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SUMMARY

R study has been made, at alkaline pH, of a-chymotrypsin
and zinc-free insulin using ultracentrifuge mcthods., The initial
aim of this research was to test the various theories available
for the analysis of the concentration dependent molecular weight
curves of self-associating protein systems.

The results of a preliminary sedimentation velocity study

of a=-chymotrypsin are reported. The § value, obtained by

]
20, w
extrapolation of the corrected sedimentation coefficients to zero
concentration, was used to compare the empirical equations of

75 with those of Halsall76. The subsequent

Atassi and Gandhi
sedimentation equilibrium experiments using 3mm solution columns
did not give interlacing molecular weight versus concentration
curve segments. It is shown that the non-interlacing was not
due to curve fitting methods applied to the data, A simpls
photometric attachment for facilitating measurement of inierference
fringe photographs and specifically designed to elimipate personal
bias was developed. The construction and operation of this device
is reported.

Sedimentation equilibrium experiments using ‘1mm columns of
a=chymotrypsin were carried out at 59C and ZDDG, each experiment
vielding a single molecular weight, The molecular weight versus

concentration data were analyzed by the methods of Steiner17'18

and of Adam520-27.
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Anhydro~a~-chymotrypsin was prepared in order to overcome
autolysis which was suspected as a possible cause for non-
interlacing., Experimerts with a-chymotrypsin were discontinued
when molecular weight curve segments obtained from sedimentation
equilibrium experiments on 3mm columns of anhydro-o-chymotrypsin

failed to interlace.

The results of sedimentation equilibrium experiments on

3mm columns of zinc-free insulin are reported. The molecular

weight curve segments did not interlace. Since interlacing of
molecular weight curve segments is essential for the application
of the analytical theories for simple self-association, the aim
of this thesis was altered towards finding an explanation of

the non-interlacing,

The control experiments and methods used to test for
possible optical and mechanical effects are reported. The effect
of change of concentration by adsorption of the protein on cell
walls and other surfaces is discussed, Sedimentation velocity
and equilibrium experiments were performed to test for a pressure
dependent self-association, The results clearly show that no
such effect operates for zinc-free insulin under the conditions

used, Precautions were taken to p.i....t Yeaching of heavy metal

ions from glassware and cell walls,
It was concluded that the non-interlacing was due to a

complex self-association and the results for zinc=free insulin

were analyzed for the specific type of complex system to which

the Haschemeyer and Bnuersqzu theory applies, Application of
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the theory, which is specific for self-associating systems
containing some incompetent material but having at least one
fully competent species, indicated that the zinc-free insulin
gystem was not of this type. Other types of complex self-

asapnciations are discussed.
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Chapter 1
INTRODUCTION

A wide variety of substances undergo reversible associatiaon
reactions which do not involve the formation of covalent bonds.
Possibly the largest class of reactions of this type are the
self-association reactions in which molecules of the same
compound interact to form dimers, trimers and higher polymers.
Self-association reactions may be further broken down into
(i) dimerisation reactions as observed for carboxylic acids and
nucleusides1. (ii) association to a larger definite n-mer
involving multiple eguilibria with different association constants
and (iii) association of an indefinite number of monomers
involving equilibria with equal association constants as in the
case of micelle Furmatiun2 or the stacking of planar molecules
such as dyesB, purine bases and pyrimidine basesh.

The recognition that many biologically important materials
undergo self-association aroused much speculation as to the
implications that could be drawn about the mode of action in
living cells. In particular, protein chemists were interested
in the relative biological activities of the monomeric and
polymeric species since, if the polymeric species had reduced or
zero activity, this effect could supply & simple method of control
of reactions in viv05’6. That thhe explanation is not necessarily

sao simple was shown by the findings that urease was more active as
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the monumer7 whereas beef liver L-glutamate dehydrogenase was
more active as the tetramer8 and that even crystalline ribo-
nuclease retains some activityg. More recently the research of
Monod and co—workersm’11 demonstrated that many aspects of
cellular control mechanisms ard the regulation of enzymic activity
could operate on a molecular level by allosteric inmhibition.
This type of reaction, however, belongs to the class of reactions
involving association between an enzyme and a small molecule
effector, the enzyme always being composed of several subunits.
In the broad study of the biological implications of self-
association it is necessary to consider the type of bonding
which occurs between the associating molecules and the conditions
which promote the associations. It is known that most protein
self-association reactions are dependent on such conditions as
pH, ionic strength, temperature and specific nature of the
medium (e.g. presence of urea or detergents) as well as the
concentration of the protein itselfqz. The type of bonds
postulated to account for the association include hydrogen
bonds, hydrophobic bonds and electrostatic bDndsqz. In
addition, the covalent disulphide bond has also been invoked to
explain some associations. In order to determinme the type of
forces which promote association it is necessary to collate
information about the thermodynamics of the reactiuvn in different
media, Since one of the manifestations of association is a
change in weight average properties, such as molecular weight,.

as a function of Doncentration13, a study of such changes
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provides one method of approsch to the understanding of the
problem of association.
The more commonly used methods for determination of
molecular weights of proteins (e.g. osmomeiry and light scattering)
have the disadvantage thatxpnly a single velue of molecular

T

weight is determined at a single concentration in geach experiment.

For this reason it is rapidly becoming routine procedure to use

the sedimentation equilibrium technigque, since the molecular

weight may be determined over a range of concentrations in each

experiment. Also the method stands up to ;ggorgus thermg-

aynamic réquirementsqu. Prior to 1960 the ultracentrifuge was
used mainly fer sedimentation velocity experiments and, although
the theory of the method lacked the thermodynamic basis of the
sedimentation equilibrium technique, important information could
be obtained about the relative rates of association and

dissociation and about the mode of association. This was

pdésible due to the thesoretical work of Gilbert15’1c’71

who
applied chromatographic principles to the prchlem of mass
transport in a centrifugal field.  The theory is gualitative
rather than guantitative due to the number of assumptions
required, Used in conjunction, however, the two ultra-
centrifuge technigues provide a powerful means of studying
self-association reactions,

At the commencement of the study reported in this thesis

the only method of analysis of molecular weight data for
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equilibrium constants was that due to Steinerw’18

JeFFrey19 and AdamsZD had used this theory in conjunction with

and only

the sedimentation equilibrium technique. The Stziner method
could only be applied to ideal solutions which could be
assumed for most cases where dilute, isocelectric protein
solutions were used. The theory of Adams and cn—worker521—27
provided a general approach sirnce it included a non-ideality
factor. This thesis reports the application of ultracentrifuge
technigues, and available theoretical treatments of the data,
to the self-association of the proteins a-chymotrypsin and
insulin.

a-Chymotrypsin is one of a family of proteolytic enzymes
that arise from the activation of the pancreatic zymogen
chymotrypsinogen A. The zymogen appears to be a simgle chain

28,29 and

polypeptide cross-linked by five disulphide bridges
is activated according to the scheme shown in Fig.1.1 .
a-Chymotrypsin is formed by elimination of two dipeptides and
is therefore unusual in that it consists of three polypeptide
chains linked by disulphide bridges.

30 that the serine residue marked in

There is evidence
Fig. 1.1 is involved in the active site and that catalysis
depends on the acylation of this gruup31. A large number of
papers have been published on the catalytic action of

a-chymotrypsin and the relztion of this evidence to the active

2
site has been reviewed by many authors (see for example Hnomles’/I
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32

and Niemann™ 7). The role of the active site in self-

association is not clear as evidence both for and against

participation of the active site has been puhlished.33—36

Evidence for the self-association of a-chymotrypsin has

ceme from ultracentrifugatiun,37—45 electrcphmresis,u2'47

bl b6

light
scattering, depolarization of fluorescence,u3 viscometry

and diffusion.zg In =2ach case the experimental data show a
concentration dependence consistent with an increase in molecular
weight with increase in concentration from zero to 1 gm/100 mls

(1%). Rao and Hegelesl+5 concluded that, since no other

isoelectric proteins displayed a similar concentration

ggggndence of leecular weight, the trend in tHB data was due to
self-association. Most of the ultracentrifuge experimen£s37—h6
employed the sedimentation velocity technigue and showed that in
the concentration range 0-1% the molecular weight increased as
the pH decreased from the isoelectric point and as thelinnic
strength decreased. Since these trends are opposite to thase

L8, 49

shown by insulin it is likely that the mechanism of self-

asspciation is different in these two cases. Rao and Hegelesu7
used the Archibald approach to equilibrium method, obtaining
results consistent with the presence of monomers, dimers and
trimers in equilibrium, whereas previous experiments had only
implied the monomer-dimer equilibrium,

Insulin is a pancreatic protein hormone which plays a vital

role in the control of glucose concentration in the bloodstream.
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Because of its importance in thke treatment of diabetes, insulin
has been widely studied and in particular the amino acid
sequenceSD and thiee dimensional structure61 have been determined.
Insulin consists of two polypeptide chains, the shorter A chain,
of 21 amino acid units, and the longer B chain, of 20 amino acid
units, There is an intrachain disulphide link between the

A6 and A11 units and interchain links between A7 and 87 and
between A20 and B19, The molecular weight of this molecule is
5733 a.w.u.

For some time there was uncertainty about the monomer
molecular weight of insulin in acid solution; some workers
obtained a value of approximately 12,000 from such technigues as
sedimentation velm:ity,B/I light scattering17 and osmotic pressure52
whereas other workers obtained a value of 6,000 from the same

53,54,55

.technigues. There was also uncertainty about the

number and nature of species present, three different workers
proposing different self-association schemes.56’57'17
However, Jeffrey and Cuateshg demonstrated that these
uncertainties could be overcome by use of the sedimentation
equilibrium technigue with analysis of the data by Steiner's17’15
method,

No similar study had been carried out on insulin in alkaline
solution. This system is complicated by the strong bindino of

zinc above pH 658

and the greatly enhanced association in the
presence of zinc. The association was shown59 by sedimentation

velocity measurements to be increased by increasing zinc content
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over the range of ‘zinc content 0-1%. Fredericq59 and Marcker52

had worked with zinc-free insulin and had found the sglf-
association behaviour to be different from that of zinc insulin
but no quantitative anaiysis of the data was presented.
Hakiuchi60 showed that analysis of sedimentation equilibrium
data for a-amylase dimerisation, in which zinc played a
stoichiometric part, was complex and required knowledge of the
stoichiometry of the reactian. Thus it was considered that the
self-association of zinc-free insulin in basic solution would
not only be simpler to study but would be more readily compared

with Jeffrey's results with zinc-free insulin in acid solution.
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Chapter 2
THEORY REVIEW

[_?mldtnzzrl;;'“+ laid the foundation of the scdimentation
equilibrium technigue as a powerful analytical method when he
provided a rigorous thermodynamic treatment of a system at
sedimentation equilibrium. The system was treated in terms
of a continuous segquence of phases of fixed volume and infini-
tesimal depth in the direction of the ce:itrifugal field and, by
application of the condition that the total potential of a
component is uniform throughout the system at thermodynamic

equilibrium, he was able to derive the equation

T

M Q1 - Gi(X)p(X))wzx dx = Zﬂ (E}_&

o¢,

(x)
dc (x

‘ 2(1)

T,P,cC

K

i=01 .0600c.. T

where camponent i has the molecular weight Mi’ chemical

potentia%/;i and partial specific volume Gi’ x is the distance
from the axis of rotation, W is the angular velocity and /) is
the density of the solution. The subscripts 1 = 1.24¢000..T
refer to the solute species and the superscript (x) refers to
the value of the designated guantity at a distance x from the

axis of rotation. The concentration ¢, is on a weight per

i

volume scale,
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For a non-ideal system 2(1) becomes

(x)
i

M (1 - Ui(x>o(x))a)2xdx = RT dlnc

r [Olny, S (x)
+ RT ~ = de,, 2(2)
=7 Ci T,P,Dj

If /o and Gi are assumed to be independent of x and it is
gssumed that v is the same for all solutes, then equation 2(2)

can be summed over all solutes to give

(1-9ow? . dx> = 1
2RT dlnc(x) M (x)
W
r,(><) fi ci(x) olny (x) uCk(X)
+ -
M - °c, |r.p,c. U9°
W J
r C (X)M .-..'2(3)
where ¢ = g: c; and Mw(x) = i=1 i i
=1 i o ()
i=1 i
This can be expressed in the form
1 1 (x)
= + Bc 2(4)
M(xS foi
w app v
(x)
where M(x) eal « Hine 2(5)
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and the subscript "app" refers to the fact that it is an
apparent molecular weight because it contains a non-ideality
contribution. Since the weight average molrcular weight MLlj is
a function of the fotal concentration c in a self-associating
system (none of the species can be varied independently),

equation 2(4) implies that MhJ is a unique function of c

app
(i.e. there is a 1:1 correspondence beiween M el and c).
Under certain conditianszq, however, this may not be true.
A Rayleigh interference pattern at sedimentation eguilibrium

gives the refractive index j as a function of the distance x from

the axis of rotation and by suitable mathematical treatment

Elﬂ%_ can be obtained as & function of x. For moet proteins
d(x™7)
it is found empirically that the refractive index is directly
proportional to the concentration expressed on a weight per

“
volume scaleoz. This was assumed to be the case for

a-chymctrypsin and insulin so that it was possible to write

ding ™ ginc'*)
d(x2) d(x%)

Thus eqguation 2(5) becomes

() ) oRT ) dlnj(x) 2(6)
w app (1 - \'//a)wz d(x%)

and from this relation the apparent molecular weight, as a

function of concentration, is obtained.
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Faor an ideal, homogeneous, non~associating system the
graph of lnj against x2 is a straight line and the molecular
weight is obtained from the slope. In the ~ase of a non-ideal
self-associating system the graph of 1nj against x2 is curved,
depending on the extent of deviation from ideal character and
degree of self-association, A graph which is concave upwards
indicates polydispersity whereas one which is concave downwards

indicates nmn-idealitysB. In order to derive an expression

for Elﬂ% as a function of xz, the dependence of 1nj upon x2
d(x™)

2 =\ A "
(x~ = x) is usuvally expressed as a Series expansion
. - -2
Inj = a + bx + cx

The method used to obtain this relationship and Elﬂ% is
described in Chapter 5. 6

During sedimentation eguilibrium the initially homogenecus
(with respect to concentration) solution is redistributed under

the influence of sedimentation and diffusion so that at

equilibrium there is only one point in the cell where the

concentration is unchanged. If this point is known, then
Elﬂ% can be measured at this point and the molecular weight
d(x™)

evaluated at the initial protein concentration without the need
to measure the whole j versus x distribution. Van Holde and
Baldwin6u showed that the position at which the concentration (c)

equalled the initial concentration (cD) could be approximatec if
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the experimental conditions were arranged so that there wss only
a slight redistribution of protein. They showed that the error
in setting ¢ = c_ at position x' = [‘yé(xm2 + zbz)]% was within

0.2% when H<<D.1 where xm and xb are the distances from the axis

0¥ rotation of the solution column meniscus and bottom respect-
2 2

- 2
. M(1 - ve)w . b -
ively and H = 2ﬁ¢) 5 2 & The correct speed

can then be calculated provided an approximate molecular
weight is known. This method was used in the investigation of
the a-chymotrypsin self-association described in Chapter 3.
The first theoretical treatment of the sedimentatiaon
equilibrium of self-associating systems was reported by
Tiselius65 but he did not show how the data could be analyzed.

It was .':“:1:!33‘.n131'1'.7*’,]8

who first developed a method of treatment of
molecular weight versus concentration data which yielded
equilibrium constants. This procedure which was developed for
an ideal, uncharged system is outlined below.

If the molar concentration of species i is denoted by [Ai]

then the various self-association reactions which may occur (up

to the tetramer) are

k
2[A,] ==[a,]
k
(A, + [A,] == [a,]
k
(a,] + [a,] ==1[a,]

2[A,] é [A,]
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The equilibrium constants (ki) for the reactions and the [Ai]

in terme of k; and [Aq] can then be written as

[A,]

2
kp = == [Rp] = kylAy]
(A, )
(A,;]

3 3
ko = = — , [A3] = Kk ko[A.]
3 27371

[n,] [A,] ?
o o A
L =
(a,] [A,]
(A,] = kokak,[A 1"
yd = KpRaRulig
kL = Efﬁ] )
2
(A, ]
The weight average molecular weight which is defined by
2
2; Ml
M = —=———
w
5; niM.l

can be rewritten as

2 2 2 2
[A1]M1 " u[nz]M1 + 9[A3]M1 + 16[A, M,

C

2(7

where M1 is the monomer molecular weight and c is the total

weight concentration of all species. Substitution of

expressions for [Ai], i 1 in 2(7) and division by M, gives

My 1 .2 3 4
- ———-([A1] + bkz[ﬂ1j + 9k2k3[A1] + 16k k. k [A1] )

2 3°4L
M, C/M1

It
R
]

ceeesn 2(8)
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The weight fraction of manomer is defined as

cos o Mlngd
c c

and substitution for [Aq] in 2(B) yields

s sads [ (EC fc,2 fey3 , fec,b
a = S, [(M1) + hkz(M1) + 9k2k3(M1) + 16k2k3ku(M1) ]
LI S B A 2(9)
But
c fc fc.2 fc,3 : fec b
.= [ + 2k ()7 + 3kokg ()™ + bk gk gk, (=) ]
1 1 1 1 1
and therefore
C
= (EE) nghj. " 1 - § _Hc
Bl Py c ; d(fc)
1 d(M1) ™,
. a"1 —1 _ dlnf
. - dlnc
which on integration gives
E -1
1n(1;—) = f Gzl go 2(10)
c
0 C

(n)

where f and fD are the weight fractions of monomer at
concentrations c = ¢ and € = Cq respectively, When C, = o,
fu = 1 and it is possible to get an accurate function of f

versus c by numerical integration of 2(10) since o = is

-AzlEZ
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obtzined experimentally as a function of c.

Rearrangement of 2(9) gives

2 3
e = 1+ bk, ¥+ Skkg US4 16k gk, T 2(11)
where € = % and 0 = 55 e [Aq]. Thus in 2(11) the only
l]
unknowns are the eguilibrium constants ki' Steiner put

forward a graphical method of solution of equation 2(11) which
was used until the general availability of modern high-speed
computers permitted the application of curve fitting methods
which provided more accurate solutions with less time and labour.
The way in which a computer was used to solve equations of this
type is discussed in Chapter 3.

In an idea) non-associating system the apparent molecular
weight is unchanged with change in concentration. If non-
id=ality occurs it is manifest as a decreasing apparent
molecular weight with increasing concentration. On the other
hand, in an ideal self-associating system, apparent molecular
weight increases with increasing concentration, and non-ideality
appears as an initial increase to a maximum apparent molecular
weight with a subsequent decrease at higher concentrations.
While the Steiner method of analysis is suitable for the many
self-associating protein systems which behave ideally it is not
adequate for the systems which behave non-ideally. It was not

01~
until 1963 that Adams and co—mmrkers”1 27 in a series of
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publications developed a satisfactory method of analysis oF
non-ideal self-associating systems. The method can be applied
to discrete self-association (limited to four or five species)
or with modifications to indefinite self-association where all
equilibrium constants are equai. An outline of the Adams
procedure for discrete monomer-dimer-trimer association is
given below.

The Adams procedure requires an estimate of the degree of
association that is present, then for n species, n + 1 equaticns
are written down, one for each species present plus one for the
non-ideal behaviour. Combination of the eguations in a
suitable manner enables the elimination of the eguilibrium
constants so that an equation in one unknowr, the virial
cugfficient B, is obtained. The eguation is solved by
successive approximations and all other unknowns can then be
calculated.

The basic starting equation is obtained by multiplication

of eguation 2(4) by M, to give
Moe M e 2(12)
M M
w app w

This form of the equation is used because it is assumed
initially, that the activity coefficient for sach species '

can be represented by

Iny, = iBM;c + U(cz) i=2,3.... 2(13)



-17-

where D(cz) indicates that terms of the order c2 and higher

are negligible. It follows from 2(13) that

e. = K.z, J 1=2,3.... 2(14)

n
and since € = E: Gy application of 2(14) in the case of manomer-
i=1

dimer-trimer association gives

_ , 2 3 2(15)
B = 01 + H2c1 + K 01

Since the Adams equations are developed using a weight per

volume scale of concentration (rather than molar) as well as
i

overall equilibrium constants (K, = TT k.) the Steiner
l l_ L)
J=2 "3
equation 2(8) becomes
cM 2 3
Mw = (c1 + ZHZC1 + 3H3c1 ) 2(16)

1

Furthermore the weight fraction of monomer calculated is an
apparent value (Fa) since the apparent weight average molecular

weight is used in the calculation

M, dc

Inf_ = (e 1) 32 _ 10f + BM.C 2(17)

a M o] 1
0w apn

This equation on rearrangement gives

(]
n

o exp(-Ech) 2(18)

where a

fac. It is also possible te show that



cHl C M K,C K.,C BM,c
= [ 21 L2 2am

n app o My app

where the number average molecular weight, Mn’ is defined by

M - 1 - o4
n C.
MY

and the apparent number average molecular weight, Mn app’ is
given by
1
M = M—' +BM1C
n app n

Rearrangement of equation 2(12) and comparison with 2(16)

gives

3

_ - o, o+ 2K.c.2 4+ 3K.c 2(20)

1 2°1 371

cM
w app

It is possible, by combination of equations 2(15) and 2(20)
and equations 2(15) and 2(19), to obtain two equations in which
the H3013 term has been eliminated and which, in turn can be

combined to give an equation in which the H2c12 term has been

eliminated. This final egquation contains only one unknown
(aM,)
EcM1 o 1
————— - 5c = 20 exp(-BM,c) + 3BM,cT -~ —pfp——— 2(21)
M 1 1 M
R 2nR 1 am
1
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The method of successive approximations is then used tg

choose a value of BM,I such that the left and right hand sides
of equation 2(21) are equal. The manner in which this
procedure was modified and applied is shown in Chapter 3. A
similar approach to the above is used for the case of monomer-
dimer-irimer~tetramer association except that an extra eguation
is reguired.

The Steiner theory is limited to ideal systems but a more
critical limitation is the graphical procedure for determination
of eguilibrium constants since this involved the drawing of
limiting slopes. The latter difficulty has been overcome by
application of computerised curve fitting techniques. Cne
advantage of the theory is that it can be used with number or
weight average molecular weights, thus allowing determination of
equilibrium constants by independent methods e.g. osmotic
prassure (Mn) and light scattering (Mw)'

The Adams theory provides a unified theaory applicable to
ideal and non-ideal systems. At the same time it establishes
8 functional relationship between My and M, (see eguation 2(19))
and provides egquations to distingquish between discrete and
indefinite self-associations. There are, however, some
limitations. The theory requires integration and differentiation
of fitted curves and the integrals and differentials depend to
some extent on the manner of fitting the curves. An initial
guess at the form of the self-association is required in order

to choose which eguation to solve for BM1. The analysis of
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discrete self-associations is limited to systems with a

maximum of five species since n + 1 equations are required for

a system with n snecies. It is possible that the theory in

the form presented will be insufficient to differentiate between
discrete and indefinite self—association827. This may be due
to the use of one virial coefficient in equation 2(13) which may

be modified to include two virial coefficients.

1ln y; = iBM,c + iBZM c2 + D(CB) 2(22)

11 1
Such an extension to the theory has been madez3 and applied with
SUCDBSSGG. In spite of the disadvantages listed above the
Adams theory is probably the most widely applied theory in use.
More recently two different approaches to the treatment of
self-associating systems have been advanced by Derechin67, and
by Roark and thantis68 with modifications by Chun and Himsg.
The latter treatment first suggested by Roark and Yphantis is a
graphical method which is applicable only when two or three
species are present and may be applied whether or not the species
are in self-association equilibrium, Thus this method is
severely limited in the range of systems to which it may be
applied and it appears that the main area in which- it will find
use is in analysis of non-associating mixtures of two or three
proteins.
The theory proposed by Derechin, however, is an elegant,

general method based on the multinomial theorem. The initial
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approach to the problem is similar to that of Adams except that

the function F(c), defined by

M.c c M m K.
- 1 1 i i
r(c>_M—_f S Y 2 oo
w i=1
is expanded in powers of c by Maclaurin's thecrem to give

1.,

() m 3 m

1 d F i

PR = = f=s=> [ ) Kie,n 1= N 1oy
1= 1=

iMe

m .
iqr
The power term [ E: KiCy ] is then evaluated using the
i=1

multinomial theorem and expressions for the equilibrium
M

constants are obtained in terms of ﬁ_ and c only. Thus
w

there is no need to calculate the weight fraction of monomer

as in the Steiner and Adams theories. Another advantage is
the generality of the thenry since it can be applied eqgually

as well to number average as ito weight average molecular

weight data. No iteration is required for the solution of the
expressions faor Hi which are egually valid for indefinite and
discrete self-associating systems. The theory has also been
extended to cope with non-ideality but it is necessary to
assume the absence ofa particular species to salve-FUr the
non-ideality coefficient (i.e. Hi = 0 if species 1 is absent

and the equation for Hi can be solved for the unknown BM1).
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The most serious disadvantage is the requirement of very
M

accurate values of ﬁl versus ¢ at near zero concentrations
w
since the expressions in Hi use the limiting slopzs
M M

d (D a2 1

—_ - ! ! etc. at zero concentration,
2
de dc

The multinomial theory may become more widely used as the
accuracy of molecular weight data at low concentrations is
improved but the Steiner and particularly the Adams theories
supply the most generally applicable analyses of self-associating

systems.

See Addenda p. 136 .
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Chapter 3

EXPERIMENTS WITH o-CHYMOTRYPSIN

I SEDIMENTATION VELOCITY STUDY

It is possible to detect reversible self-association of a
protein in solution from the variation of sedimentation
coefficient (5) with concentration (c). For non-associating
proteins 5 values are usually linearly cependent on c such that
the lines, which have a negative slope, can be described by

equations of the form

5 = 50(1 - ko) or S =

where S° is the sedimentation coefficient at zero protein
concentration and k is a positive constant. The dependence of
sedimentation coefficient on concentration is governed by the
viscosity and density of the solution and by the backward flow
of the solvent7D. In dilute solution of systems which undergo

self-association reactions of the type

np ==p
n

one often observes weight average sedimentation coefficients
which increase with concentration. The increase of § at low

concentrations is presumed to be due to readjustment of the

equilibrium to give rise to higher molecular weight species as

concentration increases. Since (where the second monent
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method is used) it is a weight average sedimentation coefficient
that is measured, a greater proportion of higher molecular
weight species ceuses an increased rate of sedimentation.

If adjustment of the equilibrium is slow compared with the
rate of separation by sedimentation, separation of the n-mer
from the monomer can he expected and two boundaries will be
visible in the sedimentation pattern. In the case of rapid
reversible eguilibrium Gilbert's71 theory predicts a single
boundary for n = 2 but a bimodal boundary for all n> 2
regardless of the rate of adjustment of eguilibrium, on72
has shown by computer simulation technigues that the bimodal
boundary is not apparent at low values of the equilibrium
constant for the association and that the sedimentation boundary

is agymmetric in all cases. For systems where there are more

than two species in equilibrium e.g.

2

Pz + P &= P3 etc.

the situation is more complex. However, if the eguilibria are
rapid only a single boundary is usually Dbserved71.

Thus, whilst the sedimentation coefficients at different
concentrations provide a simple test for association, little
can be deduced about the form of the association from the
boundary shapes. Thus sedimentaticn velocity should be
considered only as a prelininary technigue in the investigation

of self-association.
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Sedimentation velocity ex:eriments on a-chymotrypsin were
performed in 0.2 ionic strenoth, pH 6.2 phosphate buffer, also
used by Rao and k:geles. This buffer, in which the protein is
isoelectric, was chosen in order to avoid complications due to
charge effects. Sedimentation coefficients at 13 different
concentrations of oa-chymotrypsin were evaluated from the slopes
of log x versus time plots in accordance with equation 5(2a).
The slope used was that obtained by fitting a straight line to
the points by the method of least sguares. The sedimentation
coefficients were converted to standard conditions, by use of
equation 5(2b) and correspond to sedimentation in a solvent with
the viscosity and density of water at 20°C.

The corrected sedimentation coefficients (SZD,m)’ at various
concentrations, ar= shown in Fig. 3.1 . The error bars were
determined from the gradients of the lines which could be drawn
with maximum and minimum slope through the log x versus t plots

at each concentration. A smooth curve was drawn through the

520 W values to give, on extrapolation to zero concentration, a

y

value of SSD W of 2.6 § in agreement with values guoted by
37,38

other authors (Schuert 2.4 5, Smith and BrnmnhD 2.56 G,

Massey et. al.h3 2.9 S and Tiru:u:um+ 2.2 5).
Comparison of the experimental curve in Fig. 3.1 with
curves obtained by other workers is difficult because of the

dependence of the self-association cn ionic strength and on pH.

The variation of the isoelectric pH with the type of buffer
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Concentratieon of a-chymotrypsin (gm/dl)

Fig. 3.1 = The corrected sedimentation ccefficient af a-chymotrypsin as a function of
concentration in phosphate buffer pK 6.2, I = 0.2 . The filled and open circles
represent dilutiaons of two different stock solutions and the errcr bars were
calculated as described in the text.
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used is a further complication; for phosphate buffer at 0.2

3

ionic strength the isoelectric pH is 6.201 whereas with

univalent buffer salts the isoelectric pH rarjes from 8.6 at
0.01 ionic strength to 8.1 at 0.1 ionic strength73. The
buffer used in experiments reperted in Fig. 3.1 was similar to
that of Schuert37 who used a phosphate-sodium chloride buffer
pH6.20 at 0.2 ionic strength. Schwert's graph of SZD.m VETSUS
concentration showed an increase of SZD,M in dilute solutions
with a maximum at about 20 gm/litre, above which concentration
the SZD,w values decreased with increasing concentration. It
is probable that the small differences between Schwert's curve
and that shown in Fig. 3.1 is due to a combipation of =xperi-
mental error and charge effects since Schuert's system uouid not
necessarily be at the isoelectric pH in the buffer used. The
.ahsence of a maximum in the SZD,m curves reported by other
workers is probably due to the greater association of a-chymo-
trypsin at the lower ionic strengths which they used.

The curve shown in Fig. 3.7 is typical of that expected Tor
a relatively simple self-association, showing an increase in

5 values at low concentrations and reaching a maximum (at

20, w

about 18 gm/litre) after which the 5 values slowly decrease.

20, w
The decrease of 520 W values at high concentrations can be
explained in terms of solution viscosity and density, and
backward flow of the solvent retarding the sedimentation of the

species wnich predominate at the higher concentrations70.
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A typical schlieren photograph is shown in Fig. 3.2 .
As expected for an associating system the boundary is not
symmetrical but nu bimodal nature is apparent. The self-
association then, is probably not between protein monomer and

n-mer with n= 2, and although the shape of the & VETSUS ©

20, w
curve is consistent with that expected for a monomer-dimer
self-association, it is not possible to rule out monomer-dimer-
trimer or monomer-dimer-trimer-tetramer self-associations. It
was felt that the asymmetry of the boundary was not great
enough to warrant the location and use of the second moment of
the refractive index gradient curve in the calculatiun of the
sedimentation coefficient, thus in all cases the maximum
ordinate was used. Fig. 3.2 also illustrates the difference
in schlieren patterns obtained at different concentrations and
- it is obvious, from the width of the peak at the lower concen-

tration, why the errors associated with 5 values are greatest

20, w

in dilute solutions.

In general it is possible to obtain the monomer molecular

D
20, w

diffusion coefficient is known, these guantities being relatied

weight of a protein from the § value if the corresponding

by the Svedberg eguation

RTS
D(1 - Wp)

However, in the case of globular proteins, which includes



(a)

Reference Solution Reference
fringes fringes (b) fringes

Fig. 3.2 : (a) A typical schlieren photograph
(b) A typical Rayleigh interference

In both cases the centrifugal direction is
from right to left.
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0 10 20 30 40
Concentration (fringes in 12 mm cell)

Apparent weight average molecular weignt of aQqhymutrypsin ag a function of
The curves werg

fFig. 3.3 :
concentration in phosphate buffer at pH 6.2, I = 0.2, T = 20°C.
cbtained from three different sedimentation eguilibrium experiments.
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a-chymotrypsin7h, it is not necessary to know the diffusicn
coefficient as the molecular weight is related empirically to

the sedimentation coefficient. Globular prnteins are considered
to be proteins for which the molar frictional coefficient F/FD

is less than or egual to 1,30 and since F/fo depends on the
solvation and asymnetry of a molecule it is a measure of the
closeness of the molecular shape to a sphere. For a large
number of globular proteins Atassi and Gandhi75 showed that for

M = 40,000, M and s° were related by the eguation

5

1.62 + (4,170 x 10°°) M 3(1D

w
]

and for M < 30,000 the relationship had the form

5

0.68 + (7.416 x 10" 7)Y M 3(2)

m
I

They found alsoc that proteins with molecular weights in the
range 25,000 to 35,000 gave consistent results with both of
these eguations.

Halsall76 later showed that the straight lines described

by equations,3(1) and 3(2) were merely chords to a more general

relationship between sedimentation coefiicient and molecular

weight. This is expressed77‘78 by
5[ ]1/3 (1 - Vo)
J_-. = 2.5 x 1[]6 —/3 3(3)

M3 nN
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where 5 is the sedimentation coefficient (in Svedbergs), [N] is
the intrinsic viscosity, ﬁg is the solvent viscosity, N is the
Avagadro number, and the other symbols are as previously defined.
Equation 3(3) can be rearranged with minor approximations to

the form

2
g = k73 3(h)

or

log k + < log M 3(5)

log S 5

Halsall plotted values of log 5§ versus leg M for a large number
of globular proteins and fitted a straight line to the points
by the method of least squares to give the eguation

log § = 3.383 % 0.044 + £ log M 3(6)

IThis general equation fitted globular proteins in the moleculsr
weight range 17,000 to 49 x 106 whereas the equations of Atassi
and Gandhi were not applicable below 9,000 or above 300, 000.
Halsall emphasized that the eguation was recessarily approximate
because the constant k implied assumptions about uniformity of
hydration, density and shape.

When the molecular weight is calculated for oa-chymotrypsin
from equation 3(6) using S;D,m = 2.6 § a value of 35,000 i 5,000
is obtained. However, when the Atassi and Gandhi relations
3(1) and 3(2) are used molecular weights of 23,500 and 25,300

respectively are obtained. Since the molecular weight of
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a-chymotrypsin is about 2&,00079 it is concluded that the

empirical equations of Atassi and Gandhil are more accurate
within the ranges specified than the more ge~eral equation of
Halsall which for low molecular weights is subject to very

large errors.
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II PRELIMINARY SEDIMENTATION EQUILIBRIUM EXPERIMENTS

Thrae sedimentation equilibrium experiments were performed
at different initial concentrations of a-chymotrypsin in
phosphate buffer pH 6.2 and 0.2 ionic strength. The apparent
weight average molecular weights (Muj app) calculated at
different positions in the cell are shown as functions of
concentration in Fig., 3.3 . The Mm app values were evaluated
by fitting a guadratic function to the 1nj versus x2 data by the
method of least sguares as described in Chapter 5. A typical
Rayleigh interference photograph is shown in Fig. 3.2(b).

Two features of the curves illustrated in Fig. 3.3 require
comment. Firstly the magnitude of MuJ app at the lowest
concentration (6 fringes) is 21,000 implying a monomer molecular
weight much lower than the accepted value of about 2&,08079.
Secondly, since the curves do not interlace, they are not
segments of a unigque molecular weight versus concentration
curve expected for simple associatlion of a pure macromolecular
substance.

a-chymotrypsin is a protease and as such is prone to
autolysis. It is apparent from the molecular weight data that
there was material present with molecular weight less than that
of the monomer and it is simplest to attribute this to products

of autolysis. The presence of such material could also give

rise to non-interlacing of the curves.
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Fig. 3.4

10 15 20 25
Concentration (fringes in 12 mm cell)

Apparent weight average molecular weight of a-chymotrypsin ag a function of
concentration in phosphate buffer at pH 6.2, I = 0.2, T = 20°L. The filled and

open circles were obtained by differeniiation of lnj versus x“ data by the Mean Value
Theorem. The curves were obtained by analytical differentiation of fitted curves.
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Results similar to the nor-interlacing of molecular
weight curves described here, had previously been noted by

19, 20,80 and

workers using bota the sedimentation equilibrium
the Archibald approach to sedimentaticn equilibrium13 technigues.
Rao and Hegelesq3 found that molecular weight values for
a-chymotrypsin, evaluated at the top and at the bottom of the
cell during approach to sedimentation eguilibrium experiments,
showed time rependent hehaviour. The values from the top of
the cell decreased with increasing time while values from the
bottom of the cell increased. Thus, as time increased, the
molecular weights evaluated lay farther away from the smooth
curve drawn through the values obtained soon after the start of
the experiment, This behaviour was presumed to be due to the
finite rate of re-squilibration between monormers and polymers.
Obviously this reasoning does not apply to a system at
sedimentation egquilibrium. Sguire and Li ascribed the
non-interlacing to experimental error in measurement of
schlieren patterns, as such errore were not random, a bilas
regarding the centre of the schlieren image was retained from
poeint to point. Adams did not put forward an explanation of
the discontinuities observed in his study of insulin but
believed it was a real effect on the basis of the ohservations
of the workers mentioned above. Jeffrey, who also worked

with insulin, concluded that the effect was due to experimental

error in the fringe measurements and the treatment of the data.
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This conclusion was based on the fact that the observed non-
interlacing in curves, obtained by least sguares fitting of
inj versus x2 data and subsequent termwise cd-fferentiation,
fell within experimental error. Jeffrey also found that
interlacing of the curves was obtained when a Fourier series
fitting of the 1nj versus x2 data was used.

To test the influence of the curve fitting techniguez on
the molecular weight values the Mean Value Theorem was applied
to the raw data and the results are shown in Fig. 3.4 . The
molecular weight as a function of concentration was evaluated

using the eguation

Mm a = ___j§¥gﬂw__2 ) ééj%}l 3(7)
PP (1= Vpw A x
uhére
Alnj = (lnj)i+q - (lnj)i
2 2 2
and M applies to the concentration given by
W app

antilog %[ (Ind),; , + (Ind);) =~ (I)y,,

It was expected that this method of treating the data would
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lead to scatter of values. However, in spite of the scatter
it appears that the trend of the molecular weight values is
described well by thoce obtained from the differential of the
polynomial fitted to 1nj versus x2 data. It appeared that the
method of treating the data was not the cause of the non-
interlacing of the molecular weight versus concentration curves.
The oscillating nature of the scatter was thought to be due to
personal bias in locating the centres of interference fringes.
The molecular weight of lysozyme was determined to test
the experimental methods and the optical system which could
give rise to incorrect molecular weight values if out of
alignment, Sigma brand three-times-crystallized, dialysed and
lyophilized lysozyme was dissolved in pH 5.4 acetate-KCl buffer
(0.15M KC1 and 0.02M acetate) and dialysed against several
changes of buffer. The concentration was determined by differ-
ential refractometry and two sedimentation eguilibrium experi-
ments were carried out at 20°C and a speed of 10,000 rpm, The
Inj versus x2 plots obtained from measurement of the Rayleigh
interference patterns at equilibrium were linear and the slopes
determined by a linear least sguares fit of the data gave an

apparent molecular weight of 13,600 I 100 .

At pH 5.4 the net charge on lysozyme is about +6.581 and
therefore the apparent weight average molecular weight

determined at finite concentratiaon is given bsz
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zMg . - vpA z"s g
My [1-557 " —m—101-5+ 7!
: 2Me (1T 2 My Bp
M - p/ 3(8)
W app
;.22 "8 %
2 MP Cg

where the subscripts B and P refer to the supporting (1:1)

electrolyte and protein respectively. The guantities QB and

QP are the specific refractive increments and 72 is the charge

on the polyelectrolyte. Equation 3(8) applies at every point
in the uvltracentrifuge cell but for small correction terms it

is probably valid to substitute the over-all concentrations

and the molecular weight obtained by integration over the cellaq.
The supporting electrolyte was assumed to be entirely KCl and
the value of MP evaluated from equation 3(8) by substituting the

following values:

Mg = 74.56

L = 1.00617 + 0.00291 c, = 1.007 eees. (Ref. 81)
UP = 0.703 wewsw (REF. 81)
6, = 0.7888 ml/gm veses (Ref., 83)
8; = 0.1475 ml/gm ..... (Ref., 84)

a}
_ vt 8, ¢ 26.81 + 2.327 .15
VB = '__M-___ = e ® 0 0 0 (Ref‘l 85)
B 74,86
= 0.372
Z =+ 6.5 .... (Refs. 81

and 83)
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The calculated value of MP = 14,350 I 100 agreed with the value
14,540 * 100 obtained by Sophianopoulos et. al.®! thus
discounting technical error and optical misalignmant as causes
of the low molecular weight values found for a-chymotrypsin.

The stock solutions of a-chymotrypsin were kept frozen and
dilute solutions were prepared on the day of the sedimentation
equilibrium experiments in order to minimise autolysis.
However, it is concluded from the results shown in Figs. 3.3
and 3.4 that these precautions were not successful and that
autolysis occurred resulting in the unexpectedly low values of

molecular weight and possibly the non-interlacing of the

molecular weight curves as well.
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IIT ELECTROPHORESIS O0OF a-CHYMOTRYPSIN

Moving boundary electrophoresis experiments were carried
out in Tris buffer pH 7.0 and 0.1 ionic strength at protein
concentrations approximately 0.5 gm/dl. The schlierasn boundary
patterns obtained for Sigma and Worthington a-chymotrypsins are
shown in Fig. 3.5 (a) and (b) and for FMS-a-chymotrypsin (Sigma)
in Fig. 3.5 (c). Electrophoretic heterogeneity was evident in

all cases, a major peak flanked on either side by a minor peak

being observed,

15, 16,71 and Winzor and

According to the findings aof Gilbert
Scheraga86 the behaviour observed could result from a system with
two forms (monomer and n-mer, n > 2) in rapid eqguilibrium,
However, since similar behaviour was not cbserved in sedimentation
velocity experimente it was concluded that the minor peaks were
due either to protein impurities unrelated to a-chymctrypsin or
to differently charged forms of a-chymotrypsin. The proportion
of the impurities present, found by comparison of the areas under
the peaks, was less for Worthington than for Sigma a-chymotrypsin
indicating that the former should be used in preference to the
latter for subsequent experiments. Inhibited a-chymotrypsin
was prepared but the proportions of impurities present were not
sigrificantly less than in the uninhibited samples. In the
inhibition process, both the a-chymotrypsin and inhibited

protein were subjected to molecular sieve chromatography, the



(a)

(b)

(c)

Fig, 3.5 :

Electrophoresis schlieren patterns obtained with
(a) Sigma a-chymotrypsin

(b) Worthington a-chymotrypsin

(c) PMS-a-chymotrypsin.
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maximum of the elution peak being retained in each case.

Since this procedure did not remove the electrophoretic
inhomogeneity it was concluded that the impurities were similar
in molecular weight to a-chymotrypsin and probably differed
from o-chymotrypsin in overall net charge.

Electronhoretic heterogeneity had previously been reported
by Egan et. al.87 who used countercurrent electrophoresis to
study a-~chymotrypsin over a range of pH (2.4 to 8.6) and ionic
strength. The four-times-recrystallized a-chymotrypsin was
prepared from eight-times-recrystallized chymotrypsinogen.

The fractions separated electrophoretically were shown to have
different esterase activities. From electrophoretic data and
specific activity determinations Egan et. al. concluded that the
polyphoretic nature of a-chymotrypsin was due to the presence of
B-éhymotrypsin and ¥-chymotrypsin the bulk of the sample (91%)
being a-chymotrypsin. Hofstee88 found that the chymotrypsins
were inhomogenecus in respect to binding to DNA where a fraction
(=10%) did not combine even in the presence cof excess DNA, In
the case of a-chymotrypsin the fraction which did not take part
in binding increased proportionally with the decrease in

enzymic activity during autolysis. Studie; by EhervenkaB9 and
Martin and Frazier90 of the urea denaturation of a-chymotrypsin
indicated heterogeneity. The latter study also suggested that
the presence of calcium ions (Caz+) stabilized a-chymotrypsin
towards urea denaturation. It had previously been rEpDrtEd91

that the presence of Caz+ increased the stability of oa-chymo-



~39-

trypsin towards heat dematuration and enhanced the proteolwtic
and esterolytic activities of a-chymotrypsin.

In the development of an "all-or-none® assay for chymo-
trypsin Erlanger and Edel92 found that the presence of Ea2+ in
the buffer was essential for accurate results. Assays
performed in the akbsence of Caz+ were consistently low.

Erlanger, Cooper and Bendich93 followeou this finding with a

study of the heterogeneity of a-chymotrypsin. The results
obtained using the all-or-none assay and agar-gel electrophoresis
supported the conclusion that the three-times-crystallized
o~-chymotrypsin used was not homogeneous but consisted of at least
two components of unegual stability. Agar-gel electrophoresis
patterns in the absence of Baz+ showed the presence of two
components but with Ca2+ present the system was electrophor-
etically homogeneous.

In the light of the electrophoretic heterogeneity
observed with PMS-a-chymotrypsin and the evidence of Wu and
Laskmmskig,l on the Caz+ inhibition of autolysis and Erlanger

et. 81'92,95

of Eaz+, it was decided to perform sedimentation eguilibrium

experiments using a-chymotrypsin in the presence of Caz+.

on the absence of heterogeneity in the presence
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Iv SEDIMENTATION EQUILIBRIUM STUDY

Preliminary sedimentation equilibrium experiments were
carried out using 1 mm solution columns to test the effects
af Ca2+, jonic strength and ethylenediaminetetraacetic acid
(EDTA) on the molecular weight of a-chymotrypsin. The
experiments were performed as described in Chapter 5 using
protein solutions aof 30 I fringes in Tris buffer pH 7.6 .

The results are shown in Table 3.2 .

Table 3.2
Ionic 2+ . Molecular
Strength [Ca ] [ED1AJ ieight
0. 05 - - 56,600
0. 05 0.01 M - 35,600
0.05 - 0.01 M 51, 500
0.20 - - 27,200

It can be seen that the presence of a small guantity of Ea2+

causes a marked lowering of molecular weight as does a four-

fold increase in ionic strength. The presence of EDTA, which
was included to complex any divalent metal ions that might be
present, had a much smaller effect in the opposite sense to

that expected. The effect of Caz+ in stabilizing a-chymotrypsin

against self-association was perhaps not unexpected since the
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presence of Caz+ had been shown to stabilize the native
a~chymotrypsin conformation in concentrated urea smlutiunsag’gg.

Two sedimentation equilibrium experiments were performed
on 3 mm columns of a-chymotrypsin at different concentrations
in Tris buffer pH 7.6 and 0.05 ionic strength at 20°¢C. The
molecuiar weight versus concentration curves oztained from the
Rayleigh interference fringe photographs at equilibrium did
not interlace. A high speed sedimentation equilibrium
experiment gave a monomer molecular weight of 21,600 for
a-chymotrypsin indicating that no appreciable autolysis had
occurred, However, this does not rule out autolysis products
or autolytically altered a-chymotrypsin as the cause of non-
interlacing.

A series of sedimentation equilibrium runs using 1 mm
columns was carried out at 20°C on a-chymotrypsin at several
different concentrations in Tris buffer pH 7.6 and 0.05 ionic
strength. The results of this series and a similar series at
5°C are shown in Fig. 3.6 . A single molecular weight value
was obtained from each sedimentation equilibrium experiment in
the manner described in Chapter 5. While these results must
be regarded only as semi-gquantitative because of the non-
interlacing of molecular weight curves obtained with 3 mm
columns, it is interesting to note the similarity between the

values obtained at different temperatures. The correspondence

of molecular weights at different temperatures indicates that -
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the enthalpy of the self-assc:iation reaction is either very

17,18 and the Adamszq"z7

small or zero. Both the Steiner
methods of analysis of the molecular weight versus concentration
curves were applied to the data in Fig. 3.6 . The results of
this analysis are discussed in Section VI (b) of this Chapter.

Anhydro-a-ciiymotrypsin was prepared from Worthington
a-chymotrypsin by the method of lWeiner et. al.gq. The
tosylated protein was first formed by reaction with
p-toluenesulphonyl (tosyl) fluoride, the latter.reacting with
the serine residue at the active site of the a-chymotrypsin

molecule, and anhydro-a-chymotrypsin fermed by elimination of

the tosyl group in alkaline solution., The overall effect is the

CH,,OH ?HZD—SUE——O——CH?, CH,
I . I

———
——-CH— ~———CH— —L—
Serine hydroxyl Tosyl protein anhydro protein
group

rempval of a water molecule from serine at the active site.

The inhibited protein was passed through a Sephadex column and
the maximum of the protein elution peak retained. A stock
solution for subsequent sedimentation eguilibrium experiments
was obtained by dialysis of the anhydro-a-chymotrypsin solution
against Tris buffer pH 8.4 and 0.1 ionic strength, Anhydro-
a-chymotrypsin was used to avoid, as far as possible, the

effects of autolysis and the buffer at the isoelectric pH was
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used to minimise charge effects.

Again, the molecular weight versus concentration curves,
obtained from sedimentation eguilibrium runs with 3 mm columns
of protein solution at two different concentrations, did not
interlace. A series of sedimentation eguilibrium runs using
1 mm columns was performed and the results are shown in Fig. 3.7 .
The monomer molecular weight of 19,000 indicated by these
results was lower than expected and it zppeared either that
precautions taken to minimise autolysis were inadequate or
that some degradation of the protein occurred during inhibition.

The activation of chymotrypsinogen is a complex reaction
giving rise to other forms of chymotrypsin as well e&s o-~chymo-
trypsin and it is not possible to purify the latter because of
its autolytic action. This cansideration ccupled with the
reports of heterogeneity and experimental results reported here
strongly suggested that further attempts to guantitatively
analyze the molecular weight versus concentration data would be
fruitless and experiments on a-chymotrypsin were discontinued.
This decision was later supported by the findings of Adams and

5 Adams and Filmer discontinued

Filmer" and of Teller et. al.
experiments with a-chymotrypsin when they found that even
"chromatographically homogenous" material appeared heterogeneous

on polyacrylamide gel electrophoresis. Teller et. al. found

that calculated egquilibrium constants varied widely, depending
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on the source of the sample, and that significant amounts of
unreacted or reactivated a-chymotrypsin were present in

inhibited samples of the protein.
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Y ANALYSIS OF MOLECULAR WZIGHT DATA

The principles of the Steiner and Adams methods of analysis
of molecular weignt versus concentration data have been
discussed in Chapter 2. The data displayed in Fig. 3.6 was
analyzed according to these principles with the aid of a

computer,

(1) Steiner Analysis

In the general case for a self-associating protein it is

necessary to solve the equation

e =1+ ukzb’ + Ik kg 52 4 16kokok, B 4 aenns

2 374
where the only unknowns are the equilibrium constants (k2’k3’kh"')
and the order of the polynomial. The criterion used in the
selection of the order of the polynomial was that all the
coefficients should be pcsitive or zero since negative
equilibrium constants are meaningless, and the eguilibrium
constants were evaluated for the maximum order polynomial
consistent with this criterion.

Two methods of fitting a least sguares polynomial to the
data were used. The first was a computer library subroutine
LSQPOL based on an iteration algorithm and the second was based
on matrix metbods (See Chapter &4 Section III). Besides fitting

a polynomial in ¥ to € , a polynomial fit of ¥ to e - 1 and

c—

¥

to was tried and the results are shown in Table 3.3 .



Table 3.3

i

Equilibrium constants for a-chymotrypsin

TRIMERISATION M™MODEL
T 1(8) Serie? 1 and
Series 2
Data Treatment k x152(b) k ><’ID"3 k x 102 k x10_3
2 3 2 3
€ versus O (LSQPOL) 5.57 6. 14 5. 80 5.96
e versus ¢ (MATRIX) 5.57 6. 1k 5. 80 5.96
(ng) versus0(LSQPOL) 6. B85 L, 69 5. 30 6.61
e-1 versus o (MATRIX) 6.02 5,59 5,69 6. 10
TETRAMERISATION MODEL
Series 1 Series 1 and Series 2
-2 - : -2 -3 _2
Data Treatment k,x107° kyx10 %k, x10 kX162 kyx107° K, x10
€ versus 0 D(C) 0
(LSQPOL)
€ versus & (d)
(MATRIX) 7.40 L, 25 1. 55 7.13 L, 21 1.73
(e-1) versus ¥
T (LSOPOL) 8. 26 2.76 6.61 0
e-1 versus ¥ (d)
(MATRIX) 8.27 3,52 2. 45 6. 25 5.16 0.97
GRAPHICAL 10 5 10

(a) Series 1 experiments

experiments at 59C.

(b) Eguilibrium constants reported as litre.mole” .

were performed at 20°C and Series 2

1

(c) Negative values of k have no physical meaning.

(d) Values obtained using smoothed data;

obtained using raw data.

negative kh value
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The calculated curve for Series 1 using the trimerisation

model (k, = 5.57 x 102, Ky, = 6.14 X 10%) is shown in Fig. 3.8
while Fig. 3.9 shows the curve calculated, for Series 1 and 2
combined, from the eguilibrium constants k2 = 5,80 x 102 and

k3 = 5,96 X 103. The shapes of the two calculated curvees are

similar with the curve in Fig. 3.9 lying between 500 and 300
molecular weight units above that in Fig. 3.8 .

For the Series 1 data the curves calculated from all sets
of equilibrium constants agree with that in Fig., 3.8 within
* 300 molecular weight units and appear to fit the experimental
data equally well. Hence no choice of an association model or -
method of data treatment can be made from the fit of the
calculated curves to the raw cata. Only the fact that the
graphical method supports associstion as far as tetramers makes
it reasonable to conclude that this association scheme occurs.
This conclusion is supported by analysis of the combined data
although not by all methods of data treatment. lHowever, it is
felt that the results obtained by the rigorous matrix method
would be more reliable than those obtained by the iterative
LSQPOL method.

It is noteworthy that the curves calculated from the
various sets of equilibrium constants for the combined data
vary from the curve in Fig. 3.9 by only I 150 molecular weight
units, The improved agreement over the curves for Series 1 is

due to the increased number of points emphasizing the necessity
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for large numbers of molecular weight determinations over a
wide range of concentration for reliable results. The scatter
of the data combined with the small number of data points
appear to be the main reasons for inconclusive results obtained.
This is supported by the fact that smoothirg of the data from
Series 1 was necessary before two of the methods of data treat-
ment gave positive values of kh (See Teble 3.3) and by the
results obtained with the combined data. While it is not
expected that smoothing the data would alter the orders of
magnitude of the equilibrium constants personal bias may affect
the results and the procedure should be used only as a last

resort,

(2) Adams Analysis

The method of analysis of molecular weight versus
concentration curves proposed by Adams has been fully discussed
in Chapter II. The recommended procedure was to solve eguation
2(21).for BM,, the only unknown, by successive approximation.
Since this method would only give an accurate value of BM1 at
a single concentration a different method was used to solve for

BM

1.
The penultimate equation in Adams'27 derivation of 2(21)
is
BCM1 H2c12 3EiM1c2
T - € = 201 + + ——
n app 2 2
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which, on substitution for C,=a exp(-BM1) (see equation

2(18)), becomes

3cM1 Kz 38M1c2
Mn . - Cc = 2o exp(—EM1) + —E(a exp(-BM1)) e

This equation was solved for K, at each data point from Series 1

2
for a range of values of BM1 « The value of BM1 used was that

which resulted in the average K, value with the smallest

2
standard error., This average value of Hz was also used with
BM1 to calculate values of H3 which were averaged, This type
96

of approach to the evaluation of BM,l is supported by Magar

on statistical grounds.

The values obtained were:-

BM, = -0,01
Ky = 1.16 £ 0,06 x 10 1itre.mole”
Ky = 3.92 %0, x 10> 1itre.mole”

The molecular weight-concentration curve computed using these
values is shown in Fig, 3.10 . It can be seen that the curve
fits the data well, Since the value of BM,I obtai ned

was close to zero it would be expected that the HZ and H3
values obtained would be similar to those obtained by

e Steiner method which assumes BM1 = 0,0 ., A comparison of
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Fig., 3.10

0.5 1e5

1,0
Concentration (gm/dl)
Results of Adams analysis of experimental ua&ght
average molecular weight data obtained at 20°C
(filled circles)., The solid line was calculated
for a monomer-dimer-trimer self-associatlion for which

BM, = -0.01, k_= 1.16 x 10° litre mole”  and
Ky = 3.92 x 10° litre mole -1
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the above values with those shown in Table 3.3 shows that

there is good agreement between the K, values but the HZ value

3
calculated by the Adams method is approximately twice that
calculated by the Steiner method,

It was noted in the previous section that the values of
equilibrium constants, calculated using different curve fitting
methods, were more self-consistent when large numbers of data
points were used., This observation prompted a critical study
of the number of data points necessary for obtaining

accurate values of BM, and K by the Adams method.

1
Mplecular weight curves were computed for trimerisation
of a-chymotrypsin using values of eguilibrium constants of the
same order as those found experimentally and values of EM1
between -0,01 and -0,06., The molecular weight values at
selected concentrations were then modified by random errors of
thD, Y500 and Z600 molecular weight units., Under these
conditions it was found that an accurate value DFE!M1 could be
obtained only if not less than 4O data points were used, As
expected the more points used the more reliable were the values
of equilibrium constants obtained. It was alsoc found that
data points, for which the calculated weight fraction of monomer
(f) was less than 0,1, should be omitted from calculations as

the introduced errors usually caused inaccurate (even negative)

values of Hz. Table 3,4 illustrates the effect of increasing
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the number of data points on tte reliability of the calculated

guantities.

Table 3.4

Effect of the number of dats points on

calculated egquilibrium constants

Actual Value Calculated Value Calculated Value

17 points 60 points
BM1 -0.03 -0.05 -0.03
HZ dl/gm 0.54 0.66 0.51
H3 dl/gm 1. 44 1.25 1. 45

The main conclusion drawn from the computer simulation
study was that the reliability of calculated guantities is
suspect if only small numbers of data points are analysed by
the Adams method. This also applies to the Steiner treatment.
It should be pointed out, however, that, if interlacing
molecular weight curve segments had been obtained from
equilibrium experiments at different initial concentrations,
sufficient data points could have been obtained from as few as
four experiments since twenty or more measurements can be made
on each 3 mm column experiment. Thus the crux of the problem
is not merely an insufficient number of experiments but the
non-interlacing of the molecular weight curve segments obtained

from the experiments.
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EXPERIMENTS WITH INSULIN

I SEDIMENTATION EQUILIBRIUM EXPERIMENTS WITH ZINC-FREE INSULTIN

Insulin was chosen for study because, as a conseqguence
of its obvious biological importance, it has been widely studied
and is one of the best characterised proteins available.
Furthermore, a number of workers have decribed its self-

19, 49 have

association properties. Whilst AdamsZD and Jeffrey
studied insulin at acid pH, there has been very little research
on the self-associatiaon of insulin at alkaline pH. Both Adams
and Jeffrey experienced difficulty with nan-interlacing of
molecular weight curves. However, the degree of non-interlacing
was small (within experimental error) and Jef'frey showed that the
non-interlacing could be eliminated by using a different method
of curve fitting. Zinc is not bound to insulin at pH 2 >0
and so the insulin was zinc-free in Jeffrey's experiments. it
has been shnmnua that the presence of zinc has a marked effect
on the degree of association of insulin and the simplest system
for study at alkaline pH seemed to be the zinc-free protein.
HakiuchiE[J in his study of a-amylase associlation has
demonstrated the complexity and non-interlacing inherent in a
system where zinc ions (Zn2+) played a stoichiometric part in

the association and as a result of this it was expected that

similar non-overlap with insulin would be avoided by elimination
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of zinec. Thus zinc-free insu}in was obtained for the present
study by exhaustive dialysis at pH 2 followed by chromatography
on G 25 Sephadex,

A series of sedimentation egquilibrium experiments was
carried out using 3 mm columns of Zn-free insulin solution at
different initial concentrations in pH 8.0 barbiturate
buffer at 0.05 ionic strength, The results of the experiments,
performed at ZDDE, are shown in Fig. 4.1 . The two main
features of these results are the non-interlacing and the
minimum molecular weight of approximately 12,000.

The minimum molecular weight of 12,000, determined from
a high speed sedimentation equilibrium experiment, was
unexpected, since the molecular weight of the basic insulin
unit, as determined by amino acid sequence analysis, is
approximately 6,000, Marcker52 pbtained the latter value for
insulin at alkaline pH, using vapour phase osmometry, as did
Jeffrey at acid pH, using sedimentation equilibrium. Houwever,
Marcker obtained a value of 12,000 for the monomer molecular
weight of insulin in acid solution and his molecular weight
curves were radically different from those of Jeffrey. The
results obtained by Marcker appeared less reliable than those
obtained by Jeffrey, on the grounds that the sedimentation
equilibrium technigue is inherently more accurate than vapour
pressure osmometry. Nevertheless, a very high dimerisation

constant would have to exist, under the conditions of the
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experiments reported here, for the 6,000 molecular weight units
to remain undetected by the high speed sedimentation egquilibrium
technigue which permits measurements to be mnde to optical
concentrations as low as 0.5 fringe (0.013 gm/dl).

The degree of non-interlacing of the molecular weight
curves fraom different experiments was a disturbing feature of
results shown in Fig. 4.1 since the usual methods of analysis
are based on the assumption of a unigue 1:1 relationship between
molecular weight and concentration. Molecular weight
differences of 1,000 to 4,000 exist betméen the various curves
and while it is just possible that the lower value could arise
from experimental error the higher values could not. wiFh
the increasing use of the sedimentation equilibrium technigue
and the development of theoretical methods of molecular weight
curve analysis more reports of non-interlacing and possible
causes have appeared in the literature. Since this protlem
seriously limits the applicability of analytical methods based
on a unique molecular weight versus concentration curve some of
the possible causes of non-interlacing are discussed in

Section 4-11.
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IT THE PROBLEM OF NON-INTERLACING MOLECULAR WEIGHT CURVES

(1) Early lork
The first workers to recognise the problems of

non-interlacing of molecular weight versus concentration curves
from sedimentation equilibrium experiments at different initial
concentrations, were Squire and LiBD, who used schlieren optics
in their work on adrenocorticotropic hormone (ACTH). They
felt that the results were due to bias in location of the
centre of the schlieren image on the photographic plate.
While this explanation is reasonable, it is expected that bias
of this type would be much less evident in experiments where
Rayleigh interference optics are employed. An effect similar
to non-interlacing was observed by Rac and Kegeles, who used
the approach-to-equilibrium technigue to study a-chymotrypsin.
With increasing time, molecular weights determined at the meniscus
fell below the smooth line drawn through the molecular weights
determined spoon after the start of the experiments. Since the
system was not at equilibrium the observations could be simply
explained by non-instantaneous re-equilibration of the species
originally at equilibrium, but perturbed by the ultracentrifugal
field. The work of Ii\damsZD and of Jeffrey19‘h9, discussed in
the previous section and in Chapter 3, again drew attention to
non-interlacing since they employed the potentially more

accurate Rayleigh interference optical system. It seemed



-56—

likely from Jeffrey's analysis that the non-interlacing was an

artifact of the curve fitting procedure applied to the 1lnj versus

x2 data.

{(2) Effect of Pressure
97,98

Until recently theories of sedimentation
equilibrium of reacting systems had not taken into account the
effect of pressure on the equilibrium constants for the
reactions. It was generally assumed that the partial specific
volume of the associated protein species was the same as that
for the monamer and hence that the eguilibrium constants for the
association were independent of pressure. This assumption was
based on the fact that the experiments were carried out at louw
angular velocity and hence with a low pressure gradient. In
the experiments reported here (Fig. 4.1), the total pressure
increase from the meniscus to the bottom of the solution column
in each experiment ranged from 2 to 5 atmospheres. Josephs

and Harrington in their studies of myosin, have shown that this
assumption does not always apply, since the equilibrium constant
of the myosin moncomer-polymer system showed a marked dependence
on hydrostatic pressure. A similar dependence of egquilibrium
constants on pressure in the inmsulin system could give rise to
the non-interlacing molecular weight curves aobtained. From
Fig. 4.1 it can be seen that a smooth curve could be drawn

through the molecular weights evaluated at the meniscus in each
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experiment. Since this seemer to support the hypothesis that
the self-association of insulin was pressure dependent, the data
was tested for a osressure effect.

The first test was an empirical one based on the
assumption of a linear dependence of partial specific voiume
on the pressure. This was carried out very simply by modifying
the computer program to replace the factor (1 - QP) by the

expression (1 - vp/o) where

U ST (1 -F6x%w? AxD)

The factor % w? Ax% is equal tc the hydrostatic pressure and
F6 is a constant, the magnitude of which was determined
approximately as the value reguired to lower the molecular
weight from an overlying curve to equal the molecular weight at
the meniscus of the underlying curve. The best value of F6
appeared to be 1.75 x 10-8 which altered the curves in Fig. 4.1
to those in Fig, 4.2 . The latter curves interlace within
experimental error and on this basis experimental evidence of a
pressure effect was sought.

A sedimentation equilibrium experiment was carried out
an a 3 mm column of insulin at a concentration of approximately
30 fringes. A similar experiment was carried out on an aliquot
of the same solution but including 0.25 ml liquid paraffin in
each cell compartment, This overlay of o0il with a density of 0.85

gm/ml had the effect of increasing the pressure at the top of
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Modified apparent weight average molecular weight versus concentration curves for
sinc~free insulin in barbiturate buffer pH 8.0, I = 0.05, T = 20°c. The curves
are the result of modification of the data shown in Fig. 4.1 by a hypothetical
pressure effect on the partial molar volume of the zins-free insulin (see text).
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the solution column to approximately 5 atmospheres. Sinc=
this increase of pressure at the meniscus was approximately
equal to the maximum increase in pressure dovn the solution
column of the sedimentation egquilibrium experiments shown in
Fig. 4.1, markedly different molecular weight curves were
expected if the non-interlacing was due to a pressure effect.
Comparison of the molecular weight curves shown in Fig. 4.3,
however, rules out pressure dependent equilibria because the
curves are coincident within experimental error.
Sedimentation velocity runs were carried out at
44,770 rpm and 63,650 rpm using aligquots of the same solution
as used in thc previous eguilibrium experiments in order to
test for an effect at higher pressures. The presence of
pressure dependent eguilibria would result in curvature of
lnx versus time datamU used to calculate sedimentation co-
efficients and different values of sedimentation coefficients
determined at different angular velocity. Sedimentation
coefficients of 2,48 S and 2.49 5 were determined from the
experiments at 44,770 rpm and 63.650 rpm respectively, snd no
curvature of the 1lnx versus time data was apparent in either
case. The maximum pressure to which measurement was made was
55 atmospheres at 44,770 rpm and 120 atmospheres at 63,650 rpm.
These results indicate that there is no significant pressure

effect on the self-association of insulin up to 120 atmospheres.
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(3) Mechanical and Optical Effects

Adams and Filmerzu, in a paper verifying the analytical
methods developed earlier by Aﬂtjams.ZD_23 for reacting systems at
sedimentation equilibrium, reported non-interlacing in
experiments with lysozyme. From the reported curves it
appeared that the maximum difference between molecular weights
from different runs was approximately 1,500 at a concentration
of 25 fringes (See Fig. 7 of Adams and Filmerzu). They
considered that the most likely cause was mechanical feedback
from the drive or instantaneous speed fluctuations both of
which could probably be nvercome with a new drive tsing electrmﬁic
speed control. It would be worthwhile checking this hypothesis
by carrying out duplicate experiments in a machine with electronic
speed control. Since significantly different molecular weight
curves were obtained at 150E and ZSDC, Adams and Filmer
considered that thermal gradients in the rotor could give rise to
nan-interlacing. While this is not likely to be the cause of
non-interlacing with a-chymetrypsin which gave temperature
independent molecular weight curves (see Chapter 3), it cannoct
be ruled out in the case of insulin since all experiments were
carried out at 20°C.

Errors in optical constants could give rise to errors
in molecular weight values but these errors would mainly effect

the magnitude such that the whole molecular weight curve wuld

be shifted to higher or lower values. An error in the value of
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the fringe width would give riee to incorrect concentration
(fringe) values but, since a small error in fringe width can be
readily detected curing the measuring of the fringe photographs,
this type of error can be ruled out.

Distortion of the cell windows caused by the cell
assembly procedure or by the centrifugal field was recognized as
a possible source of error and was tested for by taking an
interference photograph as soon as the operating speed had been
reached and before redistribution of solute was noticeable.

In the cases when horizontal fringes were not obtained in this
interference photograph the cell was, after completion of the
equilibrium run, emptied and cleaned without being dismantled

and a "blank" run performed using buffer in each cell compartment.
This procedure was only necessary for high speed sedimentation
eguilibrium experiments. The agreement between the value of

the molecular weight of lysozvme found by other workers and that
reported in Chapter 3 of this thesis indicated that any errors
due to incorrect optical constants, optical misalignment or

distortion were unlikely to cause the non-interlacing observed.

(4) Concentration Effect

Molecular weights calculated from experimental
sedimentation equilibrium data are very sensitive to error in
the initial concentration (jD). Ar error in jD of a few

percent can cause curvature of a normally linear plot of
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Inj versus x2 giving rise to an inceorrect value of molecular
weight and indicating association in a system where there is
none. In an associating system where the plot of 1lnj versus ><2
is curved an error in j could cause a change in the curvature
and an error in calculated molecular weights.

The initial concentration of the protein stock
solution of about 40 fringes can be determined to within 0.05
fringes by the differential refractometer and since protein
solutions of lower initial concentration were prepared by
weight dilution the initial concentrations were known very
accurately. However, once the protein solution was placed in
the cell compartment adsorption of the protein on the cell walls
could have occurred since the ratio of surface area to volume in
the cell is large. Adams and Filrnerzl‘L pointed out that caution
should be used when using data below 0.3 gm/dl (12 fringes for
insulin). Applicetion of the method of La Bar101 could
possibly overcome the problem of adsorption at low concentrations
but owing to tachnical difficulties this method could not be
tested. - Increase of the initial concentration of protein by
evaporation of solvent was minimised by preparing the protein
solution from the stock solution and loading the cell within a
period of twenty minutes.

Figure 4.4 illustrates the effect on the molecular
weight curve assuming a 10% loss of protein by adsorption.

The curve was obtained by inserting in the computer program a -
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calculated from the data in the lower curve assuming a 10% lowering of concentration.
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value of j!J equal to 90% of that determined experimentally.

It can be seen that, although the molecular weight values are
radically differznt, the slope of the molecular weight versus
concentration curve is not greatly changed even with this large
change in concentration. Thus, since the slopes of the
molecular weight curves from other experiments were alsao changed
only slightly, it was considered that the non-interlacing could
not be explained in terms of adsorption.

Two experiments were carried out at the same initial
concentration to test the reproducibility of the experimental
procedure. The solutions were prepared from the stock solution
by separate weight dilutions prior to the sedimentation equi-
librium runs which were performed on different days. The
excellent agreement between the 1lnj versus x2 data is evident

in Fig. 4.5 .

(5) Chemical Causes of Non-interlacing

HakiuchiGD, in his study of Bacillus Subtilis
a-amylase, showed that this protein underwent reversible

dimerisation through a zinc ion.

2+ .
2 Monomers + Zn —— Dimer

Since the dimerisation was dependent on the concentration of

2+
n

Z the plots of molecular weight versus concentration of

protein from different sedimentation equilibrium experiments did
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Fig. 4.5 : The natural legarithm aof the concentration (fringes in 12 om cell) as a function of xa.
The two curves resulted from different experiments at the same speed and iesmperature

en 3 mm columns of 30 fringe insulin solution obteined from separate weight
dilutions of stock.
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not fall on a single curve. However, because of the simplicity
of the reaction it was possible to analyse the sedimentation
equilibrium data for tne equilibrium constant by extension of
the equations developed by Svedberg and Pederson102. This
type of amalysis would be impossible without knowledge of the
stoichiometry of the association and the total concentrations
of both protein and metal ion.

It is well known that the crystallization of insulin

103

is dependent on the presence of zinc ions and that

association is promoted by zinc ionsue. It is reasonable to
assume that Zn2+ takes part in the association in a manner
similar to that shown for Bacillus Subtilis a-amylase. The
stoichiometry of the association reaction for insulin is not
known but from the magnitude of the molecular weights (greater
than 100,000) indicated from sedimentatinn velocity studies in
the presence of Zn2+ it is obvious that the reaction is complex
and includes species much higher than the dimer.

Since it is theoretically possible to analyse an
association involving a metal ion, sedimentation equilibrium
runs on insulin in barbiturate buffer pH 8.0 and 0.1 ionic
strength containing 5 x 1D_5 M Zn2+ were performed at 20°C.
The results of these runs ere shown in Fig. 4,6 . The very
poor reproducibility of the molecular weight curves at louw

initial concentration of protein was noted and this line of

experimentation was discontinued. The data shown in Fig. 4,6
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are interesting in that they itlustrate the marked effect of
Zn2+ on the molecular weight. The minimum molecular weight
of 68,000 cbtained from high speed sedimentation eguilibrium
experiments at two widely different speeds (20,410 rpm and
44,770 rpm) was unexpectedly high and indicated that the main
effect of Zn2+ was on associations up to the hexamer (of
12,000 molecular weight unit).

Roark and thantis68 pointed out that non-interlacing
would occur in a system where a proportion of a monomer
homogeneous with respect to molecular weight had been altered
in such a way that the association constants were markedly

different, e.g.

]
H 1 H‘) I
K K.
1 1 ]
AiD == T A 4D ——=T

where

This possibility gained some support from the observation of
Cunningham et. 81.58 that zinc-free insulin is electro-
phoretically heterogeneous, giving rise to two peaks, one of

which disappears when zinc is bound. “eeping in mind the
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extreme effect of Zn2+ and other heavy metal ions on the
degree of association of insulin it appeared that the above
situation could arise if there was incomplet: elimination of

zn2+

from solution or if heavy metal ions were leached from
glassware (e.g. sapphire cell windows) or the cell centrepiece.
Association constants for eguilibria including Zn2+ would be
expected to be much greater than those for the equivalent

association excluding Zn2+ because of the much larger molecular

weights observed in the presence of an+ (See Fig. 4.6 and

reference 48). Beef heart lactate dehydrogenase had previously
been shounqoh to leach metal ions from glassware or cell
centrepieces resulting, in some cases, in precipitation. This

problem was completely cvercome by coating all glassware and
cell centrepieces with 1:25 dilution of Beckman Desicote in
chloroform, Accordingly 3 series of sedimentation equilibrium
runs was carried out incorporating the use of Desicote as a
coating on all glassware and the cell centrepiece. Barbiturate
buffer pH 8.0 and 0.1 ionic strength including 1D_&M EDTA was
used and the experiments performed at 20°C. The results of
these experiments are shown in Fig. 4.7 . Since the non-
interlacing exhibited is worse than in the previous zinc-free
insulin series (Fig. 4.1) it is unlikely that any Zn2+ or
similar ion is the cause of non-interlacing. However, this
does not rule out the possibility of a "two-pathway" association,

of the type referred to by Roark and thantissa, without the
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participation of Zn2+. A thecretical treatment of this type
of system has been proposed by 5teiner105 but the method
involves the wse if number average molecular weigit and
solubility information which could not be obtained.

In studies on B-lactoglobulins A and B it was found
that data from different experiments did not interlace due to
a reaction between the protein and the layering oil. By
omitting the layering oil good interlacing was obtained.
However, in the course of the study of a-chymotrypsin and
insulin, no similar reaction was apparent since no precipitate
was observed at the solution-oil interface, nor was there any
significant difference bestween interference patterns
photographed at 20 hours and 24 hours, so that a time dependent
reaction seemed unlikely.

One of the effects of the presence of monomer or
nigher species which cannot take part in association-dissociation
reactions is to produce non-interlacing of molecular weight |
curves obtained from sedimentation equilibrium experiments at
different initial concentrations. These incompetent species
could be produced as a result of one or more of the processes
used to extract and purify the protein. Haschemeyer and
Bumersqzu have put forward a theory for the analysis of a system
containing incompetent species but with the limitatien that at
least one species is .fully competent. This theory was applied
to the zinc-free insulin data and the results are reported in

Section 4-I11.
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I11 ANALYSIS OF ZINC-FREE INSULIN DATA

(1) Theory

The following analyslis is based on that of

Haschemeyer and Bumers12h. At sedimentation equilibrium the

distribution of an jdeal solute, i, of molecular weight Mi’

is given by

- 2
dlnc M.(1 = vp) W
i . A r = H (1)

d(xz) 2RT

where cy is the concentration at the radial position x and
the other symbols are as defined previocusly. Where several
solutes coexist the total concentration at each radial
position c(x), is the sum of the individual solute concen-
trations ci(x), obtained by integration of equation 4(1)
between the meniscus position X! and X. Thus

Hi(x2 - xmz)

e(x) = 2;, g, ® 4(2)

where cim is the concentration of solute 1 at the meniscus.

This equation may be rewritten as

. B8 4L(3)

im

2 2
iH(x®™ = x 7))
elx) = L ¢ m
i

for self-associating systems if it is assumed that v is

unchanged by the association. For ideal self-associating
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systems the relation between the total concentration and that
of each component may be written in terms of the monomer
concentration G4 and the equilibrium constant for the i-th

association. Thus
cC = 2: H.c11 L)
i 1 _

where H1 is unity. The distribution for a purely self-
associating system is obtained by substitution of equation

L(4) in equation 4(3)

2

2
1 BiH(x - X )

0 4(5)

c(x) = E: K,t
i™
i
If the system contains a proportion o incompetent
molecules (i.e. molecules unable to take part in the association)
then the concentration of the i-th species must be considered
as the sum of the concentrations of competent (cc) and
incompetent (cI) molecules. Then Cim becomes

i
Cip = cIim +co, = cIim + oo, Hi L(B)

and equation 4(5) becomes

5 ) 1H(xZ - x_
c(x) = N (cIim + CCq Hi) e 4(7)
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For each sedimentation equilicrium experiment c(x) is
measured as a function of x, and, as the monomer molecular
weight is known, the only unknowns are the values of Cim °
These unknowns can be evaluated for associating systems,

whether or not incompetent species are present, by rewriting

equation 4(3) in the following way

b = Pgc 4(8)

HOE = x %)
where P is an 1 x n matrix of e > 2|is the 1 x 1

vector of c(x), and e is the n x 1 unknown vector of Cim °
The number (1) of simultaneous equations in ¢, obtained from
a sedimentation equilibrium experiment is invariably greater
than the number (n) required for a unique solution (the
solution is said to be over-determined), and because the
equations are obtained from experimental results there is no

solution which will satisfy all equations exactly i.e. it is

impossible to solve

0 = Pc-b
[ g

Py

Hence for each proposed "solution" there is a non-zero

remainder given by
= Pc-b ' L(9)
~

I
~ ~

The "solution" chosen is the one which minimises the sum of
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the squares of the remainder i.e. rTr (where rT is the
ey o~

transpose of’s) is minimised. It can be shown125 that this
occurs when
T
Mc = Pb L(10)
~ ~

where M = PTP is an n x n matrix. A solution for g can then
be obtained by standard matrix inversion methods, Since the
combination of i values represents the set of species present
(e.g. i = 1,2,4 represents a monomer-dimer-tetramer system)
there are many possible combinations of 1 values. Howsever,
combinations resulting in any Cim™ 0 are discarded since
negative concentrations are meaningless.

X
b
Conservation of mass requires that jf c(x) dx2

X
m

is unchanged by redistribution due to sedimentaticn. S5ince,
before sedimentation, c(x) = g the statemant of conservation

of mass becomes

*h
cn(xb2 - xmz) j; c(x) dx2 L(11)
m

and c, can be evaluated by integration of the experimental
c(x) curve. In considering the conservation of mass it is
necessary to differentiate between associating and non-

assoclating species126. Thus for non-associating systems

equation 4(11) may be written separately for each component
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to give, after rearrangement

L4(12)

while for self-associating systems the appropriate expression

is
cn = Z?' Cio
iH(xb2 = x_2)
') [B '51
g im (xb2 - x °)iH
- 2 oc ke 4(13)

When incompetent molecules are present the molecular
weight curves from different experiments (performed at
different speeds and/or initial concentrations) do not
interlace in the regions where the concentration ranges
overlap. However, the molecular weight distributions may be
analysed for the special case where at least one species is
fully competent. Since both the fraction of the incompetent
species in the solutions and the equilibrium constants are

the same for all experiments, it is possible to develop an
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Fig. 4.7 : Apparent weight average molecular weight as a8 funciion of concentration of zinc-free
I = 0.1 including 10-% M EDTA.  The data

insulin in barbiturate buffer pH 8.0,
nere Bbtained from sedimentation equilibrium experiments on 3 mm solution columns

at 20 C.
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ecriation for the concentration of incompetent monomer in

terms of the fully competent species i. Thus for a pair of

experiments
Cl(f:.m% -
m Ej$ 1im
cI1m = .y 1& 5 L(14)
im 1
i CE—T) T - 1

im 1
C'
where ' quantities refer to the second experiment, ¥ = EE
o

and i refers to the fully competent species. It is then

possible to calculate the various equilibrium constants from

£y
P - ]
F e € ~ Cim
Hi = E 4(15)
f cc i " - CC 1
im Ei' im

In the analysis of the zinc-free insulin data it was
necessary to assume that the monomer was fully competent and
therefore an equation similar to 4(14) was required for

solution of cIim where i = 1. It can be shown that the

appropriate equation is

i

c1m

] — -

Cim (c1é) Cim 2
CIim = i (16)
c1m Ei 1
f (— - -

Cam Ei
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i

For the associating propertion of species i, CC; . = C4p Hi
and therefore
CCim Oy,
= (—F L(17)
] 1
CCim Cim
cl
Substitution of ©, = cl + CC, , £ - f and equation
im im im S

4(17) into 4(16) followed by rearrancement gives

[
o
[N
o=

o
o-

which is a statement of the assumption that, in the initial
solution, the fraction of incompetent i-mer is identical for

all experiments.

(2) Application of Theory

The sedimentation eguilibrium data from expcriments
with zinc-free insulin in barbiturate buffer pH 8.0 and
0.1 ionic strength were analyzed according to tne theory of
Haschemeyer and Bowers. Each experiment gave a set of
molecular weight versus concentration data which formed a set
of over-determined linear equations of the type shown in
equation 4(3). These equations were solved for Csim using a
computer program (See program EXPO Appendix C). Although

equation 4(3) was derived for a purely self-associating
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system, it was valid to use this equation since later equations
for systems containing incompetent material were derived from it
(See derivation of z2quation 4(7)).

The values of iH were calculated assuming a monomer
molecular weight of 12,000 and the self-association models tested
were as shown in Table 4.1 where X denotes the species assumed

present.

Table 4.1

Self-association models tested

Monomer Dimer Trimer Tetramer Pentamer Hexamer Shown in EXPO as

X X X X X X Combination 2,4,6,
8, 10, 12

X X X X Combination 2, 4,6,
12

X X X Combination 2,4,6

X X X Combination 2,6, 12

X X Combination 2,6

Of the models tested, the only ones which gave physically possible
values of Cim for all sedimentation equilibrium experiments were
the monomer-trimer-iexamer and monomer-trimer models. The

c, values, obtained for these models by analysis of the molecular

im

weight data from each sedimentation equilibrium experiment, are

shown in Table 4.2 .
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Table 4.2
EXPERIMENT Uce7 UCB3 UGBS LUC92  UCB6
CONCENTRATION (fringes)
o .98 14.85 19.98 30.00 35.23

Monomer-trimer-hexamer

C4m L,98 7.83 S.64 12,89 16.40
3 1.56  3.43 5.88 8.13 12.61
Com 0.05 0.13 0.18 0.76 0.76

Monomer-trimer
L, 67 7.40 9.11 10.27 14.65
1. 87 3.96 6.57 11.33 15.08

c1m

C3m

The analysis thus far was directed towards finding the species
present in solution and no assumption about the presence of
incompetent species had been made.

For completeness the analysis included various
self-association models in which the monomer molecular weight
was assumed to be 6,000. However, in all such cases the
solutions included values of Cim which were physically
impossible (i.e. Cim< 0 ar Cim™ cn) thus indirectly
supporting the experimental determination of a 12,000 molecular
weight unit as the monomer under the conditions emplaoyed.

(a) Model 1 : Monomer-trimer-hexamer

Since experiments UC87 and UC8B3 had overlapping

concentration ranges they were paired and analyzed. The
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c and Cx values from Table 4,2 were used in equation

1m
4(14) to evaluate the meniscus concentration of incompetent

monomer for UCE™ (CI1m87) assuming that the triner was the
fully competent species. In this calculation the guantities
denoted by ' referred to the UC83 values. The calculation

was repeated using the UCB7 values as the ' guantities in order

to evaluate CI1m Experiments UC83 and UCB5 were also

83°
paired and the above procedure used to evaluate CI1m83 and

cl The results of these calculations are shown in

1m85°

Table 4,3 . Since the values of cI evaluated from

1m83’

different pairs of experiments, are not equal it was concluded

that the assumption of fully competent trimer was incorrect.
Evaluation of CI1m values for the two pairs of

experiments was repeated assuming fully competent hexamer.

The results, shown in Table 4.3, indicate that the assumption

of fully competent hexamer was incorrect.

Table 4.3

Calculated meniscus concentrations of incompetent

monomer assuming fully competent trimer or hexamer.

Competent Trimer Competent Hexamer
cI1mB7 3.94 4, 22
cI1m83 0.64 2.25
el 83 6. 48 6.94
cl 1. 04 3.96

1m85
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Equation 4(16) was then developed so that cI3m and

cIsm values could be evaluated assuming fully competent monomer.
The results obtained from the same two pairs of experiments

are shown in Table 4.4 ,

Table L, 4

Calculated meniscus caoncentrations of incompetent trimer

and hexamer assuming fully competent monomer.

Trimer (i=3) Hexamer (i=6)
cIim87 1.70 g, 05
cIim83 3,46 0. 10
cIim83 3,47 0. 13
cIim85 5.90 0. 17

From Table 4.4 it is apparent that the values of cI3m83

(3.46 and 3.47) evaluated from the two different pairs of
experiments are in excellent agreement and that the
corresponding 016m83 values (0.10 and 0.13) agree guite well.
Since this agreement supported the assumption that the system
contained fully competent monomer the next step in the analysis
was the evaluaticn of the meniscus concentration of competent
trimer (cc3m) and hexamer (ccem) using equation 4(6).

These quantities, evaluated from the CIim values in Table 4.4
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and c values in Table 4.2 are shown in Table 4.5 .

im

Table L.5

Calculated meniscus concentrations of competent trimer

and hexamer assuming fully competznt monomer.

Trimer (i=3) Hexamer (i=6)
(8) N
CC; 83 0.03 0. 01
CC; 85 -0.02 0.01
(a) Average values of CIimBB used.

Although negative concentrations are physically impossible it

3ma7’ 811 €C;

value is ignored

is apparent from Table 4.5 that, except for cc
values are close tc zero. If the CCs a7
these results imply that both the trimer and the hexamer are
completely incompetent. However, thls contradicts the
assumption of fully competent monomer since the fully competent
monomer must be in equilibrium with some competent trimer or
hexamer. Thus the monomer-trimer-hexamer system with fully
competent monomer cannot explain the data.

Alternatively the complete incompetence of trimer and

hexamer could be interpreted as meaning that the monomer is

also completely incompetent giving rise to a model in which
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monomer, trimer and hexamer are present but do not underqo

association or dissociation. For such a model the fraction
cl.

of each species in the initial solution, -Eig , should be
¥]

the same in each experiment. Table 4.6 shows these values

calculated for experiments UC83, UCB5 and UCB7.

Table L.6
uca? Jca3 ucas
g
e 0.639 0.611 0. 465
o
cl
= 0. 340 0. 367 0. 369
o
cl
20 0.027 0.023 0.077
o
CIiU
The values from UC87 and LCB3 agree gquite well but
o cl
the values from UC85 are guite different except for C3D .
o
Since there was agreement between UC87 and UC83 the values of
cl,
clo from these experiments were averaged and used to
o

calculate the molecular weight curves shown in Fig. &4.8.
As might be expected the agreement between calculated and
experimental curves is best For the low concentration

experiments UC87 and UCB3. However, the calculated curves do
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Fig. 4.8 : Application of Haschemeyer and Bowers theory to the experimental data represented by the
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not agree with the experimental curves from experiments at
higher initial concentrations and it must be concluded that

the non-agsociating three-species model is incorrect.

(b) Model 2 : Monamer-trimer
The procedure used for this model was the same as that
used for Model 1. The experiments were paired as before and

cl values calculated using equation &4(14). However, all

1m
calculated cI1m values were physically impossible and the
assumption that the trimer was completely competent was
discarded. Next, the monomer was assumed completely competent
and equation 4(16) was used to calculate values for the |

meniscus concentration of incompetent trimer cl, . These are

shown in Table 4.7 .

Table 4,7

Calculated meniscus concentrations of incompetent trimer

and fraction of incompetent trimer, assuming fully

competent monomer.

30
cl
3m €,
uca? 0.63 0. 137
uca3s 1. 26 0. 135
uca3s 1,03 0. 110

ucas 2,04 0. 128
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The CIBmBB values, calculated from different pairs of

experiments, showed reasonable agreement but not as good as
the agreement obtained for Model 1. For the monomer-trimer
model with fully competent monomer to be correct the fraction

cl
l:]) shotild

of incompetent trimer in the initial solution (
be the same in all experiments. These values, samun in
Table 4.7, agreed well enough to warrant the calculation of
the equilibrium constant, HB’ by application of eguation

L(15). The average value of Ky = 7(11)x10-3 was the same as

that calculated using the much simpler equation

Molecular weight curves computed using the average values of

c:I3D
= and H3 are shown in Fig. 4.9 . From the lack of
o

agreement between the calculated and experimental curves it is

evident that this model fails to explain the experimental
data.

Since neither of the models tested fits the data
adequately it must be concluded that the system cannot be
analyzed by the Haschemeyer and Bowers theory. This means
only that it cannot be assumed that one species is completely
competent. Therefore the posaoibility remains that a monomer-
trimer-hexamer or a monomer-trimer association may be present

in which a fraction of all species is incompetent.
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IV GENERAL DISCUSSION

The initial aim of the reszarch reported here was to
test the various thearies available for analysis of the
concentration dependent molecular weight curves of self-
assoeciating protein systems. It was freguently found that
non-interlacing molecular weight curves were obtained from
sedimentation equilibrium experiments at different initial
protein concentrations. The phenomenon of non-interlacing
had previously been reported and, although many possible
causes had been advanced, no satisfactory explaration has
been put forward. Since interlacing of molecular weight
curve segments is necessary for the application of a number of
analytical methods developed for simple self-zssociation, the
cause of the non-interlacing was sought. To this end many
sedimentation experiments were carried cut to test a number
of possible causes. A photographic plate measuring device
was developed to obtain data free from subjective bias
(See Appendix A). Computer programs were developed to
analyze the date and, in the case of the Adams analysis
(Chapter 3, section V (2)), the method was tested on
simulated molecular weight data.

It is believed that adequate tests and control
experiments were carried out to check the accuracy of the
ultracentrifuge and the technigques used and therefore that

the non-interlacing was a real effect due to complex
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self-association. The results obtained with the
a-chymotrypsin system (discussed in Chapter 3) pointed to
autolysis as a possible cause and a complicating factor which
could not be completsly eliminated by inhibition of the
protein. For the insulin system there is the possibility of
a 2-pathway association (which could not be tested) and/or
the preserice of impurities. It is possible that impurities

such as "big insulin®, referred to by Roth et. al.127, or

pro—insulin128

might affect the association since it is
unlikely that impurities of this size would be removed by
dialysis or G-25 sephadex chromatography. The insulin used

for the work reported in this thesié was pbtained from the

1
o
! and each molecular

same supplier as that used by Jeffrey19
wejght species had been found to behave in a fully competent
manner, Hence the difficulties reported were not expected
despite the different pH of solution and known sensitivity
of insulin towards metal ions at pH greater than 7.
Particular attention was paid to the possibility of pressure
dependence of the insulin self-association. However, the
results of both equilibrium and velocity experiments shouwed
clearly that there is no significant effect of pressure on
the insulin system.

It must be emphasized that satisfactory interlacing
of molecular weight curves has been observed for some self-

1
associating systems. The self-associations of purine'zg,
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cytndine130 and adenusine—5'-phosphate131 have been

investigated and in each case good interlacing was found.
This may have been due to the fact that these are low
molecular weight, non-protein substances which are relatively
easily purified. However, the self-association of the

=0 and f-lactoglobulin 866 have

proteins p-lactoglobulin A
been successfully studied by the sedimentation equilibrium
method since good interlacing of molecular weight curve
segments was obtained. In the latﬁer case the variation in
molecular weight from one segment to the next appeared to be
500 or less whereas for the former,agreement between segments
was good at higher concentrations but at approximately
15 fringes concentration the variation in Fr;L——— indicated
a difference in molecular weight of 4,500, wAﬁpEnteresting
facet of the investigation of the B-lactoglobulins was the
ipitial failure of the segments to interlace due to
interaction of the proteinm with layering oils, and the
subsequent interlacing of segments when the pil was omitted.
It is unlikely that a similar effect could ue responsible for
the non-interlacing reported in this thesis since no pre-
cipitation of protein was observed and the calculated
molecular weight distributions did not change significantly
with time after reaching equilibrium,

In a study of the self-association of chymotrypsinogen

132

A, Nichol encountered non-interlacing molecular weight
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curve segments, but was able to dismiss interaction of the
protein with layering oill or aluminium salts as possibie
causes, However, he was not able to eliminate either
pressure effects or heterogeneity as a cause of the non-
interlacing. Nichol also found that self-association of
chymotrypsinogen A increased with decreasing ionic strength
but was not affected by temperature in agreement with the
findings reported here for a-chymotrypsin and indicating that
the mode of association is similar for both proteins, In s
subsequent study of chymotrypsinogen A by Hancock and

Williams 52

the interlacing was satisfactory at low concen-
trations (molecular weight deviations of 500 or leass) but not
as good at higher concentrations where the maximum deviation
was about 1,000. Hancock and Williams held the opinion that
the better conformity to the simple theoretical requirement
of a smooth molecular weight versus concentration curve was
due to improved precision of the experimental results.

It appears therefore that, apart from careful
experimental technique, the most important single factor to
be considered in a study of protein self-association is the
homogeneity of the protein. It is suggested that any study
of self-association should be preceded by a study of the
homogeneity of the protein not only from the point of view of
molecular weight of the monomer but alsoc from the point of

view of the charge, While this may not be sufficient to
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separate competent and incompetent monomers, it should be
sufficient to eliminate radically different forms of the same
protein and simplify the system. If the main aim is to test
analytical methods, it is also necessary to take care in
choosing a system which is not likely to be complicated Ly
side reactions such as autolysis. However, in general, it is
the protein itself which is of interest and therefore there
will be many protein systems to which analytical methods may

only be applied in a semi-quantitative manner.
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Chapter 5

EXPERIMENTAL

I  GENERAL

Bovine pancreatic a-chymotrypsin was obtained from the
Sigma Chemical Company (lot number 113 B - 0130) and from the
Worthington Biochemical Corporation (three-times-crystallized
CDI 6127-8). Anhydro-o-chymotrypsin was prepared from
Worthington a-chymotrypsin by the method of Yeiner et. al.gu
and the degree of inhibition determined by an adaptation of the .
method of Snoke and Neurath106.

The assay was based on the a-chymotrypsin catalyzed

hydrolysis of the specific substrate N-acetyl-L-tyrosine ethyl

0
[
HD@—CH2~?HmeEH2—CH3

ester.

NH
CH3
N-acetyl-L-tyrosine ethyl ester
0 1

On hydrolysis the ester (R-C-X) released acid (R-C-0H) at an
initial rate determined by the concentration and activity of

the enzyme (H-E) in eccordance with the reaction ocheome



Il
H-E. + R-C-X ——= H-E . R-C-X — R-C-E + HX

enzyme-substrate +H.D
complex 2

0
I
H-E + R-C-0H =——= MH-E . R-C-0OH

The assay was carried out in 0.05 ionic strength phosphate
buffer pH 7.8 containing 30 percent by volume of methanol. The
reaction mixture consisted of (a) & ml phosphate buffer

(b) 5 ml 0.015 M N-acetyl-L-tyrosine
ethyl ester in phosphate buffer

(e) 1 ml enzyme solution in

phusphate buffer.,

Solutions (a) and (b) were placed in the reaction vessel of a
Radiometer automatic titration unit set to act as a pH-stat.
The syringe was filled mitth.ZDA M sodium hydroxide and the
reaction started by addition of solution (c). The volume of
sodium hydroxide required to neutralize the liberated acid was
recorded as a function of time on the attached titrigraph.
Comparison of the slopes of the linear graphs, for egual
concentrations of a-chymotrypsin and anhydro-a-chymotrypsin,
showed the activity of the latter to be 0.71% of the former.
Bovine zinc insulin from the Australian Commonwealth
Serum Laboratories (pool 33 unmodified B 584-06) was used in

all insulin experiments.



-89~

Sucrose and all buffer salts used were analytical
grade reagents, and all solutions were prepared with glass
distilled water. The pH was measured with 4 Radiometer PHM&4
pH meter, standardised with 0.05 M potassium hydrogen phthalate.
The compositions of the various buffers used in the sedimentation
experiments are shown in tables 5.1 and 5.2 . All buffers were
made up tc one litre.

Table 5.1

Buffers used in experiments with a-chymotrypsin

Ionic
pH  Strength Tris®(gm) KND,(gm) Ca(ND,),(gm) £pTAP (gm) HND;(ml)

7.6 0.05 3. 1495 - 1. 6410 - 10.91

0.05 17. 0802 - 1. 6410 - ©27.28
7.6 0.05 7.8012 - - - 27.286
7.6 0.20 31.1320 - - - 109. 12
7.6 0.05 3.1455 3.0333 - - 10.91
7.6 0.05 3. 1495 2. 4266 - 0.3723 10,91

(a) Tris(hydroxymethyl)amino methane
(b) Diaminoethane tetraacetic acid disodium salt

(c) 1.833 N
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Table 5.2

Buffers used in experiments with insulin

Tonic Barbi-  Sodium Zn(NDB)Z'
pH Strength tone(gm) Barbitone(gm) NaCl(gm) 6H.0Cgm) EDTA(gm)
2
8.0 g. 1 1. 8466 2.5773 5. 1144 - -
8.0 0. 06 1. 8LE6 1.2886 5.1012 0.0148 -
8.0° 0.1 1. BLE6 2.5773 5.1012 - 0.0029

(a) adjusted to pH 8.0 by addition of KOH

Protein stock solutions were routinely prepared by
dissolution of about 0.5 gm protein in 10 w1 of buffer. The
solution was placed in Visking 18/32 dialysis tubing and dialysed
at 4°C against 500 ml of buffer on a rocking dialyser. The
diffusate was replaced with 500 ml of fresh buffer, at 24 hour
intervals, four times. Tha.dialysate and the final diffusate
were stored in a refrigerator until required. Stock solutions
of a~chymotrypsin were frozen to minimise autolysis.

Solutions of protein used in sedimentation equilibrium
experiments were prepared by dilution of portions of stock
solution with diffusate. The dilutions were performed
accurately by weight and the concentrations in interference

fringes found from

. .- weight of stock solution )
J(diluted solution) = J(stock solution)®weight of diluted solution
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It was assumed that the refractive index increment of the
protein solutions was a linear function of concentration on a
weight/volume scale as is found experimentally for most proteinsEz.

The concentrations obtained by weight dilution should therefore

density of dilutad solution
density of stock solution

be corrected by a factaor but
this ratio is so close to unity that it was omitted.

The concentration of the stock solution was determined
using a differential refractometer similar to that described by
Cecil and Dgston.ﬂl7 The inner compartment contained about 1 ml of
solution and the outer compartment contained about 12 ml of
solvent in our instrument.

The differential refractometer was calibrated with,
solutions of sucrose which had previously been dried for 5 days
in a vacuum oven at 110°¢. The solutipbns were made up by

weight with glass distilled water and all weights converted to

weights in vacuo by the formula

1
w, = W1+ T/ /d1) ) 5¢1)

where wv is the weight in vacuo, ma is the weight in air, d is

the density of moist air, d2 is the density of the material

being weighed and d1 is the density of the balance weights.

Wet and dry bulb thermometer readings and the barometric pressure

108

were used in conjunctiecn with tables to obtain the density

of moist air. The refractive increments of the sucrose
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solutions at a wavelength of 5461 AD were obtained from the
data of Gosting and Morris109 using tabulated density values
of sucrose sulutiuns110. A mercury vapour lamp was used with
a Kodak Wratten 77A filter to supply monochromatic light of
wavelength 5461 AD.

The inner and outer compartments of the refractometer
cell were filled with distilled water and the deviation of the
light beam measured. The inner compartment was then cleaned
and dried, filled with one of the sucrose solutions and the
deviation measured. Six readings of the deviation were obtained
for each solution and averaged. The net deviation was obtained
by subtracting the deviation obtained with water in the central
compartment from the average value obtained with the sucrose
solution in the central compartment. The ratio of the
refractive index increment (An) to the net deviation (D)
measured above was found to be constant to about : %% over the
concentration range 0.2% to 3%. The value of the constant
An

- depends on the dimensions of the instrument and was

recalculated whenever optical or mechanical adjustments were

An
D

allowed the refractive index increment cf any solution to be

made to the refractometer. knowledge of the constant

obtained from measurement of the deviation it produced in the
refractometer.
The refractive index increment of a protein soclution

was found from the deviation produced with the protein
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dialysate in the central compartment of the refractometer
and the buffer diffusate in the outer compartment, by appli-

cation of the relation.

A

An
nprutein B Dprmtein ( D )

sucrose
The concentration of the solution in terms of interference
fringes in a 12 mm light path ultracentrifuge cell was then

obtained from the expression

. _ An .1
8] == RN

where An is the measured refractive index increment, 1 is the

4

optical path length and A is the wavelength of the mono-
chrnmétic light used (5461 AD). Conversion to concentration

on weight/volume scale was carried out for a-chymotrypsin

using the value %g = 0.193 ml/gmbh and for insulin using the

value j = 37.00 o005 Fringes19 for 1% solution in a 12 mm

cell.
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II ELECTROPHORESIS

Electrophoresis experiments were car»ied out in a
Beckman Spinco model H electrophoresis-diffusion instrument at
1“C and at a'prmtein concentration of about %%. Schlieren
photographs of the boundaries in the ascending and descending
limbs of the instrument were recorded con Kodak Royal Pan sheet

film.
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ITI MOLECULAR STEVE CHROMATOGRAPHY

Chromatography of protein solutions was carried out
on a L0 cm x 2.5 cm column of G-25 fine Sephadex. The column
was packed in the usual mayqqq and tested for uniformity of
packing by passing & solution of Blue Dextran 2000 through the
column. An 1500112 model UA recording ultraviolet analyzer
operating at a wavelength of 254 mu Las used, in connection
with an attached fraction collector, to locate the elution peak
of the protein solution. The counter mechanism of the fraction
collector was generally set to change tubes after L6 drops
which corresponded to about 2 ml of solution.

All elutant buffers were made up with freshly bolled
glass distilled water and if not used immediately were degassed
before use. The column temperature was regulated at aoout [As!
when running a-chymotrypsin solutions in order to minimise

autolysis.
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IV ULTRACENTRIFUGE EXPERIMENTS

A Beckman Spinco model E ultracentrifuge fitted with
a phaseplate as tiie schlieren diaphragm was used for sedi-
mentation velocity and sedimentation equilibrium experiments.
The "Rotor Temperature Indicator and Control" unit on the
ultracentrifuge, used in conjunction with the refrigeration
system, permitted control of the temperature within T 0.1%
during experiments. Each rotor thermistor unit was calibrated
with a bomb calorimeter thermometer which had previously been
standardized in a thermostat controlled to : D.DDZDD.

Measurements of the speed were made using a stopwatch
and odometer readings. For sedimentatior velocity experiments
speed measurements were initiated soon after reaching the
operational speed and continued until all phctographs had been
taken. In the case of the much longer sedimentation
equilibrium experiments the timing was commenced not less than
30 minutes before taking the Rayleigh interference photographs
and continued until the photographs had been satisfactorily
developed.

Monochraomatic light of 5461 A" wavelength was obtained
from a mercury arc lamp using a Kodak Wratten 77A filter.
All schlieren and interference photographs were recordad on
kodak scientific plates, type IIG, and developed for 90

seconds in full strength Kodak D8 developer. The plates were
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fixed in acid fixer, and washed in a flow of deionized warer
for 10 minutes before drying.

Correct alignment and focussing of ail componrents in
the optical system is essential if accurately measureable
Rayleigh interference fringes are to he cbtained. The optical
system was checked completely before commencing the work
described in this thesis. It was agaip checked prior to
experiment UC 51 at the time of fitting an upper chamber lens
and limiting aperture mount which could be removed (for lens
cleaning) and reproducibly replaced. The latter assembly
obviated the need to realign the upper limiting aperture
whenever the upper chamber lens was removed. As some of the
alignment and focussing methods are modifications of standard
meﬁhods a complete description of the procedure used is given

in Appendix A.

(1) Sedimentation Velocity Experiments

Sedimentation velocity experiments with o-chymotrypsin
were carried out at a speed of 59,780 rpm at about 20°C in
phosphate buffer pH 6.2 and ionic strength 0.2. The
concentrations ranged from 0.1 gm/dl to 0.9 gm/dl and were
prepared from two different stock solutions by weight dilution.
The concentrations of the stock solutions were determined by
differential refractometer measurements. A single sector

12 mm light path cell was used and was filled almost to capacity.
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A schlieren photograph was taken immediately after reaching

the set speed to establish the meniscus position as a check for
possible leakazge itater in the experiment, After the sedi-
mentation boundary had resolved from the meniscus 10 to 15
schlieren photographs were taken automatically at set time
intervals. The position of the maximum ordinate (peak) of the
refractive index gradient curve was measured using a Pye
two-dimensional comparator.

The photographic plate was aligned on the stage of the
comparator so that the meniscus image was parallel to the
vertical crosshair of the microscope. Five readinaos, at
different vertical (Y) positions, of the horizontal (X) pesition
of each reference edge were made. The mean value of the two
sets of readings oave the positions of the centripetal and
centrifugal reference edges which respectively corresponded to
positions 5.7 ¢m and 7.3 cm from the axis of rotation. The
average of the two reference positions was taken as correspond-
ing to the point 6.5 cm from the axis of rotation and all
subsequent measurements of schlieren peak positions were
referred to this position. Five readings of the horizontal
position of the schlieren peak were made and the mean
calculated. The distance, on the photographic plate, of the
schlieren peak from the reference point was converted to true
distance by allowing for magnification produced by the optical

system.
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The distance (x) from the axis of rotation to the peak
at various ftimes was calculated113 and the sedimentation
coefficient evaluated from the slope of the =traight line
fitted, by the method of least sguares, to the log x versus
time data. This follows from the definition of the sedi-
mentation coefficient as the sedimentation velocity of solute
molecules in a unit centrifugal field

5 =lBUBE - ol %-%?ﬁ 5(2a)

qux w 2

where w is the angular velocity and dx/dt 1is the
sedimentation velocity. The sedimentation coefficient was then
converted to the standard basis corresponding to a reference
solvent having the viscosity and density of water at 20°C by

the following expression

(1 - up
5 -5 . -2 S 20, 5(2h)

‘ 720,w ] 1 - Q/D
where 7 is the viscosity of the solution at the temperature
of the experiment, 7220,m is the viscosity of water at ZDDE,
Vv is the partial specific volume (assumed constant irrespective
of solvent) and/o is the density of the solvent.
The sedimentation coefficient is the weight-average

sedimentation coefficient of the species present in the plateau
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region7D and is more correctly found from the rate of movenent
of the point corresponding to the second moment of the
concentration gradient curveqa. The error incurred by using
the maximum ordinate of the concentration (refractive index)
gradient curve is negligible if the curve is symmetrical1h.
Sedimentation velocity experiments with zinc-free
insulin in barbiturate buffer pH 8.0, 0.1 ionic strength were
carried out at 20°C and at speeds of 50,740 rpm and 63,650 rpm,

The concentration of insulin was about 0.8 gm/dl.

(2) Sedimentation Eguilibrium Experiments

Sedimentation equilibrium experiments were generally
carried out in 12 mm light path, double sector interference
cells. The centrepiece was of aluminium-filled epoxy resin in
all except one series of experiments with insulin when a carbon-
filled epoxy resin centrepiece was used. Quartz cell windows
were used for experiments at speeds less than 30,000 rpm and
sapphire windows were used at higher speeds. The cells were
completely dismantled and thoroughly cleaned and dried before
each experiment. In the series of insulin experiments where
Beckman Desicote was used to prevent leaching of metal ions,
all glassware, including the cell windows and the cell centre-
pieces, was thoroughly coated with a 1:25 solution of Beckman
Desicote in cthrDFDrmqou' A few experiments at low initial

concentration of protein were performed in a 30 mm light path,
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double sector cell with an aluminium-filled expoxy reéih
centrepiece, Following the suggestion of Richards and
Schachman11h, the refractive index of the solvent (diffusate)
was increased for all experiments to approximately that of the
s3ilution (dialysate) by addition of 1,3-buianediol. This
procedure enhances the guality of the interference fringe
pattern by using low order fringes. 1, 3-butanedirl can be
used for this purpose as it is miscible with water and, since
its density (1.005 gm/ml) is so close to that of dilute buffer
solutions, no redistribution of it during cemntrifugation is
detectable.

Cells were filled by means of a micrometer syringe so
that the height of the solvent column was greater than thét of
the solution column by less than 0.5 mm. The assembled cell
was tightened and filled according teo Table 5.3; +the oil used

was Beckman Fluorockemical FC 43 and was introduced into the

solution sector before the solution.

Table 5.3
Cell Length 12 mm 12 mm 30 mm
Volume of 0il (ml) 0. 025 0. 025 0. 060
Volume of Solution (ml) 0. 100 0.033 0.250
Volume of Solvent (ml) 0. 130 0. 063 0. 330

Approx. Height of Column (mm) 2.8 0.8 2.7
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The speed selected for the experiment was calculat<d to
give a ratio of between two and four to ome for concentration
of protein at the bottom of the cell to concaentration at the
meniscus. The following eguation was solved for W

Ch
assuming =
a

]

3 and approximate values for M, (1 - U/o),

bh and a ‘

- 2 2
" M(1-Up) w2 b -=a
e, ____R_T__p ) 2 =)

C
In

where Cb is the concentration at the cell bottom, Ca is the
concentration at the meniscus, M is the molecular weight,
V is the partial specific vmlume.,o is the density, w ?5
the angular velocity, R is the gas constant, T is the absolute
temperature, b is the distance in centimetres of the cell
bottom from the axis of rotation and a is the distance of the
meniscus from the axis of rotation. The speeds used ranged
from 6,000 rpm to 16,000 rpm.

For experiments with 1 mm columns the eguations of
Van Holde and Baidwinsu Method III were used to calculate the

speed., It is possible to assign a concentration value equal

to the initial concentration (within 2%) to the point X' ,

. ',2 (a® + bz)
defined by (x )~ = ES e | provided that H 0.1 where
4. 2 2 2
o= M( VA) w b a 5(4)

Z2RT - 2
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Equation 5(4) was solved for the angular velocity, w , with
H = 0.1 and approximate values of the other variables, and the
nearest machine speed below that calculated, was used.

The duration of the experiment was calculated, using
the eguations of Van Holde and Baldwinsq, as the time required
for the system to approach to within 0. 1% of equilibrium. For
most experiments the calculated times for 3 mm columns were
approximately 20 hours but for convenierce most runs were
allowed to go for 24 hours. An initial check on the
calculations for a predicted 20 hour experiment showed
constancy, within experimental error, of the total fringe count
across the cell in photooraphs taken at 20 hours and at 2&4
hours. Since the column height appears in the egquation as the
square, the times required for the experiments on 1 mm columns
were reduced to t@ of those reguired for 3 mm columns and
generally required not more than 3 hours. High speed
experiments of the type described by thant15115 were performed

using 3 mm columns. Yphantis recommended that the value of the
(,UZM(’I - Vp)
RT '

that speeds no lower than those calculated according to

quantity should be about 5. It is important
Yphantis be used, since too low a speed results in a significant
concentration of solute at the meniscus and leads to error in
results. The calculated value of the speed was used only as

a guide and the shape of the fringe pattern was checked at

intervals for a sufficient length of horizontal fringes near
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the meniscus and measureable fringes lower in the cell.

As soon as the rotor reached the set speed a photograph
of the interference fringe pattern was takern to check straight-
ness of the fringes before any appreciable redistribution.
Deviations from stralghtness might be due to distortion of the
windows either by the cell tightening process or by the
centrifugal field. When significant deviation from straight-
ness was ogbserved the experiment was followed by a blank rTun,
The cell was emptied and carefully cleaned and dried without
dismentling. The cell was filled with water to the same levels
as in the main experiment, run to the set speed and the photo-
graphs obtained used to correct the equilibrium fringe pattern.
AR blank run was performed routinely with each high speed
experiment. A schlieren photograph at 9g° diaphragm angle
was also taken after reaching the set speed in order to
facilitate the location of the meniscus and the bottom of the
column, Erlander and Babcuck116 have shoun that the true
position of the meniscus is at = position 1/3 of the width cf
the meniscus image sway from the apparent end of the solution
column and similarly for the true position at the solution-oil

interfsace.
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v MEASUREMENT OF INTERFERENCE FRINGE PATTERNS

The Rayleigh interference fringe pastterns were
measured on a two-dimensional mJ'.t:rcxGDm;:xaI'atc.:‘flI]'7 capable of
measuring to 2 microns. The fringe patterns on the photo-
graphic plates mounted on the stage were observed at 60-fold
magnification on a viewing screen on which cross-lines were
etched. Alignment of the photographic plate on the stage of
the comparator was accomplished by centring the horizontal
cross-line on the central fringes of the patterns generated at
each end of the plate by the reference slits in the counter-
balance. Rs in the case of schlieren photographs the
arithmetic means of several readings each of the twc rzference
edge positions were averaoed to give the reference point
corresponding to 6.5 cm from the axis of rotation. All
horizontal distances (X) on the photographic plate were referred
to this point. The true positions af the meniscus and the
bottom of the soluticn column were determined by prior
measurement of a schlieren photograph as described in the
previcus section.

Measurement of Rayleigh interference frinoe patterns
may be carried out either by measurement of the vertical
positions of the centres of fringes at various X positions
(usvally egual increments) from the meniscus to the bottom

of the column, or by the measurement of the radial positions of
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the fringes at egual fringe increments. The latter methed is
preferred when the data is to be processed on hand calculating
machines since this simplifies the trapezoid-~l integration
referred to in the next section. However, since the data for
all experiments, other than those with 1 mm columns, were
processed by computerqqa, the former method was routinely used,
In all cases the fringes involved were the interference minima
which appeared as the light portions of the pattern.

Analysis of experiments with 1 mm columns was carried
out according to Method III of Van Holde and Baldwineh which

3 1
required the slope wf the fringes, gﬁ , at the point (x )

where the concentration was the same as in the ariginal

2 2 2
+ a ) Wwas

2
determined from a schlieren photograph and corresponding

= (b

1
solution. This point defined by (x )

position on the photograph (x') calculated Fram equation 5(6).
At X' and at four other points, 0.1 mm and 0.2 mm away on
either side of Xl, the vertical (Y) positions of the three
adjacent fringes were each measured twice by locating the
cross-lines at the centres of the fringes (See Fig. 5.1(a)).
The mean of each set of six Y values was taken as the vertical
position of the central fringe. Since the concentration, in
fringes, at X' was jD the j values at the other x positions

were calculated from
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(a)

(b)

A diagrammatic representation of a Rayleigh
interference fringe pattern from a 1 mm
solution column at sedimentation equilibrium.
The arrow indicates the position

82 + b2 1/2
x' = (i)

and the dots indicate positions where X and
Y readings were made.

A diagrammatic representation of a Rayleigh
interference fringe pattern from a 3 mm
solution column at sedimentation equilibrium,
The dots indicate the positions where X and
Y readings were made and the arrow indicates
the position where it was necessary to drop
down to lower fringes in the measuring
procedure,

(c) A diagrammatic representation of a Rayleigh

N.B.

interference fringe pattern , obtained in a
high speed sedimentation equilibrium
experiment, illustrating the horizontal
nature of the fringes near the top of the
solution column,

In all diagrams the centrifugal direction
increases from left to right.
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where w is the fringe width and the Y values are the mean
values for the central fringe. The fringe width, 0.282 mm,
was an average value of the width of straigh”. reference
fringes measured in several photographs and was used in all
calculations. The X positions on the photographic plate were

converted tc true distances (x) from the axis of rotation by

X; = 6.5 + (Xi - X ) . F2 5(6)

6.5
where F2 is the magnification due to the optical system. The
magnification factor was determined by the normal Spinco
procedure using a ruled glass disc in the rotor. The slope
of the straight line fitted, by the method of least squares,

to the values of j wversus x was used to obtain the apparent

weight average molecular weight (MLlj app) at concentration
jD from
RT 1 di
- —— < 2 5(7)
w app (1 - U/o)tuz x!ju dx xle

For experiments with 3 mm columns the procedure af
measuring the Y values at the centres of three adjacent fringes
was again used. However, the method of locating the fringe
centres was different. Instead of locating the cross-lines
by eye at the fringe centre a measuring device, incorporating

a light dependent resistor (LDR) in a wheatstone bridye
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circuit, was used. The construction and operation of the
measuring device is fully described in Appendix B. The LDR
was mounted on the viewing screen of the micoocomparstor and
the circuit was designed to operate a neon light at an
adjustable light intensity incident on the LDR. The instru-
ment was designed to make use of the symmetry of the inter-
ference fringes about the minima, For a particular fringe
the instrument was adjusted so that the neon light operated at
a position between the interference minimum and adjacent
maxima. This meant that the neon light operated on szither
side of the interference minimum at positions assumed to be
equidistant from the centre of the fringe on the basis of
fringe symmetry. Thus at each X position six Y values were
obtained and the arithmetic mean taken as the vertical position
of the central fringe. Graphical extrapolation of four points
at each end of the column was used to determinpe the vertical
positions at the true meniscus and bottom positions which had
been determined from a schlieren photograph as described
previously, Since it was not possible to follow the three
fringes for the whole length of the column it was necessary to
drop down one or more fringes as shown in Fig. 5.1 (b).

When this was done it was necessary to add the fringe width or
multiple of it to the subsequent v values to equate them with
the vertical positions of the original fringes. The samse

procedure was used for measuring photographs of high speed
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experiment fringe patterns except that no extrapolation to the
cell bottom was needed (See Fig. 5.1 (c) ).

As shown in Chapter 2 the basic eqguatian for evaluation

of the apparent weight average molecular weight Mm app is
(x) 2RT ding| ™
Mu o = = 5 . 5 5(8?
PP (1= Tp) w d(x

where the symbols are as previously defined and the superscript
x denotes that the value of the guantity at distance x from

the axis of rotation applies. In crder to evaluate Elﬂ%

at a given x a relation between 1nj and x2 is needed. 1

For an ideal homogenecus solute there exists a linear relqtinn—
ship between 1nj and x2 and the slope ofl the straight line
gives the molecular weight. In the case of naon-ideal
assoclating systems the plot of 1lnj versus x2 is curved
depending both on the extent of deviation from ideal behaviour
and on the degree of polymerisation, A plot of 1nj versus x2
which is conecave upwards indicates polydispersity whereas a
plot which is concave downwards indicates nun—idealityBB. It
is also necessary to know the actual value of the concen-
tration at the meniscus before a relationship between 1nj and
x2 can be found. Once the concentration distribution is
determined by measurement of the fringe pattern the concen-
tration at the meniscus in terms of interference fringes,

jm’ can be evaluated 1’rom’m+
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g = dg = = 5(9)

where jD is the initial concentration in fringes, (jb - jm)
is the number of fringes from the meniscus to the solutiaon
bottom at equilibrium and X and X, are the distances of the
solution meniscus and bottom from the axis of rotation. The
actual value of the concentration at any x distance is obtained
by adding the true value of the meniscus concentration to the
concentration evaluated from the fringe pattern where the
meniscus concentration is taken as zero.

For low speed sedimentation egquilibrium experiments the
raw data, comparator X positions each with six associated VY
values, were processed in the computer according to the program
SEDEQ listed in Appendix C. Included in this data were the
extrapolated values of Y for the true meniscus and bottom
positions. In order to evaluate MuJ .- values of (i) the

camparator X position (F 1) corresponding to the 6.5 cm (F 3)

reference position, (ii) the optical magnification factor (F 2),
2RT

(1 - vo) w
and the initial concentration in fringes (jD) were read in.

(iii) the fringe width (F &), (iv) the factor (F 5)

The 3ix Y values were averaged and converted to j values, taking

the meniscus concentration as zero, by the expressiaon
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and corresponding X values converted to x valiues by equation
5 (6) and sguared to give x2 values, The integral

X
jﬁ b5
X dj

X
m

of eguation 5 (9) was evaluated by trapezoidal integration

and the meniscus concentration calculated. True values of
concentration j at the different x positions were calculated

as described in the previous paragraph. In order to derive an
expression for (et it was assumed that the relationship

dx

between 1nj and x2 could be described by a series expansian

lnj = a + bX + EXZ 4 veeoe 5010)
where X = xz. A computer library program LSQFOL was used %o

fit polynomials, up to degree &, to the data by the method of
least sguares. Differentiation of the fitted polynomial gave

the required value of (e i.e.

d(x%)
Elgi = B4+ 20X 4 eeee 5(11)
dx
or
dinj _ b + 2c(x2) F eese 5(12)

d(xz)
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Values of Eiin were calculated from eguation 5(12) and used

2
d(x™)
in equation 5(8) to evaluate Mu app at each x position thus
giving a set of MLlj app values at different concentrations for

each fitted polynomial.

A modified version of program SEDEQ was used to analyze
data from high speed sedimentation equilibrium experiments
since it was not necessary to know the initial concentration.
Both a straight line and a quadratic were fitted to the 1nj
VETSUS x2 data. Values of j less than 0.4 fringes were

omitted due to the inherent inaccuracy of the lower j values,
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Appendix A.

ALIGNMENT OF THE RAYLEIGH INTERFERENCE OPTICAL SYSTEM

A diagrammatic representation of the Rayleigh inter-
ference optical system used in the analytical ultracentrifuge is
shown in Fig. A.1 . The monochromatic beam of light is split
into two by two narrow parallel slits in the lower window holder
of a double sector ultracentrifuge cell. One sector of the
cell contains solvent and the other solution so that the
concentration gradient in the solution sector (manifest as a
refractive index gradient) causes an interference pattern,
resulting from interference between the two beams, to be Qarped
in a manner determined by the change in concentration with
diétance from the axis of rotation. The upper limiting
aperture containing two parallel slits acts as a light chopper
so that interference only occurs when both cell sectors are
directly beneath the slits. The upper limiting aperture is
positioned so that the slits are symmetrical about a radius
from the axis of rotation., This has the advantage over the
alternative method of positioning of one slit along the radius,
that conjugate levels are compared. A disadvantage of the
symmetrical positioning is that the slits are inclined at an

angle o to the direction of sedimentation. However, since

this angie is approximately 20, the correction factor
cos o



Fig. A1 A sketch of the Rayleigh opticel system employed in the ultra-
centrifuge: a, light source; b, lower collimating lens;
¢, Rayleigh mask; d, double sector cell; e, limiting aperture;
f, condensing lens; g, mirror; h, focal plane of upper lens;

i, camera lens; J, cylinder lens; k, photographic plate. The
sketch is not to scale.
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is less than experimental error in locating the fringe centres.
The following alignment and focussing procedures were

used.

1. Height of the Light Source

The light source was positioned vertically in the focal
plane of the lower collimating lens by the double image method.
A 1& inch wide strip of tape was placed across the centre of
the lower lens, above which was placed a plane mirror. The
light source was adjusted vertically until a single reflected
image was obtained. A single reflected image can only be
obtained when the light source is in the focal plane of the
lens, a double reflected image being obtained when the light

source is at other vertical positions.,

2. Position of the Light Source on the Optic Axis of the Lenses

Since the Rayleigh interference optics are particularly
sensitive to distortions which are greatest near the edges of
lenses it is important that the upper limiting aperture should
be symmetrical about a diameter of the upper lens as well as
about a radius from the centre of rotation.

In order to locate the centre of the upper lens a
brass cylinder was made so that the lens holder just fitted
gver it and the centre of the fuce of the cylinder was marked.
The stop controlling the lateral position of the aperture mask

was set so that one slit of the off-set mask was located
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centrally about the centre of the brass cylinder inserted in
place of the upper lens. Additionally the off-set mask was
converted to a centre point mask by placing tape over the slits
and leaving open only a section about 1 mm sgquare corresponding
to the centre of the cylinder. The upper lens was then
replaced in the lens holder with tape wound around it so that
it fitted tightly. This procedure assumes that the centre

of the lens holder coincides with the centre of the lens.
Another mask was made to locate the centre of the lower lens.
An aluminium disc was pinned to the lower lens holder so that
it could be replaced reproducibly. The lens holder was placed
in a lathe and a ”16 inch hole drilled through the aluminium
disc with a centre drill. The lens was replaced and again
tape was used to seat the lens tightly in the holder.

The full-surfaced mirror was removed and a ground glass
disc placed on top of the optical tube leading from the chamber.
Two diametrical marks, at right angles to each other, were
drawn on the ground glass disc which was located with its
centre at the centre of the vertical optical tube and with one
diameter pointing along the horizontal optical tube. The
light source was moved in the plane of the lower lens until
the light beam passed through both lens centre-mask holes and
could be observed impinging on the ground glass plate. It was

noted that the point of impact of the light beam on the ground

glass plate ccrresponded to the centre of the optical tube.
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3. Position of the Light Source on the Cell Axis

For the light beam to enter the cell parallel to the
plane of the meniscus the beam must be parallel to the axis of
rotation. It was assumed by virtue of ths cell construction
that this condition is satisfied when the light beam is
perpendicular to the cell windouws. A counter-balance and a
cell with an aluminised lower cell window (to act as a mirror)
were loaded into an ANJ rotor leaving the other two cell holes
vacant and the rotor set spinning at low speed. The inter-
ference light source mask was replaced by a point source mask.
The point source mask was marked 1@ inch either side (front and
back with respect to the ultracentrifuge) of the hole and the
light source moved so that the reflected image was located
first at one scribe mark and then at the other. Marks were
pencilled on the ground glass disc, along the diameter
perpendicular to the direction of the horizontal optical tube,
at the positions where the transmitted light beam impinged
when the light source was in the positions described above.
The light source was moved so that the transmitted beam impinged
on the ground glass plate at a position midway betwsen the
pencil marks. The position of the light source was identical
to that found in 2. thus confirming that the axis of the

lenses coincided with the cell axis.
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L, Position of the Full-Surfaced Mirrur

The full-surfaced mirror was positioned on the optical
track so that the image of the point.snurce rell on the centre
of the photographic plate when one of the chamber lens centre-
masks was in position. The camera and cylinder lenses uwere

positioned so that the image was not displaced.

5. Positlion of the Schlieren Diaphragm

The interference light source mask was placed in
position and the chamber closed and evacuated. Two reference
pencil lines were marked at the ends of the diaphragm image o©on
a ground glass plate in the camera position. The schlieren
diaphragm was positioned on the optical track so that rotation

0

of -the diaphragm from 90" to UD produced no tilt of the image_

with respect to the pencilled reference lines.

6. Position of Camera Lens

A ground glass plate was placed over the lower
collimating lens. The rotor containing the ruled disc was
rotated in the partially closed chamber until the vertical
acale lines appeared sharpest at the viewing screen. The
chamber was closed and evacuated and the camera lens pasition
adjusted to give best visual definition of the vertical scale

lines,
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7. Position of the Cvlinder (ens

The vacuum chamber wacs opened and a ground glass plate
placed in front c” the full-surfaced mirror. The cylinder

lens was positioned to give best focus of the diaphragm.

8. Location of the lUpper Aperture Mask

The full-surfaced mirror was removed and replaced by the
ground glass disc. The off-set mask, with only the off-centre
slit taped over, was placed in position. With the inter-
ference light source mask in position, the upper aperture mask
holder was rotated so that the image of the slit was parallel
to the ground glass disc diameter which was perpendicular to
the direction of the horizontal optical track. The full-
surfaced mirror wes replaced and a rotor with a hair fixed
radially across a cell hole was placed in the chamber. The
rotor was moved to locate the hair image centrally in the
image of the mask slit, The initial adjustment of the mask
holder was so sensitive that no final adjustment was necessary
since the hair image could be located symmetrically in the

centre of the slit image.

9. Rotational Position of the Cylinder Lens

The orientation of the cylinder lens axis perpendicular
to the conjugate levels was accomplished by a modification of

the opticsl procedure used by Richards and Schachman11h, which
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used the rotating cell as the prime reference. The modified
cell consisted of double sector interference cell window
holders and a single sector centrepiece, and was filled with
0.5% Bovine Serum Albumin solution. Use of this cell ensured
that both light beams passed through a solution of identical
concentration gradient. The solution was centrifuged at
59,780 rpm until the boundary was a third of the way down the
cell when the speed was reduced to 24,630 rpm in order to
cbtain good fringes. The tilt of the cylinder lens was
adjusted until straight interference fringes were obtained;
the final position was judged from photographs. A very small
error in orientation causes the interference fringes near the

bottam of the cell to be curved.

10. Rotational Position of the Light Source

The vacuum chamber was opened until the interference
patterns from the double aperture barely overlapped and the

light source slit rotated to give the sharpest fringes.

11. Final Focus of Camera and Cylinder Lenses

A ground glass plate was placed over the lower
collimating lens and the rotor containing the ruled disc
adjusted as in section 6. The chamber was closed and evacuated.
Five photographs were takern moving the camera lensg at y&z inch

intervals about the optimum visual position. A similar set
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of photographs were taken moving the cylinder lens. The
final positions were judged from the photographs; the camera
lens is at the focal position when the vertical scale lines
are most distinct and the cylinder lens is in focus when the

image of the schlieren diaphragm is most distinct.
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Appendix B.

A PHOTOMETRIC ATTACHMENT FOR FACILITATING COMPARATOR
MEASUREMENT OF INTERFERENCE FRINGE PHOTOGRAPRHS

To obtain information from schlieren and interference
photographs for the application of detailed theoretical
treatments, much careful measurement is required. This can be
both time-consuming and a source of eye-strain for the person
making the measurements. It is relatively simple to measure
the position of maximum gradient of a schlieren pattern in
order to calculate the sedimentation coefficient but much more
measurement is required to obtain the square root of the
second moment which describes the true boundary position in
the case of a skewed buundary1h. Similarly the measurement
of interference fringe patterns, described in Chapter 5 (VI),
for sedimentation equilibrium experiments is difficult.

It is therefore advantageous to have a rapid and simple
method for measuring the photographic records. Indeed for
absorption optics the introduction of the automatic scanner119
has eliminated the need for photographic records. Methods
have been previously reported120-122 for measurement of
schlieren and interference patterns but these involve complex
and expensive instrumentation. A detailed description follows

of a simple and inexpensive photometric system which was
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developed specifically for comparator measurement of inter-
ference fringe patterns but which could also be used for rapid,
detailed measurement of schlieren photographs.

A light dependent resistor (LDR) is mounted in a holder
at the centre of the viewing screen of a two dimensional
micrucnmparatnr117. The circuit, basically a wheatstone
bridge circuit (Fig. B.1), causes a neon light to ignite when
illumination falling on the LDR is below an adjustable preset
value.

The transformer T1 supplies 25 volts AC. After
rectification filtering and stabilizing by D1 the voltage is
fed to the amplifier which consists of transistors TR1 and
TR2 in a differential connection. When the circuit is at
balance TR3 is held cut off by D2 and TR4 held cut off due to
insufficient voltage through RA1. Since TR&4 is not carrying
current the meter M1 does not indicate and there is insufficient
gate voltage across R2 to turn on the silicon controlled
rectifier (SCR) and ignite the neon light.

A decrease in the intensity of light falling on the
LDR causes its resistance to increase, unbalancing the
differential amplifier bridge which results in a greater
voltage being fed into TR3. If this new voltage exceeds the
D2 voltage by about 0.2v, TR3 will conduct rapidly and turn on
TR4, and as TR4 is now conducting there is enough drive voltage

present across R2 to turn on the SCR and ignite the neon lamp.



- Fig. B.1 : Photometric plate measurer circuit:

T1 power transformer
LDR Clairex CL603
SCR BTY79/400

N 60 V neon light
M1 F.S5.D. 50 /uA
TR1, TR2, TR3 BC 108

TRG4 AC 128

C1 1000 uF, 50 Vv
c2 1000 mF, 25 V
D1 DAZ 234

D2 0AZ 204%

D3, D4, D5, D6, D7 10D2

R1,R7,R9 10 KO

R2,R14 330 O

R3 470 N

R4 122 N

R5 2 Mo

R6 4700 , 1 U

R8 3.3 KO

R10 15 KO

R11 L,7 KO

R12 2.2 KO

R13 1.5 KQ

R15 150 KN

R16 L.7 K, 10 W
R17 22 KO

All resistors 0.5 W except where stated.



240

Tt

1o v

Fig, 8.1

Photametric plate measurer circuit
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Also M1 will indicate drive voltage to the SCR gate.

Two variable resistors R4 (coarse) and RS (fine) enable
the differential mplifier to be balanced over a wide range aof
light levels.

A constant intensity light source is necessary to
obtain meaningful results and acccrdingly a transistor-
stabilized constant voltage puwer supply was built to power the
6V, 24 projection lamp of the microcomparator.

The LDR (Clairex CL603; Clairex Corporation, New Yaork)
is mounted as shown in Figure B.2 in an opaque polyvinyl-
chloride tube and held against the viewing screen by a clear
perspex (polymethylmethacrylate) disc. The perspex handle
enables any desired orientation of the 1 mm x & mm light
sensitive strip to be obtained. The ground glass viewing
screen is made transparent at the position of the LDR by attach-
ing a small circular microscope cover-slip to the screen with
vaseline, This increases the intensity of light falling on
the LDR by reducing scattering.

It is necessary to exclude all light from the screen
while making measurements, but provided this is done the room
may be illuminated without noticeable effect on the measuresments.

The following method has been routinely employed to
measure Rayleigh interference fringe patterns where it is
necessary to locate the interference minima or light portions cof

the pattern at various horizontal x positions. The method



. Clear
Perspex

k'

Poly -
vinyl

chloride

Fig. B.2 : Mounting for LDR.

Allen
screws

Clairex L.D.R.
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makss use of the symmetry of interference fringes about the
minima (and maxima).

R4 and R5 are adjusted so that the necn light does not
ignite while the LDR is near the centre of the light fringe
but ignites before it reaches the centres of the black fringes
on either side in the y direction. The centre of the light
fringe is then taken as the average of the two y values at
which the neon light Jjust ignites. For constant R4, R5 and
light intensity these values are reproducible to two microns.

The ultimate accuracy depends on the quality aof the
photograph, Both 60-fold and 25-fold magnifications have been
used and it is found that best reproducibility is obtained
when the light sensitive strip is aligned parallel to the
fringes.

The reference positions - inner edges of the reference
fringes produced by the countzrbalance - are located in the
following way. The LDR is adjusted in the y direction until
level with the central reference fringe. The x position of the
reference edge image is then found by assuming a linear trans-
ition from light to dark at the inner edge of the dark fringe.
The setting of R5 at which the neon light ignites at x
positions about 30 microns either side of the boundary are
noted. RS is set half way between the two settings noted
above and the reference pusition is taken as that at which the

neon light just ignites. Meniscus positions are located on
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schlieren photographs in a manner similar to that for locating
the centre of the fringe except that in this case the x
position is found rather than the y position.

The measuring system described has several advantages.
It eliminates eye-strain when many photographs have to be
measured and measurements can be made more reapidly than by eye.
The measurements are less subjective and reproducibility is
better than for measurement by eye. The mean deviation
observed for repetitive readings of a particular fringe
position, judged by eye, in an interference pattern was found
to be 3.6 microns (for 9 positions each measured 20 times)
corresponding to 0.013 fringes. This is somewhat worse than
0.009 fringes reported by Ansevin122. However, for the same
number of measurements of the same fringe positions using the
fringe measuring device described here, the mean deviation was
found to be 1.6 microns corresponding to 0.006 fringes. This
is comparable to the mean deviation of 0,005 fringes reported
by Deu123 with a different type of photometric measuring system,
and much more precise than the computer densitometer measuring
system of Moore et. 81.120

The main disadvantages of the plate measuring system are
the need for a constant intensity light source and high quality
photographs. Even with the transistor-stabilized power supply

long~term variations in light intensity can be detected.

Whether this is due to variation in power supply or temperature
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variation of the tungsten filament is not certain. Care must
be taken to keep the surface of the photographic plate clean
88 dust particles are readily detected.

The system described could also be used to make rapid
and accurate measurements of schlieren photographs as in the
case of a skewed boundary where the square root of the second

moment is required.
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Appendix C.

COMPUTER PROGRAMS

1 PROGRAM  SEDEQ

The computer program SEDEQ was designed to facilitate
the determination of apparent weight average molecular weight
(Mw app) versus concentration curves. The necessary data is
obtained by measurement of Rayleigh interference photographs
(See Chapter 5, section V) taken at sedimentation equilibrium.
The first data card contains values for the fellowing:-

(i) . the number of data points, M

(ii) the comparstor X position corresponding to the
6.5 cm reference position, F1

(iii) +the optical magnification factor, F2

(iv) F3 = 6.5 cm

(v) the fringe width, F4 = 0,0282 cm
2RT

(vi) F5 = 5
1 - Ep)u)

(vii) the initiasl fringe concentration, cc .

The subsequent M data cards eech hold a comparator X value
(CX(J)) and 6 comparator Y values (CY1,CY2....CY6). A
trapezoidal integration method is used to calculate the
meniscus concentration CJ(1), according to equation 5(9).

Least squares polynomials of order 1 to 4 are fitted to the
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Inj (Y(J)) versus x2 (X5Q(J)) data by calling the computzr
library program LSQPOL. Each polynomial is analyticalily

differentiated to obtain E-lgi values which are used in
d x

accordance with equation 5(8) to obtain an M, o value at

each concentration.



PROGRAM SEDEQ(INPUTOQUTPUT)
DIMENSION XSQ(100)sY(100)9eCX(100)4AVCY(100)+FRED(100)+DXSQ(100) ¢DF
CRED(100) yAREA(100)sCJU(100) 9w (100)
COMMON A4C(21)+D(26G0) TITLE(8)
99 READ 199 (TITLE(J) sJ=1+8)
19 FORMAT (8A10)
IF (TITLE(1).EQe10H )SToOP
READ 20sMeFlsF2sF3sF44F5,CC
20 FORMAT(IBeF7e39F Te49F a4l 3sFHe33sE1]).49F6+2)
PRINT 22
22 FORMAT (////712X1IHJTX3HXSQL2X4HAVCY11X4HFREDI1X4HDXSQ) 1 X5HDFREDLII X4
CHAREA/)
AREA(U)=0,0
DO 23 u=1lM
READ 219CX(J)sCY1aCY29CY39CY49CY5,4CYO
21 FORMAT(TFT7,3)
XSQ(U) = ((CX{U)=FLl)H#F2+F3) %42
AVCY(J)=(CYL1+CY2+CY3+CY4+CYS5+CYB) /640
23 FRED(J)Y=(AVCY (1) =AVCY(J))/F&
DO 25 J=1sM
DXSQ(S) =(XSQ{J+1) +XSQ(Y)) /2.0
DFRED(J)=FRED(J+1)=FRED(J)
AREA(J)=AREA(J=1)+DXSQ(J)#*DFRED ()
25 PRINT 249J9XSQ(J)9AVCY(J)-FRED(J).DXSQ(J)!DFRED(J).AREA(J)
24 FORMAT(10XI3WE15.545E1S,.4)
A=XSQ (M) #FRED (M) ~AREA (M=1)
B=XSQ (M) =X5Q(1)
CJd(l)=CcC~A/B
Y(1)=ALOG(CJ(]1))
PO 36 J=2¢M
CJlJy=CJ(J=1) +DFRED (J=1)
Y{JJ)=ALOG(CJI(U))
36 W(J)=1,0
DO 30 NORDER=1+4
CALL LSQPOL{MoXSQsY s e09319421¢sNNRDERD)
PRINT 26 ,
26 FORMAT(/////12X1HJTX3HXSQL4XIHY12XSHYCALC14X6HMOL wWT12X4HCONC/)
DO 29 I=14M
SZ=0.0
NUT=NORDER+]
DO 28 J=1sNUT
Z=(J=1)#*C(J) #XSQ(I) %% (J=2)
28 SZ=SZ+Z
SMA=SZ#F5
29 PRINT 27+¢1eXSQ(I)sY (1) eD(I)sSHMiWscJ(I)
27 FORMAT(10X1394E15,49E15.3)
30 CONTINUE
GO TO 9¢
END



99
29

28
20

21

25

26

36
35
37

38

60

PROGRAM FXPO(TNPUT,0UTPUT)

DIMEMNSION YSO(SO)0CX(50)-AVCY(SO)qFRFD(

ﬂ)¢DXSQ(503sDFRED(50)vARFN

1(50) 4P (40, 10);Q(40»10),NPEL(]O)oIIST(IO;IG)9LID(10)oA(10;10)oB(409
211 9A2(1041)+C 109 1) o TITLE(B) oR(1091) 9D (4041) s IEN{2)sA3(10410)

READ 29y (TITLE(J) 1J=148)

FORMAT (8A10)
IF (TITLE(1).EQ.10H
PRINT 28+TITLE
FORMAT (1H149v48A10) ,
READ 2004 eF) 4F23F34F449F5+CCoAH o
FORMAT(I39F7,39F7ab49F4,14F6439E11,49F624F13,6)
N=7

NCOM3=9

DO 23 U=1leM

READ ?lqrx(J).CYl CY2,CY39CY4yCYS,CYH
FOQMAT(7F1.33

XSO(J)~((CX(J)-Fl)*F7+F3)**2

AYCY (JY=(CY14CY2+4CY3+CY44CY54CY6) /6,0
FRED(J)=(AVCY (1) =AVCY (J))/F&

MM=Ma]l

DO 25 JUJ=14MM

DXQQ(J)~(XQO(J+1)+XSQ(J))/2 0
DFQEU(J)"FQFP(J*I)-FRED(l)
AREA(1)=DNXSA(1)#DFRED (1)

DO 26 J=2eM o .
AREA(J)=AREA(J~1) +nXSQ(J) ¥DFRED ()

AA=XS0Q (M) #FRFD () ~AREA (Mwl)

BR=XSO (M) =XSn(])

8(1 1)=CC=AA/BB

B(lg])*B(l 1y/72.5

DXSQ(1)=0,0

DO 36 J=24M

K=d=1 )

B(Jyl)=B(Ksl)+DFRED(K)

B(Jsl)=B(Js1) /2.5 .

DXSQA(J)=YSA (.1 =XSa(])

PRINT 35, (R{.191)9J=1sM)

FORMAT (% CONRENTRATION VECTOR B IQ;*/(IOX-FIOoB))
Do 37 J= 1eM

P(Jyl)»E(P(AH%DXSQ(J))

NN=N=]1

DO 38 I=1ysNN

DO 38 J=14M

K=l+1

P(JQK)~EYP(?*I*AH*DXSQ(J))

DO 60 I=]eN

DO 60, J=1eH

Q(JsI)‘P'J;I’

Do 98 ILOOP= 1 yNCOMB

GO TO (1. 2939495969 79849) 9 ILOOP

DO 11 I=1eM

P{Is5)=Q(I,7)

N=5

PRINT 41 o
FORMAT(///710x22HCOMBINATION 1929446512/)

GO TO 62

N=4

)STOP



42

13

43

18

48
10

19

49
62

PRINT 42
FORMAT(///10¥19HCOMBINATION
GO TO 62

DO 13 I=]leM |

P(I+3)=Q(1+4)

P(I,4)~Q(I97)

N=é4

PRIMT 43
FO”“AT(///IOXQOHCONBINATION
GO TO 62

DO 14 I= 11“

P(Iq3)wQ(I’4)

N=3

PRINT 44
FQPMAT(///IO{17HCDMBINATTON
Go To 62

K=Je+l

NN=N=1

DO 15 I=1+M

DO 15, J=1+NM,

P(IaJ)=Q(IsK)

MN=6

PRINT 45
FODMAT(///IOXZSHCQNBINATION
G0 TO 62_

DO 16 I= 1M

P(Isl)“Q(IyZ)

P(Io?)nQ(Isﬁ)

Pl 3)'@(1.4)

P(IvA)‘Q(Iy7)

N=4

PRINT 46
FORMAT(///10%x20HCOMBINATION
GO T0O 62_

DO 17, I=1eM

P(Ts l)—Q(Iv?)

P(IoZ)—Q(qui

P(1¢3)=0(1:4)

N=3

PRINT 47
FO&MAT(///10¥17HCOMBINATION
GO TO 62.

DO 18 I=1g#

P(Tyl)«Q(Iy?)

P(1+2)=Q(Is4)

P(I, 3)=Q(I,7)

N=3

PRINT 48

FORMAT (///10%18HCOMBINATION
GO TO 62

DO 19 I=19M .

P(I91)~Q(192)

P(l1e2)=Q(144)

N=? .

PRINT 49
FORMAT(///10%15HCOMBINATION
CONT I NUE

NUT=N¢1

1320446/)

192049127)

192967)

DelshsBsl0e12/)

29496912/)

S9496/)

296912/)

2967)



64

72

70

71

80

81

90

o1

92
98

ENCODE(2nsh4 ¢ IEN)N _
FORMAT (44 (10¥aT146HEL2,4))
CALL MATRIX(23+4MsNaNsPobn9sPs404A910)

"PRINT 72 . B .

FORMAT (//7/10X20HP TRANSPOSE P MATRIX/)

ENCODE (20270, TEN)IN .

FOWMAT(4H(10Y9Ilv6HEl4.6)) ~

PRINT IEMe((A(JaI) eIzl yNysd=) N

CALL MATARIX(239MoNs1sP44Nn9By404A2,10)

PRINT T1le(A2(Js1)vd=1yN) ' N

FORMAT (# P TRANSPOSE B VECTOR A2 ISe#/(10X,E1l1.:4))

NUT=M+1

DO 80 J=1sN

A(JaNUT)=A2 (.141)

ENCODE (20 ¢81 « IEN)NUT ,

FORMAT (44 (10%aT)sAHEL4,6)) ' '

PRINT IENs ((A(JaI) oIzl yNUT) g =1¢N)

NCOL=N+1 A

CALL MATRIX(10sNsNCOL909As10,DET)

PRINT 904DETe (A(JeNUT) gJd=1 Ny , L s - . ' .
FORMAT (% DETFRMINANT OF MXN SECTION OF A ISRE11e4/7#0SOLUTION C ISt

19/7(10XsF10,4))

DO 91 J=1leN

C(Jsl)=A(JeN1IT) - L

CALL MATRIX(PNDeMeN9gloP 4 9Ce10,4R,10)

CALL MATE-?IX.(229”01,099.‘94(}98940 2D 40)

PRINT Q2. (D{.isi)ed=laM)y ) , )
FORMAT (% SOUITION DIFFERFNCE ISe#/(10XeE10,2))
COMTINUE

60 70 99

END
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II PROGRAM EXPO

The computer program EXPO was designed to solve,
for each sedimentation equilibrium experiment, & set of
over-determined linear equations of the type shown in eguation
L(3). The data required is the same as from prngramZSEDEQ

- vp) W
except for the additional value AH = o0a0 é;T %p)

assuming that the monomer molecular weight is 6,000 (See
Chapter &4, section III). The concentration vector B8(I, 1),
iH(x® - x 2)
and the matrix (P(I, J)) of the e " "m ‘/ values for a
particular self-association model are set up. The caomputer
library program MATRIX is then called to solve the set of
over-determined linear equations for the meniscus concen-
trations of each of the species assumed present in the

particular self-association model. A number of possible

self-association models is tested.
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Addenda

The two species plot was first suggested by
Sophianopoulos and Van Holde [J. Biol, Chem., 239,
2516 (1964)], not by Roark and Yphantis as stated on

page 20, paragraph 2, line &4,
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