refractive increment of the
buffer components and half the refractive increment of
the protein. The first of these terms made up 99.8-100%

of n.

L was thus evaluated from equation A-(4). Since
the relationship between L and 8 1s expressed in Ford

151 only by a small graph, an enlarged

and Ford's paper
transparency of this i1llustration was made. The graph
was then plotted on a large scale from comparator measure-
ments on this transparency. The value of 3; thus obtalned
was 1n Gaussian units151 and was converted to centimetres

by multiplying by the factor 2 90,6065/4 142,

As mentioned previously 3¢ 1s the displacement
of the schlieren centre line at the apparent infleotion

level. The required displacement at the msximum ordinate,
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which was the point measured in all sedimentation coeffioc-
lent determinations, was obtained by dividing 8¢ by
0.6065. As with the other correction, measurements were -
made only for the first end last photographs in ‘a run,

the difference in correction terms caloulated as a
percentage ofkihe distance moved by the pesk, and the

sane peroent correction applied to the sedimentation

coefficient.

(111) Regults and Discugsion

The results obtained by applying the two

corrections to the data in Table A~2 are shown in Table A-3,

TABLE A-3
99mna:1n9n_Q;_Q9zzss&gﬂ_agg_ugsgaxssisﬂ_ﬁ20','Eixsng:
8 C.4 C.2 |Net % 8

Run 20, w 20, w
No. unoér;octed (%) (%) | Oorr. oorreéted
UC/35| 2.38 £ .01 | +0.65 | =0.26 | +0.39 | 2.39 ¥ Otg
ve/36| 2.51 % .03, 0.0 [=1.25 | -1.25 | 2.48 % .03,
uc/30| 2.65 % <035 | +0.30 |=0.15 | +0.15 | 2.65 : .03,
UC/31| 2.75 ¥ .03 | 0.0 |-1.22 |-1.22 | 2,72 % .03¢
vc/28| y.23 % «035 | +0.25 | <0,07 | +0.48 | 4.24 : .03
Ue/29| 4.33 ¥ .05, | 0.0 |-0.99 |-0.99 | 4.29 .05,

Ce1 ¢ Correotion for light bending and refraction.
C.2 ¢ Equivalent level correction.
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It is seen from Table A~3 that the correstions,

though all less than the estimated experimental error,

are in such a direction as to reduce the observed d1serep-
ancies, However the msgnitude of the corrections is only
one third to one half that of the observed discrepancies.
Better correlation between theory and experiment might

be obtalned 1f some refinements were made to the methods
for evaluating corrections, A number of coriticisms can

be made of the methods used in the present study.

(1) The validity of epplying corrections bamsed on
measurements on only the first and last photographs is
questionable. It seems ressonable, for the purpose of
making a small percent correction, to assume the centri-
fugal field to be constant during the run, thus making the
sedimentation coefficient proportionsl to the distance
travelled by the peak in unit time. However, a larger
error may be incurred in assuming thet the correction terms
very linesrly with time, Ir, for instence, most of the
change in &, or 3 tskee place during the time for the
first few photographs the method used would be incorrect.
S8trictly, sx and 3. should be evaluated for eiery photo~
graph and the corrected X values plotted as log X y. time.

(2) Even the corrected sedimentation coefficients

may be subjJeot to a few tenths of a percent error due to
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being calculated from the rate of movement of the maximum
ordinate rather than the point given by the square root

of the second moment of the gradient curve.

(3) In the evaluation of the equivalent level
correction, the dependence of 8¢ on L is slightly different
if "background gradiente" are considered. Theae are
elevations of the achlieren baselline arising from
pressure effects which produce refractive index gradients

and cell distortiona151.

However, Ford and Ford have
calculated this correotion only for optical patterns
observed with their ultracentrifuge at 59780 r.p.m. Since
no data were avallasble for the ultracentrifuge used in the
presont study at this speed or for esither ultracentrifuge
at 4L4770 r.p.m., 1t was necessary to negleet background
gradiente. For values of L below about 0.7, as were

those for the experiments in Table A-3, the differences
between 8¢ ocaloulated with and without background gradients

appear to be slight (see Fig. 7 of reference 151).

(4) Some error must be incurred in attempting to
estimate 8 from L since the relationship between them
has only been published graphically. It would be useful

to have this data in some more asccurate form.

(5) Ford and Fora'®! nave emphasized that no
account has been taken of original non-horizontal entry

of the 1ight ray into the ligquiad. This could be caused
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by misalignment of the optical system or by pressure
diltortion af the ultracentrifuge 0011 at high speed.

Ths light dending and refrsotion. correetlon should not be
affected provided a solvent beseline is obtained, bdut
#1stortion due $o0 the equivalent level effeat would be
inoressed. In view of this factor it is not surprising
that any nttampt to correot experimental data should

yield an unﬂer-oarrootion.
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