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SUMMARY

Biological macromolecules that undergo self-association in solution are widely
encountered. As differences in surface properties. such as charge and hydrophobicity,
between monomeric and polymeric forms, are very probable it should be possible to
use the counter-current distribution technique in two-phase liquid systems for the
study of self-association.

The distribution behaviour of a self-associating solute has been simulated in
order to establish the boundary conditions and limitations as well as potentials of the
counter-current distribution technique as a tool for studying self-asscciations. The
distributions have been calculated for a range of association constants. partition
coefficients and initial solute concentration as well as for small zone and moving
boundary counter-current distribution.

INTRODUCTION

Self-association of biological macromolecules in solution is a widely encoun-
tered phenomenon. The degree of self-association is usually dependent on solution
conditions such as pH, ionic strength and temperature.

A self-association can be represented by equilibria of the type

JjP-—P; j=2.3.... 1
or
JPy—rP, + 5P, @

and related equilibria, where P represents the self-associating solute.

In principle, self-associations can be studied by almost any experimental
method that can differentiate between monomer and polymer(s) in some respect, e.g.,
molecular weights or surface propertiecs. However, sedimentation velocity and
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equilibrium, elastic light scattering, membrane osmomeiry and molecular sieve chro-
matogrc.phy are the most extensively used techniques'. Many othér methods; such as
various spectroscopic techniquies, calorimetry and isoelectric focusmg, have been de-
scribed and used for the analysis of associating systems!. Single-step partitions>~* and
couater-current distribution (CCD)*>~7 in aqueous two-phase systems have been used -
successfully to study- heterogeneous “protein—protein. interactions. Therei‘ore, -‘both
partitions and CCD should also be suitable for the analysxs of self-associations. In
fact, the tetramer—dimer dissociation of human oxy- and methaemoglobin has been
studied by Middaugh and Lawson using single-step partitions®. The CCD behaviour
of szlf-associating solutes has also been prechcted from the concentration dependenice
of the partition coefficients of the solutes®. However, to my knowledge the CCD
method has not been used to analyse macromolecular self-associations. i

- In order to establish boundary conditions and hm!tauons aswellas posmblhtla )
of tie CCD method as a tool for the study self-associations it was necessary to make a
thorough theoretical mvcsuganon of the method. Therefore, the dependence of the
CCD behaviour of monomer—j-mer and monomer—m-mer—n-mer equilibria on as-
sociation constants, partition coefficients and initial solute concentration was studied.
Monomer—smgle polymer equilibria in small zone CCD have previously been ireated
theoretically although incompletely by Bethune and Kegeles!®. Howevér, ‘their. ap-
proach’ is not useful for the description and future adaptation to experiments in
aqueous two-phase systems owing to the unrealistic values assigned to the partition
coefficients and the initial mass of the solute. On the other hand, the theoretical
treatments of moving boundary CCD'!*? are much more extensive. However, these
treat:nents are not primarily aimed at the description of CCD behaviour but rather to
incorporate diffusional effects in continuous transport systems, i.e., sedimentation
velocity

- In this paper, the behaviour of equilibria of tvpes land 2 in small zone CCD
and moving boundary CCD are dlscussed : ;

'CALCULATIONS -

In-the follomng descnpt:on of the ethbrauon of a self-assocnatmg system
between two phases it is:assumed that the two phases are immiscible, that no volume
change occurs.-upon mixing and cquilibration, that all solutions are thermodynami-
cally ideal and that there is equilibrium both within and between the phases before a
transfer. Further; the total- concentration of solute in any chamber is expressed as
total monomer concentration.

-+ If a monomer—j-mer association occurs in such a biphasic system, then the
various equilibria would be

; K‘{,—
jpl.u : :..P ki
A5E o e
tK?!" .]--'KPJ 3) .
ko Ky
JBy ~—=P;,
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where the subscripts u and 1 refer to the upper and lower phase, respectively. - The
equilibria within each phase are described by the association constants, K3; and K} ;,

defined as

_PL
i = Ly @

where x = u orl and the square brackets denote concentrations in moles per litre. The
partition coefficient of each solute, i.e., Kp and Kp - defined as

Pl
Ke. = P21, )

where z = 1 orj, represent the equilibrium between the two phases.
Similarly, self-associations of type 2 can be depicted by

Kimn
jPl.a ~—r Pm.u + s Pn.u
A \ A
Ke, Kp_ Kp_ (6)
i
v Kima \! ¥
JPyy <~—rP., + sP,,
where
(Pl (P.L) :
ki, = —=x_er a
i i1y )

where x = u or 1. However, the formation of higher polymeric species can be con-
sidered to occur in a single-step association or through step-wise associations. In the
former case the concentration of any polymeric form can be expressed by equations
such as eqn. 4. In the latter case the concentration of any polymeric form is given by

m—1
Pl =" ] K ®
12041 :

where, by definition, K;, = 1. The subsequent equations are developed in the same
manner as previously!? for repeated partitions, CCD, in which the lower phase is held
stationary and the upper phase is transferred after equilibrium to the next chamber in
sequence.

The total concentration of solute, expressed as monomeric concentration, in
the ith chamber after #z transfers is obtained by summation of all species in solution at
equilibrium

Pla = Y @R + ajPI) ' &)
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where p and g are the fractions of volume of the upper and the lower phase, respec- -

tively.-Eqn. 9 can be rewritten by inserting egns. 4,5 and 8 as .

Pls= Yi®FYe (19)
where
2 = (7 K, + 9) K an
or
" . g ji—1 .
=P K, +9) H K (12)
- 'I-—g-l-l

dependmg on the type of self-assoqatxon. '

Smah‘ zone CCD

" In a small zone CCD experiment the salutc is initially introduced into the ﬁrst
m chambers. Thus, the total concentration in these chambers before the first transfer
are ;

[P = Z @) PL° + 2 P ' a3

where x = 0, 1, ..., m. Given the initial values of total concentration and ass:gmng :
values to the association constant(s) in the lower phase (or in the upper phase) and to
the partition coefficients, the equilibrium concentration of the monomer in each lower
phase can be determined. From these values the other equilibrium concentrations in
each chambe't can be calculated.. Each upper phase is then transferred to the next
chamber in sc‘quence, except that the upper phase of the last chamber, . .e., chamber n,
1s transferred to chamber zero. “The first transfer is accomphshed by caiculatmg the
total concentrauon:. m chambers zero to m + 1 after the transt‘er using

[_P;l% = -;-(p;f [P,}:'P) + jz (q_u' {P,]?*’) (14)
P = 3'-‘2 @i PE ) + X @/ PE). (15)
where x = I, 2, ...,m + 1. Eqn 10 is then solved for m + | chambers using the new
vzlues: of total ccrnocntratxons, yielding m + 1.sets of equilibrium concentrations for

these chambers:” ‘-Ience, by repeatmg tlus process. the ﬁnal CCD pattem is obtamed
for n ?.ransl‘crs - : :

Mowng bazmdarv CCD ; un : | B :
In'a moving boundary CCD expenment a plateau of ongmal concentratlon :
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must be maintained throughout the experiment. A plateau is obtained if the number
of chambers initially containing the solute is greater than the number of transfers, i.e.,
m > n, and chamber zero is fed with pure upper phase at each transfer.

The equilibrium concentrations before a transfer and the total concentrations
after a transfer in each chamber are gbtained in the same manner as in small zone
CCD. However, the total concentration in chamber zero after n transfers is given by

P% = X (@i [PI"Y (16)

wheren = 1, 2, ..., n. Correspondingly, the complete moving boundary CCD pattern
is obtained by repetition of this process.

The programs, written in Basic for a Hewlett-Packard 9835 desk-top computer
and in Fortran for a Cyber 172 computer, were mainly checked by summation of the
equilibrium concentrations in all chambers after each transfer. The total amount of
solute in all chambers never differed from that initially introduced by more than 1
part in 108,

The programs were also checked by letting all partition coefficients be equal or
by setting the associaiion constants equal to zero. In both instances the simulated
CCD patterns should coincide with appropriate binomial curves, which they also did.

RESULTS AND DISCUSSION

After the completion of a CCD experiment all the extractable information,
e.g., pattern position, partition coefficients, homogeneity and distribution behaviour,
are concealed in the resulting CCD pattern. Part of this infermation can be enhanced
by taking the first derivative of the pattern. The first derivative or concentration
gradient is particularly useful for detecting abnormalities in the distribution be-
haviour. Thus, the gradient should also be useful for comparing the CCD behaviour
of different self-associating systems.

As CCD is a discontinuous process, the concentration gradient must be ap-
proximated by taking the differences between solute concentrations in adjacent cham-
bers. Further, for the sake of clarity only the part of the concentration gradient
patterns corresponding to the dispersed edges of the CCD patterns have been plotted
in the figures.

The CCD pattern of a reversible self-associating solute is dependent on the
initial concentration and the association constants as well as on the partition coef-
ficients and the number of transfers. If the polymers migrate more rapidly than the
monomer, ie., KP, < KP,. KP;. ..., then the polymeric species in the forward edge of
the zone will migrate into chambers of low solute concentration. The equilibrium is
thus shifted towards dissociation of polymers to form more siowly migrating mono-
mers. Consequently, a hyper-sharpened boundary is formed at the forward edge,
whereas at the backward edge the boundary is extended as dilution by polymer
migration continually shifts the solute composition to a higher monomer content.
This is analogous to the behaviour of a self-associating solute in molecular sieve
chromatography!#-13_ The effects on the boundaries would obviously be reversed if
the partition coefficient of the monomer is greater than those of the polymers, as
demonstrated in Fig. 1. .
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Fxg. 1. Inﬂuenoe of the partition coefﬁcxems on thc CCD behaviour of a monomer—dimer—trimer associ-
ation. The initial solute concentration was 0.5 m*, the number of transfers was 50 and the association
constants in the lower phase, K}, arnd K.,, were both 1-10* Af~ 1. The partition cocfiicients of monomer,
dimer and trimer weéze 0.8. 0.5 and 0.2 (curve 1) and 1.25, 2 and 5 (curve 2), rspecuvelv

. As the migration continues the solute spreads into an increasing number of
charmbers and the relative monomer content of the solute is thereby gradually in-
creasad. Accordmgly, as the number of transfers increases, the migration rate of the
zone saowly approaches that of the monomer but nevertheless the hyper-sharpening
and the dispersion of the boundaries persist, as Fig. 2 illustrates.
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F’ 2.2 lnﬁLfnce of t!xe number of transﬂ.rs on thc CCD beha\nour ofa monomcr—d:mcr association. The
mmai ‘soluté concentration was ! maf, the association constant in the iower phase was 5000 Af ~! and the
partition coefficients of monomer and dimer were 1 and 5, respectively. The number of transfers was 50
(curve 1),°100 (curve 2) and 200 (cun'c 3).:

The solute composition in any chamber is determined by the total solute con-
“centration:in that chamber and by the association constants, whereas the position of
‘the zone is also. ‘determined by the partition coefficients. Therefore, the value of the
- assoc,atxon constants and the initiai solute concentration determine the ratio of mono-
I=er o polymer: and thus the degree of hyper—sharpemng and dlspetsmn of the CCD
“pattern.

= Smail zone:CCD- -

' The CCD.behaviour-of a‘series of seif-associating systems was:simulated and
-somé- tspxcal results are shown.in’ ans '3-7. The different: CCD-patterns represent
f_dxﬁ'exeni assigniments to the- values’ of the relevant assoclanon constants; and -the
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values for each class were chosen to cover a range from relatively loose to relatively
tight association.

Monomer—dimer systems

Fig. 3a shows the CCD patterns produced by simulating the counter-current
distribution of a monomer—dimer associating system. For a sufficiently loose associ-
ation the solute zone migrates at the same rate as the monomei and, hence, the
resulting CCD pattern is indistinguishable from a binomial one calculated with the
partition coefficient of the monomer. The migration rate of the solute zone will
approach that of the dimer as the association constants are increased and the dimer
content thus becomes significant. Finally, at infinite association the migration rate
will be the same as that of the dimer. Similar behaviour can be observed if the imtial
solute concentration is varied insiead of the association constants. The corresponding
concentration gradient patterns are shown in Fig. 3b. The patterns are unimodal and
smooth; none of them shows any shoulder or inflection. Further, in all of the calcu-
lated gradient patterns the parts corresponding to the dispersed edge of the CCD
pattern are appreciably skewed in the same direction, and the degree of skewing
increases as the association becomes tighter.

In a previous paper!® we postulated that the model for heterogeneous 1:1
interactions could be used to simulate dimerization patterns. However, this conclu-
sion has now been found to be incorrect.

Monomer—trimer systems
CCD patterns generated by the model using different values of the monomer—

[oR1-3 3 - a
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Q.o25¢
0020F
0.015¢
[sXe}ia]

0.005¢

Gradlent/mM/chamber

o .10 20 30 20 50
Chamber number

Fig. 3. (a) Simulated CCD pattemns and (b) corresponding concentration gradient patterns of 2 monomer—

dimer association. The initial solute concentration was | mAf, the number of transfers was 50 and the

partition coafficients of monomer and dimer were 1.2 and 0.4, respectively. The association constant in the

lower phase was 100 21 ! (curve 1), 1000 M ~! (curve 2), 1 - 16* M ~* (curve 3) and 1-10° M ! (curve 4).
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Fig. 4. (a) Sunulated CCD patr.ems and (b) con'&spondmg COBCCEU‘E.UOI! gradient patterns of a monomer—

trimer association: Thé initial solute concentration was 10 mM, the number of transfers was 50 and the

partition ceefficients of monomer and trimer were 0.2 and 1.5, rcspcctmc]y. The association conszan: in the

lower phase was 1000 M~ (curve 1), 1-10° M~ 2 (curve 2), 1 - 106° M ~* (curve 3) and | - 10° M ™2 (curve 4).

trimer association are shown in Fig.-4a. _The patterns are very simiiar to lhose simu-
lated for a monomer—dimer system; the hyper-sharpening and dispersion progres-
sively increase as the association becomes tighter or the initial concentration increases.
A useful diagnostic according to Bethune and Kegeles'? for distinguishing be-
tween monomer—dimer and monomer—trimer associations in CCD should be the
presence of an additional inflection point on the dispersed edge in the latter case.
Hence, there should be a third optimum in the concentration gradient pattern.
~ The gradient patterns in Fig. 4b do not fulfil the predictions of the model of
Bethune and Kegeles'®. Only in gradient paiterns 3 and 4 is a tendency to develop an
extra optimum clearly apparent. In the part of pattern’ 2 corresponding to the dis-
persed edge no shoulder or inflection is visible; the main feature is its strange broad-
ened shape. However, if the values assigned to the partition coefficients are extreme,
‘e.g., KP, = 15and KP; = 0.15, the additional inflection in the CCD pattern will be
visible. A similar discrepancy is also found between the asymptotic and diffusion
models of sedimentation velocity*® and molecular sieve chromatography®”.

- Monomer—tetramer and monomer—hexamer systems -

_ The simulated CCD patterns of monomer—tetramer associations (Fig. 5a)
differ substantially from those patterns obtained for monomer—trimer and monomer—
dimier associations. The patterns are not as smaoth as before and the additional
_mﬂecnon pomt is read:ly apparent. in pattems 3-5.. 3

i g ntration. grach“nt patterns in Fig. Sb show a corrﬁpondmg appear—

ance:. Pattem__\3—5 _exhibit- distinct minima ‘whilepattern 2 shows a very marked

shoulder. In battern 1- for the weakest association: onlv an indication of a shoulder is
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Fig. 5. (2) Simulaied CCD patterns and (b) corresponding concentration gradient patterns of a monomer—
tetramer association. The initial soluie concentration was 10 m Y, the number of traasfers was 50 and the
partition coefficients of monomer and tetramer were 0.2 and 1.5, respectively. The association constant in
the lower phase was 1 -10° Af ~3(curve 1), 2.5-10° M ~3 (curve 2), 1 - 107 M ~3 (curve 3), 1 - 10% A3 (cunc
4) and 1-10° M ~3 (curve 5).

evident. The most striking feature of the simulated gradient patterns for monomer—
tetramer associations is, however, that all of the first maxima of the various gradient
patterns lie nearly at the same position and, further, are very close to the position of
the maximum for the monomer.

The effect of varying the association strength for a hexamerizing system re-
sembles that of a tetramerizing system, as can be seen in Fig. 6. However, the presence
of an inflection point on the dispersed edge of the CCD patterns is much more
obvious. In this instance not only the first maxima but also the minima of the gradient
patterns all lie at nearly the same position.

Monomer—dimer—trimer and related systeims

These types of systems are much more complex than the other systems, because
there are nearly no restrictions on the experimentally possible values of the partition
coefiicients. Hence there is no relationship between partition coefficient and size of the
polymer as there is in molecular sieve chromatography'?

The earlier approaches'!-!'? of letting the velocities and the diffusion coef-
ficients impose on the attainable values of the partition coefficients are not useful fora -~
description of the distribution behaviour. Therefore, only a few simulations were
made for these types of associations. Fig. 7 shows the resulting patterns for a mono-
mer—dimer—trimer—tetramer system and for a monomer—dimer-tetramer system.

However, it is not possible to draw any general conclusion for the behaviour of
these and related systems. The pattern can probably show any shape, depending on
the values of the association constants and the partition coefficients.
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Fig. 6 (a) Simulated CCD pattemns and (b) corresponding concentration gradient patterns of a monomer—

hexamer association. The initial solute concentration was 10 mAf, the number of transfers was 50 and the

partition cocﬁic:ents of monomer and hexamer were 0.2 and 1.5, rspecmdy. The association constant in

the lower phase was 1-101° A~5 (curve 1), 1 - m" M™3 (curve 2), 1-10'% A7~5 (curve 3), 1-10'3 A~5

(curve 4) and 1-10** M5 (curve 5). .

a2s) o : s e 5 3 "a
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ZGEq(ent{mM/cnurnber

40 50

Chnagber nuzr?lber
Fig-7. (2) Simifatéd CCD pattems and (b) corr&ipondmg concentration’ gradient patterns of monomer—
dimer-trimer—ietramer: and monomcr—dmcr—tetramer associations. The initial solute concentration was
10-mid, the numbe.r of. n‘andas was 50 and -the panmon coeﬁil::cnts of monomer, dimer, trimer. and
tetramer were 0.2, 0,7, 1.1 and 1.5, respectively. The association consiants in the lower phase, K},, K33 and
K%, ‘asscnbmng the monomier-dimer-trimer=tetrame: “equilibrium_were all ‘1-10% A ~* ‘(Curve 1). The
‘association constants-of the monomer-dimer-tetramer association, K., and -k were both 1- 1% M4~
(curve 2).
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.Mow.ng boundary CCD

-In a moving boundary CCD experiment a plateau of constant solute concen-
't.ratlon is created and maintained throughout the complete experiment. Therefore, as
the solute zone migrates the forward. and backward boundaries will be separated by a
‘decreasing number of chambers of constant solute concentration equal to the initial
solute concentration. In contrast, in 2 small zone experiment the initial plateau of
sohite concentration will not be sustained but will decrease progressively as the zone
migrates and thus spreads in an increasing number of chambers. However, as the only
substantial difference between small zone and moving boundary CCD is the mainte-
nance of a plateau in the latter instance, the edges of the simulated moving boundary
CCD patterns and the corresponding concentration gradient patterns must be very
similar in shape to those generated by the small zone model. This is illustrated in Fig.
8, which shows the simulated moving boundary patterns for a monomer—tetramer
system. Accordingly, the conclusions concerning small zone CCD are also valid for
moving boundary CCD. Likewise, the typical features of the different types of self-
associations are similar for both models. Further, the theory of moving boundary
CCD of self-associating solutes has been treated fairly extensively previously, al-
though not aimed towards the description of CCD"'-**. Therefore, only one typical
case of self-association is presented here, namely a monomer—tetramer system.

In Fig. 8a, it can be scen that the transformation of the dispersed edge of the
CCD pattern as the binding becomes tighter closely resembles the transformation
generated by the small zone model (Fig. 52). Similarly, the concentration gradient

/]

Concentration / mM
b 8 & 6

B

Gradient/mM/chamber

LR RL

o . 8

o] 25 ‘50 75 100
) Chcmber number

F:g. 8. (a) Simulated movmg boundary CCD patterns and (b) correspoudmg concentration gradient
patterns of a monomer—tetramer associations. The initial solute concentration in chambers 049 was 10
m#M, the number of transfers was 50 and the partition coefficients of monomer and tetramer were 0.2and
1.5, respectively. The association constant in the lower phass was 1000 A 3 (curve 1), I - 10% M3 (cuve
2), 1-10° M ™3 (curve 3), 1-10° 31 ~3 (curve 4) and 1-10° 2¢~3 (curve 3).
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patterns in Fig. 8b show the same appearance as before (Fig. 5b), from an indication
of a shoulder to a distinct minimum depending on the binding sirength.

For a certair degree or iype of self-association, the shape of the patterns will
depend on the partition coefficients, the association constants, the initial solute con-
centration and the number of traunsfers. Therefore, the simulations presented above
should not be regarded as valid for all cases. It must be stressed that most of the
simulations described here were obtained for one set of partition coefficients. If the
difference in the values of the partition coefficients chosen were smaller, the typical
features would be.less preservad. On the other hand, if the difference between the
partition coeflicients were greater the cha.ractensncs of the patterns would be more
proaounced.

Nevertheless, it seems possible to make some general comments on the basis of
the calculations presented. Although both small zone and moving boundary CCD are
discontinuous transport processes, they show the same general features as continuous
transport processes such as sedimentation velocity’®-'® and molecular sieve chro-
matography'*13-17-1? 1t is reasonable to conclude that a solute self-associates when-
ever the distribution behaviour of the solute exhibits a concentration dependence. The
converse conclusion, however, is not always correct. If the polymeric forms of the
solute distribute similarly o the monomer in a particular two-phase system, ob-
viously no hyper-sharpening or dispersion of the CCD pattern would be expected on
formation-of polymers. In such a case it should be possible to conclude whether the
solute self-asgsociates or not by chaaging the composition of the two-phase system,
and thereby the partition of the different forms of the solute.

In 2 monomer—dimer equilibrium the dispersed edge of both the CCD and the
gradient patterns must fall smoothly. Thence, a monomer—dimer association can be
eliminated when a shoulder or a definite - minimum is present in the experimental
concentration gradient pattern. On the other hand, a monomer-trimer association
will not necessarily generate a shoulder in the gradicnt pattern if the binding is
relatively loose, as is evident in Fig. 4. The monomer-tetramer and monomer-hexa-
mier cases studied display patterns that are easily distinguishable from monomer—
trimer patteras, at least when the polymer content is significant. The additional inflec-
tion point is readily apparent and the gradient patterns show distinct minima. The
position of the first maximum of the gradient pattern, if it appears, provides a useful
diagnostic indicator. If the position is independent of the polymer content, ie., in-
dependent of the initial solute concentration or the binding strength, then monomer—
dimer and monomer—trimer equilibria can be excluded. Further, the presence of
tetrameric or hexameric species might be distinguished by the position of the min-
imum. However, these distinct featurns xm‘,ht not persist if other values of the parti-
tion coefiicienis are chosen.

From the appearance of the experimental CCD patterns and the corresponding
concentration gradient patterns it is thus possible not only to detect a self-association
_but also, under certain circumstances, to determine the type of equilibrium.

Numerical analysis can, of course, be applied to experimental CCD results of

sefi~associating sofutes for quantltymg the binding streugtﬁ and partition coefficients
of participating species. The metfmd' of feast squares in connéction with an rterative
minimization procedure sich’ as Simplex?® has proved to be very useful for such
purposes8 21 By generating pattems according-to the different models by using the
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known initial solute conceniration and assigning values to the association constants
and the partition coefficients, it is then possible to find a set of parameters that gives
the best fitting simulated patterns for each model. The analysis procedure is thus
capable of showing whether a particular model and set of parameters can account for
the results of a CCD experiment.

Although the typical features of each model are similar for both smnall zone and
moving boundary CCD, there are important distinctions between the two experi-
mental procedures. The typical characteristics of each model are better preserved in
moving boundary CCD, and the analysis of experimental CCD results becomes
easier. In addition, the lower limit of the deiectable binding sirength becomes lower
than for small zone CCD. However, the major disadvantage of moving boundary
CCD is that large amounts of material are needed. Therefore, the choice between
small zone CCD and moving boundary CCD is mainly dependent on the amount of
material available and on the presumed binding sirength.

The choice of two-phase system is not crucial for the theoretical considerations
presented here. However, aqueous two-phase systems containing dextran and poly-
(ethylene glycol) have been shown to be very suitable for work with substances of
biological origin>2. The phases of these two-phase systems are rich in water and have
a stabilizing effect on structure and biological activities. In particular, the partition
coefficient can easily be adjusted by changing the composition of the two-phase
system. Further, both dextran®? and poly(ethylene glycol)**>° stimulate the associ-
ation of proteins, probably owing to the excluded volume effect. It has been pro-
posed>*26 that polymers introduced into in vitro systems mimic the cell and would
thereby provide a more normal cellular milien than aqueous solutions of standard
ionic strength and pH.
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