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Molecular crowding effects of linear polymers in protein solutions
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Abstract

Measurement of protein–polymer second virial coefficients (BAP) by sedimentation equilibrium studies of carbonic anhydrase and

cytochrome c in the presence of dextrans (T10–T80) has revealed an inverse dependence of BAP upon dextran molecular mass that conforms

well with the behaviour predicted for the excluded-volume interaction between a spherical protein solute A and a random-flight

representation of the polymeric cosolute P. That model of the protein–polymer interaction is also shown to provide a reasonable description

of published gel chromatographic and equilibrium dialysis data on the effect of polymer molecular mass on BAP for human serum albumin in

the presence of polyethylene glycols, a contrary finding from analysis of albumin solubility measurements being rejected on theoretical

grounds. Inverse dependence upon polymer chainlength is also the predicted excluded-volume effect on the strength of several types of

macromolecular equilibria—protein isomerization, protein dimerization, and 1 :1 complex formation between dissimilar protein reactants. It

is therefore concluded that published experimental observations of the reverse dependence, preferential reaction enhancement within DNA

replication complexes by larger polyethylene glycols, must reflect the consequences of cosolute chemical interactions that outweigh those of

thermodynamic nonideality arising from excluded-volume effects.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The potential consequences of thermodynamic non-

ideality arising from molecular crowding by inert cosolutes

have been subjected to considerable scrutiny because of

their relevance to the concentrated physiological environ-

ment [1–3]. For cosolutes that exhibit colligative properties

commensurate with those predicted on the statistical–

mechanical basis of excluded volume for rigid spheres,

the effectiveness of molecular crowding varies inversely

with molecular mass when cosolute concentration is

expressed on a weight basis. Advantage has been taken of

this prediction [4,5] by the use of small cosolutes in studies

designed to distinguish between pre-existence and substrate-

induction of enzyme isomerizations [6–10].
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Far more popular has been the use of linear polymers

such as polyethylene glycol and dextran to effect the

displacement of protein equilibria by molecular crowding.

For these crowding agents, however, the dependence of the

effect is less clear. Experimental studies of the effect of

polyethylene glycol on interactions within DNA replication

complexes [11–14] have indicated a progressive increase in

the binding constant with increasing size of the space-filling

polymer. On the other hand, theoretical studies have

predicted independence of the extent of interaction enhance-

ment upon polymer chainlength for long rod [15] and

flexible-segment [16] models of the cosolute. Detailed

consideration remains to be given to the effect of polymer

chainlength upon excluded volume effects for a more

realistic model involving representation of the cosolute as

an effective Brownian walk with specified root-mean-square

end-to-end length lP [17].

The purpose of this investigation is two-fold. Results

from studies of the effects of polyethylene glycol and
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dextran on the thermodynamic activity of individual

proteins are first checked for conformity with the behaviour

predicted by the Jansons–Phillips model of the protein–

polymer excluded-volume interaction [17]. Comparable

inverse dependence of the excluded-volume effect upon

cosolute chainlength is also the prediction for several types

of macromolecular interaction—protein isomerization,

reversible protein dimerization, and reversible complex

formation between protein reactants differing considerably

in size. We therefore conclude that the greater enhancement

of interactions within DNA replication complexes by longer

polyethylene glycol chains [11–14] must reflect the con-

sequences of preferential chemical interactions of cosolute

with complexes that outweigh those emanating from

excluded volume effects.
2. Experimental

2.1. Preparation of protein–polymer mixtures

Bovine erythrocyte carbonic anhydrase and bovine heart

cytochrome c were commercial preparations supplied by

Sigma Chemical Co., St. Louis, MO. Dextrans T10, T20,

T40, T80 were obtained from Pharmacia Fine Chemicals,

Uppsala, Sweden. The proteins were dissolved directly in

phosphate buffer (0.04 M NaH2PO4–0.04 M Na2HPO4), pH

6.8, I 0.16 M, and dialyzed against more of the same buffer,

after which concentrations of these stock protein solutions

were determined spectrophotometrically at 280 nm on the

basis of absorption coefficients (A1%
1 cm) of 18.0 and 18.4 for

carbonic anhydrase [18] and cytochrome c [19], respec-

tively. Solutions for sedimentation experiments were then

prepared by dilution of these stock protein solutions either

with buffer or with polymer-supplemented buffer to yield

solutions with the required initial composition (protein

concentration approx. 0.2 mg/ml, dextran concentrations in

the range 1 mg/ml (for T80) to 10 mg/ml (for T10).

2.2. Determination of the second virial coefficient for

protein–polymer interaction

Second virial coefficients (BAP) for the excluded volume

interactions of carbonic anhydrase and cytochrome c

(species A) with the various dextrans (polymeric cosolute

P) were determined by a variant of the sedimentation

equilibrium procedure described previously [20]. Solutions

of protein alone and of protein–polymer mixtures

(A280=0.4–0.5 for both solutions) were subjected to

simultaneous sedimentation equilibrium in a Beckman

XL-I ultracentrifuge operated at 14,000 rpm and 20 -C.
Spectrophotometric scans at 280 nm were used to deduce

the equilibrium protein distributions, whereas the Rayleigh

optical system was used to monitor the total concentration

distribution. The Rayleigh distribution for dextran was then

determined by subtracting the protein contribution to the
Rayleigh distribution based on the conversion factor

reported by Voelker [21] (1 mg/mlK3.33 fringes). Concen-

tration distributions for dextran (mg/ml) measured relative

to that at a reference radial position rF close to the meniscus

were then obtained by means of the expression [22]

cP rð Þ � cP rFð Þ ¼ JP rð Þ � JP rFð Þ½ �= 17:5dn=dcPð Þ ð1Þ

where [ JP(r)�JP(rF)] refers to the number of fringes

between radial distances r and rF for polymer with specific

refractive index increment dn / dcP: a value of 0.150 ml/g

was used for dextran [23].

At sedimentation equilibrium the molar thermodynamic

activity of the protein, zA(r), at radial distance r is related to

that, zA(rF), at a reference radial position rF by the

expressions [24]

zA rð Þ ¼ zA rFð ÞwA rð Þ ð2aÞ

wA rð Þ ¼ exp MA 1� v;Aqsð Þx2 r2 � r2F
� �

= 2RTð Þ
� �

ð2bÞ

in an experiment conducted at angular velocity x and

absolute temperature T: v̄A is the partial specific volume of

the protein, qS the buffer density, and R the universal gas

constant. Because the experiment on protein alone is being

conducted under conditions approaching thermodynamic

ideality, the absorbance distribution may be analyzed in

terms of Eqs. (2a,b) with A280(r) substituted for zA(r) to

determine the magnitude of MA(1� v̄AqS)x
2 / (2RT).

Although Eqs. (2a,b) also describe the activity distribu-

tion in the simultaneous experiment on the protein–dextran

mixture, they do not describe the radial dependence of the

protein concentration (or A280). Analysis of the molar

protein concentration distribution [CA(r) as a function of

r] in terms of Eqs. (2a,b) requires introduction of the

relationship

zA rð Þ,CA rð Þexp BAPCP rð Þ½ � ð3Þ

in which BAP is the second virial coefficient describing the

excluded-volume interaction between protein and polymer,

present at molar concentration CP(r). Combination of Eqs.

(2a,b) and (3) leads to the conclusion that

A280 rð Þ=wA rð Þ¼A280 rFð Þexp � BAP=MPð Þ cP rð Þ�cP rFð Þ½ �f g
ð4Þ

where the molar cosolute concentration has been replaced

by its weight-concentration counterpart, cP, to allow

expression of the virial coefficient on a litre/gram rather

than a litre/mol basis. This specific protein–cosolute virial

coefficient, BAP /MP, is thus conveniently obtained from the

logarithmic transform of Eq. (4), namely

ln A280 rð Þ=wA rð Þ½ � ¼ lnA280 rFð Þ� BAP=MPð Þ cP rð Þ � cP rFð Þ½ �
ð5Þ

as the slope (�BAP /MP) of the dependence of ln [A280(r) /

wA(r)] upon [cP(r)�cP(rF)]. In that regard the magnitude
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of MA(1� v̄AqS)x
2 / (2RT) required for the evaluation of

wA(r) has already been obtained from the parallel sedimen-

tation equilibrium experiment on protein alone.

2.3. Parameters for the statistical mechanical

representation of BAP

For an uncharged polymer chain the second virial

coefficient for protein–polymer excluded-volume interac-

tion, BAP, is simply the covolume—the volume from which

the polymer and protein molecules mutually exclude each

other. As a first approximation a globular protein may be

represented as an impenetrable sphere with radius RA [15–

17], whereas the extended form of polymer chains is more

appropriately represented as an effective Brownian walk of

specified root-mean-square end-to-end length lP [17]. The

covolume for this combination is given by

BAP ¼ N 2k=3ð ÞRAl
2
P þ 4 2k=3ð Þ1=2R2

AlP þ 4k=3ð ÞR3
A

h i
:

ð6Þ

For a linear polymer the relationship lP
2=6Rg

2 allows a

magnitude to be assigned to the root-mean-square end-to-

end length on the basis of the radius of gyration (Rg), an

experimentally determinable parameter that emanates from

static light-scattering studies. As noted previously [20], such

consideration of the dependence of Rg upon molecular mass

for polyethylene glycol [25] leads to the expression

lP=(0.006MP)
1 / 2 nm, with MP measured in Da. The

corresponding relationship lP=0.118MP
0.46 nm is deduced

from the dependence of Rg upon weight-average molecular

mass reported [26] for Pharmacia dextrans. Protein radii,

RA, have been taken as 2.43 nm for carbonic anhydrase [27]

and 1.65 nm for cytochrome c [28].

There are also literature studies in which the polymer has

been described in terms of a rigid impenetrable sphere

characterized by the viscosity-average radius RP. For this

model the counterpart of Eq. (6) is simply

BAP ¼ 4kN=3ð Þ RA þ RPð Þ3: ð7Þ
In present applications of Eq. (7) the values of RP have

been calculated from the expressions RP=0.0292MP
0.5 nm

(200
MP 
8000 Da) and RP = 0.0126MP
0.593 nm

(MP�10,000 Da), in accordance with the procedure used

by Atha and Ingham [29]. Those for dextrans have been

calculated as RP=0.0271MP
0.498 nm [30].
3. Results and discussion

The realization that effects of linear polymers on protein

properties could be rationalized qualitatively on the stat-

istical–mechanical basis of excluded volume [15,31,32] has

prompted many considerations of the extent to which this

molecular crowding effect might describe quantitatively the

observed thermodynamic nonideality of a protein in the
presence of macromolecular cosolutes [1–3,15,20,33,34].

Various models have been used to account for thermody-

namic nonideality arising from protein–polymer interac-

tions. Inasmuch as the protein has invariably been regarded

as an impenetrable sphere, the differences reside in the

model used to represent the polymer. The concept of

impenetrability is retained in the simpler models of the

polymer as either a sphere or a long rod [15]. Of models of

that take into account segment flexibility of the polymer

[16,17,35], the most realistic is that based on its representa-

tion as an effective Brownian walk with specified root-

mean-square end-to-end length lP [17].

Although experimental protein–polymer virial coeffi-

cients were shown to conform with the Jansons–Phillips

model [17] in a previous investigation [20], that demon-

stration of the adequacy of the theory entailed use of the

dependence of BAP /MP upon RA to obtain an effective root-

mean-square end-to-end length lP for single polymer

samples (PEG-20000 and Dextran T70). We therefore

commence this investigation with an examination of the

dependence of the protein–polymer virial coefficient upon

polymer size MP for dextrans.

3.1. Variation of the protein–polymer virial coefficient with

dextran molecular mass

Our previous investigation of protein–polymer interac-

tions [20] introduced a sedimentation equilibrium technique

that yielded BAP /MP from a direct comparison of the

protein distributions in simultaneous runs on protein alone

and protein supplemented with cosolute (PEG-20000 or

Dextran T70). Specifically, the method entailed use of the

expression

ln A280 rð Þ= A280 rð Þ½ �P
� �

¼ ln A280 rFð Þ= A280 rFð Þ½ �P
� �

þ BAP=MPð Þ cP rð Þ � cP rFð Þ½ �
ð8Þ

where the P subscript signifies an absorbance for the

polymer-supplemented sample. In this very simple analysis

the virial coefficient is thus obtained from the ratio of

protein absorbances (concentrations) at the same radial

distance in the two cells as a function of [cP(r)�cP(rF)],

which is also a direct measurement. However, that method

reflects its development in the era of the Beckman model E

ultracentrifuge, when selection of a common radial distance

in the two cells was readily effected because of operator

involvement in the manual measurement of photographi-

cally recorded distributions.

Automated measurement of the equilibrium distributions

has certainly eased the tedium of analytical ultracentrifuga-

tion, but renders less efficient the above analysis because of

the requirement for absorbance and fringe readings at

identical radial distances in the two distributions being

compared. In that regard the much closer spacing of

Rayleigh fringe measurements allows fulfillment of the



Fig. 2. Effect of polymer molecular mass on the specific second virial

coefficient (BAP /MP) for the excluded-volume interactions between

proteins and dextrans: (?) carbonic anhydrase; (>) cytochrome c. Solid

lines denote the dependencies predicted by the Brownian walk model [17]

of the polymer [Eq. (6)], whereas the broken lines are the corresponding

relationships for dextran modelled as a sphere [Eq. (7)].
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requirement for obtaining [A280(r)]P and [ J(r)]P at essen-

tially identical values of radial distance r. To avoid the

necessity of rejecting much of those data for want of a

corresponding measurement of A280(r) in the absence of

polymer, that distribution has now been analyzed in terms of

Eqs. (2a) and (2b) to allow the substitution in Eq. (8) of

A280(rF)wA(r) for A280(r) at all radial distances pertinent to

the [A280(r)]P measurements. Such action leads to Eq. (5),

where the subscript P has been removed on the grounds that

only measurements in the presence of polymeric cosolute

are involved. This modified analysis of sedimentation

equilibrium distributions is illustrated for the carbonic

anhydrase–Dextran T20 system in Fig. 1, where the results

are plotted in the manner suggested by Eq. (5). Linear-least-

squares analysis leads to best-fit values of �3.07 (T0.02)
and 35 (T4) ml/g for ln A280(rF) and BAP /MP, respectively.

The variation of BAP /MP with molecular mass of the

dextran is summarized in Fig. 2 for cytochrome c (>) as
well as for carbonic anhydrase (?). Solid lines signify the

dependence predicted by the random-flight model of the

polymer [Eq. (6)], whereas the broken lines are the

corresponding theoretical descriptions for dextran modelled

as a rigid impenetrable sphere. As well as being more

realistic physically, the random-flight model of the dextran

is preferable thermodynamically in that it provides a better

description of the experimental dependence of BAP /MP

upon molecular mass of the dextran cosolute. Another point

to note from Fig. 2 is the inverse dependence of the specific

protein–polymer virial coefficient upon MP, a result at

variance with the reported independence of BAP /MP upon

molecular mass deduced from gel chromatography studies

[33]. However, from Fig. 2 it is evident that most of the

variation in BAP /MP with molecular mass occurs in the

region below 40 kDa: for longer dextran chains the specific

virial coefficient becomes effectively independent of MP. In

the latter regard the predictions of the Jansons–Phillips
Fig. 1. Evaluation of the second virial coefficient for the excluded-volume

interaction between carbonic anhydrase and dextran T20 by sedimentation

equilibrium. Results from spectrophotometric (A280) and Rayleigh records

of the equilibrium distribution at 14,000 rpm and 20 -C are plotted in

accordance with Eq. (5).
treatment [17] thus emulate those based on long-rod [15]

and flexible segment [16,35] models of the polymer; and

also conform with the experimental observations [33],

which only referred to dextrans with molecular masses in

the range 70–2000 kDa.

3.2. Dependence of BAP /MP upon the molecular mass of

polyethylene glycol

The dependence of the virial coefficient for protein–

polymer interaction upon the molecular mass of poly-

ethylene glycol has been examined for human serum

albumin by Atha and Ingham [29], who employed protein

solubility measurements for virial coefficient estimation.

Whereas essentially identical estimates of the specific

protein–polymer virial coefficient were obtained with

PEG-20000 and PEG-8000 as cosolute, the values exhibited

a systematic decrease with further decrease in size of the

polymer (>, Fig. 3). Such behaviour is certainly inconsistent
with predictions of the random-flight (—) and spherical

(- - -) models for polyethylene glycol, which essentially

coincide over this range of MP. On the other hand the virial

coefficient estimate of 210 ml/g for PEG-1000 (?) obtained

by equilibrium dialysis [29] conforms with theoretical

prediction, as does the value of 58 (T4) ml/g for PEG-

20000 (0) that is inferred from our earlier gel chromato-

graphic and sedimentation equilibrium study of protein–

polymer interactions [20]. In view of the seven-fold

discrepancy between the estimates of BAP /MP obtained

from dialysis and solubility measurements of the albumin–

PEG-1000 interaction [28], the merits of the two approaches

deserve further investigation.



Fig. 3. Effect of polymer molecular mass on the specific second virial

coefficient (BAP /MP) for the protein–polymer interaction between human

serum albumin and polyethylene glycol obtained from protein solubility (>)
and equilibrium dialysis (˝) measurements by Atha and Ingham [29]. The

solid and broken lines denote the respective dependencies predicted by the

Brownian walk [Eq. (6)] and spherical [Eq. (7)] models of the polymer for a

protein with RA=3.5 nm. 0, value for the albumin–PEG-20000 interaction

inferred from [20].
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The equilibrium dialysis method takes advantage of the

identity of the chemical potentials of the PEG-1000 in the

protein (a) and diffusate (b) phases, a situation which leads

to the expression [29]

ln Ca
P=C

b
P

	 

¼ 2BPP C

b
P � Ca

P

	 

� BAPC

a
A ð9Þ

where BPP is the second virial coefficient for polymer self-

interaction. By using tritium-labelled polyethylene glycol,

CP
b was rendered sufficiently small (20–70 AM) for the self-

interaction term in Eq. (9) to be effectively zero. Con-

sequently, BAP could be obtained from the slope of the

dependence of ln(CP
a /CP

b) upon albumin concentration CA
a

[29]. The value of 210 ml/g for BAP /MP that is obtained

from that linear dependence (see Fig. 8 of [29]) is a

thermodynamically rigorous estimate of the second virial

coefficient for the albumin–PEG-1000 interaction.

A similar rationale applies to the determination of

protein–polymer virial coefficients from solubility measure-

ments, which also entail phase separation. The presence of

excess albumin as solid phase allows the chemical potential

of the protein in all saturated solutions to be identified with

that of albumin in the solid state. On those grounds the

counterpart of Eq. (9) was written [29] as

ln CATð ÞP ¼ ln CATð Þ0 þ 2BAA CATð Þ0 � CATð ÞP
� �

� BAPCP

ð10Þ

where the star superscript denotes a saturated solution and

the P subscript denotes a solubility measurement in the

presence of a molar concentration CP of polymer. (CA*)0
refers to the solubility of albumin in the absence of
polymer, and BAA is the second virial coefficient for

albumin self-interaction. By making the approximation that

(CA*)0H (CA*)P, Atha and Ingham [29] based their esti-

mates of virial coefficients upon the slope (�BAP /MP) of

essentially linear dependencies of ln(cA*)P upon cP. How-

ever, two aspects of that analysis deserve closer scrutiny—

the choice of concentration scale and the validity of the

approximation entailed in Eq. (10) at the polymer

concentrations employed.

Because constant temperature and pressure are the

constraints under which chemical potentials are being

defined, the molal thermodynamic activity is the parameter

being monitored [36–38]. The expression for identity of

chemical potentials (lA) of saturated albumin solutions in

the presence and absence of polymer therefore needs to be

written as

ln aATð ÞP ¼ lA;solid � lo
A

� �
= RTð Þ ¼ ln aATð Þ0 ð11Þ

where (aA*)0 refers to the molal thermodynamic activity of a

saturated albumin solution in the absence of polymer; and

where the corresponding activity in the presence of polymer,

(aA*)P, requires expression as a virial expansion in terms of

molality, mi, or its weight counterpart, wi (g solute/kg

solvent), of species. Although protein and polymer concen-

trations have been reported on a weight/volume basis (ci) in

the solubility study [29], their weight/weight counterparts

(wi) have been obtained therefrom, on the assumption that

the solutions are incompressible, as

wATð ÞP ¼ cATð ÞP= 1� cPv
;
P � cATð ÞPv;A

� �
qs

� �
ð12aÞ

wP ¼ cP= 1� cPv
;
P � cATð ÞPv;A

� �
qs

� �
ð12bÞ

where the partial specific volumes of albumin and poly-

ethylene glycol have been taken as 0.734 ml/g [39] and 0.84

ml/g [40], respectively: the solvent density (qs) is assumed

to be 1 g/ml.

The relatively high solubility (w)P of albumin in the

presence of low polymer concentrations dictates the con-

sideration of terms beyond that involving the second virial

coefficient [cf, Eq. (10)] in the expansion of ln(a)P as a

function of concentration. We therefore write the left-hand

side of Eq. (11) as

ln MAaATð ÞP¼ ln wATð ÞP þ 2 CAA=MAð Þ wATð ÞP

þ 3=2ð Þ CAAA=M
2
A

� �
wATð Þ2P

þ CAP=MPð ÞþCAAP wATð ÞP= MAMPð Þþ . . .
� �

wP

þ CAPP= 2M 2
P

� �
þ . . .

� �
w2
P þ . . .

ð13Þ

in which CAA, CAAA, CAP, etc., are the molal counterparts of

the corresponding osmotic virial coefficients for a multi-

component solution. For incompressible solutions molal and



Fig. 4. Attempted evaluation of the second virial coefficient for the

interaction between human serum albumin and polyethylene glycol from

protein solubility measurements. The experimental data, taken from Ref.

[29], are plotted according to Eq. (15) with its left-hand side denoted as ln

(MAaA)—see Eq. (16).

D.J. Winzor, P.R. Wills / Biophysical Chemistry 119 (2006) 186–195 191
osmotic virial coefficients are related by the expressions

[38]

CAA=qs ¼ BAA �MAv
;
A ð14aÞ

CAAA=q
2
s ¼ BAAA � MAv

;
Að Þ2 ð14bÞ

CAP=qs ¼ BAP � MAv
;
A þMPv

;
Pð Þ=2 ð14cÞ

where qs is the solvent density: analytical forms expressing

the third virial coefficients for protein–polymer interaction

(CAAP, CAPP) in terms of molecular shape parameters are

currently unavailable. Combination of Eqs. (11) and (13)

yields

ln wATð ÞP þ 2 CAA=MAð Þ wATð ÞP

þ 3=2ð Þ CAAA=M
2
A

� �
wATð Þ2P þ . . .

¼ ln MA aATð Þ0
� �

� CAP=MPð Þ þ CAAP wATð ÞP= MAMPð Þ þ . . .
� �

wP

� CAAP= 2M 2
P

� �
þ . . .

� �
w2
P þ . . .

ð15Þ

as the form of the dependence of (wA*)P upon polymer

concentration wP. Because of high albumin solubility, the

earlier decision [29] to neglect thermodynamic nonideality

arising from self-interaction of the saturated albumin

solution in the presence of polymer is unjustified. Upon

noting that the left-hand side of Eq. (15) represents

the logarithm of the activity for an unsaturated solution

of protein (no polymer present) with concentration

wA=(wA*)P

ln MAaAð Þ ¼ ln wAð Þ þ 2 CAA=MAð ÞwA

þ 3=2ð Þ CAAA=M
2
A

� �
w2
A þ . . . ð16Þ

we observe that consideration of the limiting slope of the

dependence of ln (MAaA) upon wP as CAP /MP requires

neglect of the CAAP(wA*)P / (MAMP) contribution.

For this application of the above theory the conduct of

albumin solubility measurements under essentially iso-

electric conditions [29] allows BAA to be assigned a

magnitude of 432 l/mol (16kNRA
3 /3 with RA=3.5 nm),

and advantage to be taken of the hard-sphere relationship

BAAA= (5 / 8)B
2
AA to calculate the third osmotic virial

coefficient for self-interaction of serum albumin. Although

expressions are available for higher-order virial coefficients

for self-interaction (BAAAA, etc.), truncation of the left-hand

side at the quadratic term in albumin concentration suffices

for its description (maximum error of 0.2%) over the

concentration range of the published solubility measure-

ments [29]. The most extensive set of data for the current

analysis refers to the protein–polymer interaction between

albumin and PEG-4000 (Fig. 1 of [29]). In contrast with the
essentially linear dependence of ln(cA)P upon cP exhibited

therein, the corresponding plot of the results according to

Eq. (15) [with its left-hand side denoted as ln(MAaA)] is

decidedly curvilinear (?, Fig. 4). Any attempt to draw a

limiting tangent is obviously futile. Evaluation of second

virial coefficients for albumin interactions with the other

polyethylene glycols (open symbols, Fig. 4) is also clearly

ruled out by the absence of data in the requisite concen-

tration region for definition of a limiting slope.

As well as negating the earlier experimental estimates of

BAP for the albumin–polyethylene glycol interaction, the

above considerations serve to emphasize that the use of

protein solubility measurements for determining the pro-

tein–polymer second virial coefficient is restricted to

relatively insoluble proteins in the presence of small

concentrations of polymer (wP <20 g/l)—the combination

of circumstances which allows Eq. (15) to be simplified to

ln wATð ÞP, ln wATð Þ0 � CAP=MPð ÞwP ð17Þ

which is the expression used for evaluating protein–

polymer coefficients by this means and is essentially the

simplified version of Eq. (10) used in [29]. In that regard

albumin solubilities as high as 103 mg/ml (Fig. 3 of [29])

could not be regarded as negligible from the viewpoint of

self-interaction contributions to protein nonideality; and the

high polyethylene glycol concentrations (60–450 mg/ml)

clearly precluded restriction of nonideality considerations to

nearest-neighbour (second virial coefficient) effects. The

source of the noted discrepancy [29] between estimates of

BAP /MP for the albumin–PEG-1000 interaction from

equilibrium dialysis and solubility measurements is thus

resolved—the latter value is incorrect.



Fig. 5. Calculated effect of polyethylene glycol size (MP) on the difference

between second virial coefficients for protein–polymer interaction that

governs the position of the equilibrium between the larger (A) and smaller

(C) isomeric states of rabbit muscle pyruvate kinase: Kapp=CC /CA

�Kexp[(BAP�BCP)cP /MP]. The radii of the two isomers have been

taken as 5.2 and 5.0 nm, respectively [6].
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On the basis of the results presented in Fig. 3 we consider

that the inverse dependence of BAP /MP upon polymer

molecular mass predicted by the Jansons–Phillips treatment

[17] does, indeed, describe the excluded-volume interaction

between human serum albumin and polyethylene glycol.

However, that conclusion does not call into question the

experimental observations [29,41,42] that the effect of a

given concentration of polyethylene glycol increases with

increasing size of the polymeric cosolute. Instead, it again

draws attention to the fact that excluded volume is not the

sole determinant of the consequences of protein–polymer

interaction because of the potential for involvement of the

(–CH2CH2–0–) ethylene oxide repeat unit in hydrogen

bonding as well as hydrophobic interaction [1,40–45]. The

greater effectiveness of larger polyethylene glycols as

protein precipitants reflect the chainlength dependence of

this chemical reactivity—not that of excluded volume

effects.

3.3. Predicted effects of polyethylene glycol size on protein

equilibria

Having established that an inverse dependence upon

polymer chainlength applies to the specific protein–

polymer virial coefficient (BAP /MP) for a single protein

species A, we now investigate the predicted effect of

polyethylene glycol size on several types of macromolecular

interaction. For the general equilibrium reaction nA +BTC

the thermodynamic association constant K is given by

K ¼ zC= znAzB
� �

¼ CC= Cn
ACB

� �� �
cC= cnAcB

� �� �
ð18Þ

where zi denotes the molar thermodynamic activity and

ci = zi /Ci the molar activity coefficient of species i. On the

grounds that the equilibrium constant measured experimen-

tally (Kapp) is the ratio of molar concentrations raised to

appropriate powers, Eq. (18) may be written as

Kapp=K ¼ cnAcB=cC
� �

ð19Þ

which signifies that the molecular crowding effect of a

cosolute such as polyethylene glycol is governed by the

ratio of activity coefficients raised to the appropriate

powers.

The activity coefficient of species i is related to the

composition of the reaction mixture by the expression

ci ¼ exp 2BiiCi þ ~
jmi

BijCj þ . . .

" #
ð20Þ

where the summation terms includes the space-filling

cosolute as well as the other two reacting species. For

present purposes it is considered that the concentrations of

all protein species are sufficiently small for ci to be

dominated by the protein–cosolute term, whereupon Eq.

(19) can be converted to the form

ln Kapp=K
� �

¼ nBAP þ BBP � BCPð ÞcP=MP þ . . . ð21Þ
Predicting the effect of polymer chainlength (or MP) for a

fixed weight-concentration cP of polyethylene glycol upon

the protein reaction thus amounts to determining the

effect of polymer size on (nBAP +BBP�BCP) /MP; i.e.,

upon the appropriate difference in protein–polymer virial

coefficients.

For a protein isomerization reaction ATC [n =1 and no

B in Eq. (21)] we need to assess the effect of polyethylene

glycol size on the magnitude of (BAP�BCP) /MP. Results of

calculations based on the Jansons–Phillips model [17] with

RA=5.2 nm and RC =5.0 nm are presented in Fig. 5, these

radii being relevant to the two isomeric states of rabbit

muscle pyruvate kinase [6,10]. Inverse dependencies of

(BAP�BCP) /MP upon molecular size of the polyethylene

glycol are also calculated when radii pertinent to a-

chymotrypsin [7], adenosine deaminase [8] and thrombin

[9] isomerization are substituted for RA and RC (data not

shown). The inference in those studies [6–10] that the

detection of protein isomerization should be favoured by the

use of small cosolutes thus also extends to molecular-

crowding agents that are more appropriately modelled as

linear chains.

In Fig. 6 we examine the effect of polyethylene glycol

size on the relevant difference in protein–polymer virial

coefficients for reversible protein dimerization (2ATC).

Initial calculations (—) were based on assumed spherical

geometry for monomer and dimer (RC=2
1 / 3RA) and a

monomer radius of 2.44 nm, a value that applies to a-

chymotrypsin [24] or the ah form of methaemoglobin [46].

An inverse dependence of (2BAP�BCP) /MP upon poly-

ethylene glycol molecular mass is again the predicted effect.

However, consideration still needs to be given to the fact

that the dimer would be more appropriately modelled as a

prolate ellipsoid of revolution with an axial ratio of 2.

Because the Jansons–Phillips treatment [17] models protein

species as spheres, we require a magnitude for the increased



Fig. 7. Attempted theoretical descriptions of the effect of polyethylene

glycol size (MP) on reversible complex formation between the gene 45 and

gene 44/62 proteins of the T4 DNA replication complex. For these

calculations based on the Brownian walk model of the polymer [17]

respective radii of 3.5 and 4.0 nm have been assigned to the gene 45 protein

(MA=74 kDa) and gene 44/62 protein (MB =164 kDa). Lines refer to

estimates of (BAP +BBP�BCP) /MP with the radius of the 1 :1 complex

(MC =238 kDa) taken as 4.75 nm (—), 4.80 nm (- - -), and 4.90 nm (. . .. . .).

Circles denote experimental values of the virial coefficient difference

inferred from the dissociation constants reported in Table 1 of [12].

Fig. 6. Predicted effect of polyethylene glycol size (MP) on the difference

between second virial coefficients for protein–polymer interaction that

governs the equilibrium position for reversible dimerization: Kapp=CC /C
2
A

�Kexp[(2BAP�BCP)cP /MP]. Monomer (A) has been assigned a radius of

2.44 nm and dimer (C) a radius of either 3.07 nm (—) or 3.15 nm (- - -) in

these calculations designed to emulate a system such as a-chymotrypsin

[24] or methaemoglobin [46].
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effective radius of an equivalent protein sphere that takes

into account the dimer asymmetry. To obtain such a value

we have taken advantage of a quantitative expression for the

covolume of a spherical cosolute and a prolate ellipsoidal

protein with semiaxes aC and bC [47,48],

BAP ¼ 4kNR3
P

3
þ 4kNaCb

2
C

3

þ 2kNaCbCRP 1� e2
� �1=2 þ sin�1e

� �
=e

h i

þ 2kNaCR
2
P 1þ 1� e2ð Þ

2e
ln

1þ eð Þ
1� eð Þ


�
ð22Þ

where RP is the cosolute radius, e =bC /aC, aC =2.44 nm,

and bC =4.88 nm.

On the grounds that calculations of BCP on the basis of

spherical geometry for dimer (RC =3.07 nm) as well as for

polyethylene glycol [Eq. (7)] yielded estimates in reason-

able agreement with the Jansons–Phillips treatment [17] for

MP
6 kDa, Eq. (22) was used to calculate the correspond-

ing values of the protein–polymer virial coefficent for

spherical cosolute and prolate ellipsoidal dimer over the

same molecular mass range. Interpretation of those BCP

values in terms of Eq. (7) leads to an effective dimer radius

of 3.15 (T0.03) nm. Incorporation of this 2.5% larger radius

into the calculation of (2BAP�BCP) /MP for the random-

flight polyethylene glycol model [Eq. (6)] brings about a

slight decrease in its magnitude (- - -, Fig. 6), but does not

alter the prediction of an inverse dependence upon polymer

chainlength.

The final situation to be considered is the effect of

polymer size on the relevant covolume difference for 1 :1

complex formation between dissimilar reactants,

A +BTC. For this purpose we have based the Jan-
sons–Phillips calculations of protein–polymer virial coef-

ficients on species radii (RA, RB, RC) that should

represent a reasonable approximation of the gene 45–

gene 44/62 protein interaction within the T4 DNA

replication complex [12]. A radius (RA) of 3.5 nm has

been assigned to the gene 45 protein (MA=74 kDa),

whereas that (RB) of gene 44/62 protein (MB =164 kDa)

has been taken as 4.0 nm. Volume conservation consid-

erations then lead to a radius (RC) of 4.75 nm for the 1 :1

complex modelled as a sphere. As in Fig. 6, calculation of

the requisite covolume difference, (BAP +BBP�BCP) /MP

in this instance, continues to yield an inverse dependence

upon MP (—, Fig. 7). That conclusion remains unaltered

by employing the larger radius (RC) that emanates from

the use of Eq. (22) to model the complex as a prolate

ellipsoid with semi-axes aC =3.5+4.5=7.5 nm and

bC =(3.5+4.0) /2=3.75 nm (- - -, Fig. 7). Further increase

of RC to 4.9 nm does lead to a reversal of the molecular-

size dependence for very short polymer chains (MP <0.8

kDa), and also to prediction of the complex destabiliza-

tion phenomenon [(BAP +BBP�BCP)<0] at low MP first

commented upon by Berg [5]. However, the form of the

dependence predicted by use of this unrealistically large

value for RC (. . .. . ., Fig. 7) bears little resemblance to

that (?) inferred from experimental data for the effect of

10% polyethylene glycol (cP=0.1 g/ml) on the dissocia-

tion constant k on the basis that (BAP +BBP�BCP) /

MP=[ln (k /kP)] /cP.

On the grounds that the experimentally observed

enhancement of complex formation in the presence of

longer-chain polyethylene glycols [11–14] is at variance

with the molecular crowding effect predicted by the most
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plausible representation of excluded volume in a protein–

polymer interaction [17], it again becomes necessary to

invoke chemical reactivity of the space-filling cosolute as

the source of the disparity between theory and experiment.

The already noted propensity for noncovalent self-interac-

tion clearly raises the spectre of weak chemical interactions

between polyethylene glycol and reactant species; and

hence possible changes to the magnitude of the thermody-

namic association constant K. The measured equilibrium

constant then becomes a weighted average of those for

interaction between gene 45 and gene 44/62 proteins in

native and chemically modified states. Such changes in K

could well bring about the requisite decrease in BAP and/or

BPP to reverse the dependence of (BAP +BBP�BCP) /MP

upon MP that is signified by experimental results for

interactions within DNA replication complexes [11–14].

Whereas the greater enhancement of those interactions by

longer-chain polyethylene glycols has previously been

regarded as an excluded volume effect [12–14], the source

of the phenomenon is an effect of polymer chainlength on

the chemical reactivity of polyethylene glycols that over-

rides the corresponding consequences of excluded volume

interactions.
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