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Attractive Protein-Polymer Interactions Markedly Alter the Effect
of Macromolecular Crowding on Protein Association Equilibria
Ming Jiao,† Hong-Tao Li,† Jie Chen,† Allen P. Minton,‡* and Yi Liang†*
†State Key Laboratory of Virology, College of Life Sciences, Wuhan University, Wuhan, China; and ‡Laboratory of Biochemistry and Genetics,
National Institute of Diabetes and Digestive and Kidney Diseases, National Institutes of Health, Bethesda, Maryland
ABSTRACT The dependence of the fluorescence of catalase upon the concentration of added superoxide dismutase (SOD)
indicates that SOD binds to saturable sites on catalase. The affinity of SOD for these sites varies with temperature, and with
the concentration of each of three nominally inert polymeric additives—dextran 70, Ficoll 70, and polyethylene glycol 2000. At
room temperature (25.0�C) and higher, the addition of high concentrations of polymer is found to significantly enhance the affinity
of SOD for catalase, but with decreasing temperature the enhancing effect of polymer addition diminishes, and at 8.0�C, addition
of polymer has little or no effect on the affinity of SOD for catalase. The results presented here provide the first experimental
evidence for the existence of competition between a repulsive excluded volume interaction between protein and polymer, which
tends to enhance association of dilute protein, and an attractive interaction between protein and polymer, which tends to inhibit
protein association. The net effect of high concentrations of polymer upon protein associations depends upon the relative
strength of these two types of interactions at the temperature of measurement, and may vary significantly between different
proteins and/or polymers.
INTRODUCTION
Protein-protein interactions play important roles in many

essential biological processes, such as the regulation of enzy-

matic activities and signal transduction (1,2). Most physio-

logical fluid media contain between 5 and 40% by volume

of macromolecules, and are often referred to as macromolec-

ularly crowded rather than concentrated, inasmuch as no

single species of macromolecule is necessarily concentrated

(3). Thus, a crowded physiological environment often serves

as the field of action for protein-protein interactions in vivo

(3,4). Crowding can be achieved in vitro by adding high

concentrations of nominally inert macromolecules or macro-

molecular crowding agents to a solution containing the reac-

tants of interest (5–9). Reduction of configurational space

due to steric exclusion and other repulsive intermolecular

interactions (e.g., electrostatic) in crowded media can have

a significant effect upon the conformation and state of asso-

ciation of each macromolecular species, dilute as well as

concentrated, in the medium (10,11). In recent years, it has

gradually become recognized that there may exist funda-

mental differences between protein-protein interactions in

crowded and dilute solutions (9,12–16).

Until now, the focus of attention in experimental and theo-

retical studies of macromolecular crowding has been on the

role of repulsive steric interactions, due to their undeniable

ubiquity (5,10,17). Although the likely presence of addi-

tional weak and nonspecific attractive interactions between

macromolecules—in contrast to strong attractive interactions
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leading to the formation of specific complexes—has been

acknowledged (7,18–23), their significance and influence

on specific interactions has, to our knowledge, received

only cursory attention. As steric interactions are athermal,

their influence is expected to be essentially independent of

temperature. The influence of attractive interactions, on the

other hand, would be expected to be manifested in a temper-

ature dependence of any observed crowding effect (24). This

study was undertaken to detect and characterize any signifi-

cant modulating effect of temperature with respect to the

influence of high concentrations of inert polymeric crowding

agents upon the association of dilute proteins, and to quanti-

tate the respective contributions of weak attractive interac-

tions and volume exclusion to the total crowding effect.

As a model system, we have studied the effect of several

polymers on the interaction between catalase (EC 1.11.1.6)

and copper, zinc superoxide dismutase, or SOD

(EC 1.15.1.1). These enzymes normally act in concert

in vivo, whereby SOD protects catalase against inhibition

by the superoxide anion radical O��2 while catalase provides

protection for SOD against inactivation by its own reaction

product, hydrogen peroxide (H2O2) (25,26). A number of

studies (27–31) have indirectly suggested that the two

enzymes may form a transient physical complex, although

a direct study of complex formation has not heretofore

been undertaken. Our initial fluorescence titration experi-

ments established that the interaction between catalase and

SOD in dilute solution may be described quantitatively as

the equilibrium association between SOD and an undeter-

mined number of equivalent and independent binding sites

on catalase.

The effect of temperature and varying concentrations

of three different polymeric crowding agents (dextran 70,
doi: 10.1016/j.bpj.2010.05.013
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Temperature-Dependent Crowding 915
Ficoll 70, and polyethylene glycol (PEG) 2000) upon the

affinity of SOD for the catalase binding sites was then

measured. It was found that variations in temperature

between 8.0�C and 37.0�C substantially modulate the effect

of all three polymers on the affinity of SOD for catalase

binding sites. We present a simplified statistical-thermody-

namic model, according to which polymer interacts with

each protein species via a nonspecific repulsive interaction

(steric volume exclusion) and an attractive semispecific

interaction that scales with the solvent-accessible surface

area of that species. The experimental data are then inter-

preted in the context of this model.
MATERIALS AND METHODS

Materials

The following reagents were used in this study: bovine liver catalase

(Sigma-Aldrich, St. Louis, MO) was used without further purification.

The A1%
1cm value of 13.5 at 405 nm (32) was used for protein concentration

measurements. Bovine erythrocyte SOD was prepared and purified as

described previously (33,34). Purified SOD was homogenous on SDS-

PAGE. The concentration of SOD was determined at 258 nm using a molar

extinction coefficient of 10,300 L$mol�1$cm�1 (34). The specific activity of

SOD was determined by using a pyrogallol autooxidation inhibition assay

(35) to be 4680 5 90 U mg�1 (n ¼ 3). Catalase activity was measured at

405 nm by the absorbance of a stable complex of ammonium molybdate

with H2O2 that remained after the decomposition of H2O2 catalyzed by cata-

lase (36) as 2240 5 60 U mg�1 (n ¼ 3). The crowding agents, dextran 70,

Ficoll 70, PEG 2000, and glycerol, were obtained from Sigma. All other

chemicals used were made in China and were of analytical grade. All reagent

solutions used were prepared in 50 mM NaH2PO4-Na2HPO4 buffer contain-

ing 15 mM NaCl (pH 7.4). It was verified that the pH of a buffer did not

change significantly upon addition of any of the nonionic additives

(polymers, glycerol) at concentrations of up to 300 g/L or change in temper-

ature over the range 8.0–37.0�C.
Tryptophan intrinsic fluorescence

Intrinsic fluorescence spectroscopic experiments on the interaction of cata-

lase with SOD in the absence and in the presence of glycerol, dextran 70,

Ficoll 70, or PEG 2000, were carried out at 8.0, 15.0, 25.0, 30.0, and

37.0�C using a model No. LS-55 luminescence spectrometer (PerkinElmer

Life Sciences, Shelton, CT). Because SOD contains a single tyrosine residue

(Tyr-108), which is completely conserved, and no tryptophan per subunit

(37), and catalase contains 21 tyrosine and 6 tryptophan residues per subunit

(38,39), the excitation wavelength at 295 nm was used for the intrinsic fluo-

rescence measurements, and the emission spectra were recorded between

300 and 400 nm. At 295 nm, no tyrosine fluorescence is elicited, nor its

energy transferred to tryptophan (40). The excitation and emission slits

were both 10 nm, and the scan speed was 250 nm/min. A quantity of

2.70 mL of catalase was placed in a 1-cm thermostated quartz fluorescence

cuvette and titrated with 10-mL aliquots of SOD with continuous stirring.

Both enzyme solutions were prepared in phosphate buffer containing

different concentrations of crowding agents (100–300 g/L). After each

sample addition, the solution was mixed thoroughly and allowed to equili-

brate thermally for 5 min before the fluorescence measurements. The fluo-

rescence measurements of catalase and SOD were carried out with optical

density below 0.1 at 295 and 258 nm, respectively, to avoid the inner filter

effects (9,41).

The fluorescence data for the control system, the buffer titrated with 10 mL

aliquots of SOD, was also measured under the same condition and used to
correct the observed fluorescence and the dilution effects. Each spectrum

was scanned three times to acquire the final fluorescence emission spectra.

Although the absolute intensity and wavelength of maximum emission

may vary with temperature or concentration of a particular additive, the

wavelength of maximum emission in a given medium at fixed temperature

is independent of SOD concentration under all conditions.
Analysis of the dependence of fluorescence
intensity on SOD concentration

We postulate equilibrium association of SOD with one or more equivalent

and independent binding sites on catalase (a single binding site is hereafter

referred to as ‘‘site’’), the affinity of which is characterized by an apparent

equilibrium association constant defined as

Kah
cSOD , site

csitecSOD

; (1)

where cSOD, csite, and cSOD,site denote the molar concentrations of free SOD,

free site, and bound SOD, respectively. In this study, the concentration of

catalase (i.e., sites) was much smaller than that of added SOD, so that

cSOD z cSOD,tot is the total molar concentration of S. We denote the fluores-

cence intensity of catalase in the absence of SOD by F0 and in the presence

of saturating amounts of SOD by Fsat. When all sites are equivalent and inde-

pendent, the dependence of catalase fluorescence intensity at the emission

maximum upon SOD concentration will be given by (42)

F ¼ F0 þ ðFsat � F0Þ fsat; (2)

where fsat is the fractional saturation of binding sites, given by

fsat ¼
KacSOD

1 þ KacSOD

z
KacSOD;tot

1 þ KacSOD;tot

: (3)

Equations 2 and 3 were fit to the experimentally measured dependence

of F upon Stot via nonlinear least-squares to obtain best-fit values of F0,

Fsat, and log10 Ka. Least-squares curve fitting was performed using either

Origin (MicroCal, Northampton, MA) or MATLAB (The MathWorks,

Natick, MA). The reported uncertainty of the derived best-fit value

of log10 Ka corresponds to 95% confidence limits or 52 SE of estimate.

Depending upon the measured affinity, which varies substantially with

temperature and the concentration of crowding agent, the fractional satura-

tion obtained at the highest feasible SOD concentrations varied between

~40% and >95%. It is shown in Table S1 in the Supporting Material that

the data are sufficiently precise that the value of log10 Ka may be estimated

to within acceptable limits of uncertainty even under the lowest affinity

conditions encountered in this study.
Thermodynamic analysis of the dependence
of equilibrium binding constant upon additive
concentration

The thermodynamic equilibrium site-binding constant in the absence of

additive, Ko
a, is given by

Ko
a ¼

aSOD$site

asiteaSOD

¼ Ka

gsitegSOD

gSOD , site

; (4)

where aX and gx, respectively, denote the thermodynamic activity and

activity coefficient of species X. We thus define the crowding factor

(10,20) as

Gh
Ka

Ko
a

¼ gsitegSOD

gSOD , site

; (5)
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where the various activity coefficients are functions of additive concentra-

tion (10,20).

We note that Eqs. 4 and 5 are strictly applicable only to the case of

a protein bearing a single binding site. In the Supporting Material, we

present an extended treatment applicable to multiple identical binding sites

and justification for the approximation employed here.

The crowding factor so-defined is a measure of the effect of additive upon

the standard Gibbs free energy changes accompanying site binding,

DDG ¼ �RT ln G; (6)

where R denotes the molar gas constant and T the absolute temperature. This

expression may be further decomposed into its enthalpic and entropic contri-

butions,

ln G ¼ �DDG

RT
¼ �DDH

R

�
1

T

�
þ DDS

R
; (7)

where DDH and DDS, respectively, denote the effect of additive upon the

standard enthalpy and entropy changes accompanying site binding.

A molecular interpretation of these quantities will be introduced after

presentation of the experimental results.
RESULTS

The interaction between catalase and SOD
is saturable

The dependence of fluorescence intensity at the emission

maximum upon the concentration of SOD at 25.0�C in the

absence and in the presence of 200 g/L Ficoll 70 is plotted

in Fig. 1, together with the best fit of Eqs. 2 and 3 to each

data set. These plots typify the results of many titrations of

catalase with SOD carried out under conditions of varying

polymer concentration and temperature. The best-fit values

of F0, Fsat, and log10 Ka vary with temperature and with

the concentration and type of each polymer added, but under

all conditions the raw data are fit to within experimental

precision by Eqs. 2 and 3. We may thus interpret the results
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FIGURE 1 Dependence of catalase fluorescence intensity at 25.0�C on

the concentration of added SOD. (Circles) No additive. (Solid curve)

Best-fit of Eqs. 2 and 3, with F0 ¼ 478, Fsat ¼ 157, and log10 Ka ¼ 4.71.

(Squares) 200 g/L Ficoll 70 added. (Dotted curve) Best-fit of Eqs. 2

and 3, with F0 ¼ 565, Fsat ¼ 192, and log10 Ka ¼ 5.93. The concentration

of catalase in the cuvette was 0.09 mM.
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as indicating that SOD binds to one or more specific sites on

a catalase molecule, and that these binding sites are equiva-

lent and independent.

The quenching of fluorescence intensity of the catalase

tryptophan upon the addition of SOD suggests that reporter

groups are either directly involved in SOD binding or are

in the vicinity of a binding site. Because catalase is a homo-

tetramer, symmetry considerations suggest the presence of

either two or four binding sites, but the fluorescence titra-

tions contain no information regarding the stoichiometry.

Subsequent calculations relating to the effect of crowding

will be formulated in the context of a model for binding of

SOD to an individual site, and crowding effects are assumed

to be equal for all sites.

Titration curves measured under all conditions of varying

temperature and additive concentration could be fit to within

experimental precision by Eqs. 2 and 3, indicating that while

changes in temperature and additive concentration do affect

the affinity of SOD for catalase, they do not alter the basic

mode of association. The precision with which the value of

Ka can be determined depends upon the extent of change

in saturation over the experimentally accessible range of

SOD concentrations, which in turn depends upon the

affinity. Best-fit values of log10 Ka obtained under each set

of experimental conditions are reported in Table S1, together

with uncertainty limits corresponding to 52 SE of estimate

(95% confidence limits).
Effect of polymer concentration upon site-binding
at constant temperature

The influence of various concentrations of three nonspecific

macromolecular crowding agents, dextran 70, Ficoll 70,

and PEG 2000, and one low molecular mass compound,

glycerol, on the interaction of catalase with SOD, was deter-

mined by fluorescence titration at 25.0�C. The dependence

of ln G upon the concentration of each of these additives

is plotted in Fig. 2. It is evident that at 25.0�C, the three

polymeric additives have a significant and qualitatively

similar enhancing effect upon the association equilibrium,

whereas glycerol has a modestly inhibiting effect. Within

the uncertainty of measurement, the magnitude of each of

these effects increases approximately linearly with additive

concentration.
Combined effect of temperature and high polymer
concentration on site-binding

In Fig. 3, the value of ln G obtained in the presence of

200 g/L of each of the polymeric additives is plotted as

a function of 1/T, in accordance with the functional form

suggested by Eq. 7. In all three cases, the observed depen-

dence is linear to within experimental uncertainty, indicating

that the corresponding values of DDH and DDS are approx-

imately independent of temperature over this range of
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FIGURE 2 Dependence of ln G on additive concentration. Error bars correspond to 52 SE of estimate (95% confidence limits). Lines plotted in each panel

corresponding to a polymeric additive represent the best-fits of special case 1 (dashed) and special case 2 (dotted) of the molecular model introduced below to

the full set of data representing both concentration and temperature dependence. (The two lines calculated for PEG superimpose.) The lines are calculated using

parameter values specified in the section describing the molecular model and in Table 2.
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temperatures. The values of these parameters, obtained for

each polymer by linear least-squares fit to the data, are given

in the figure caption. Both DDH and DDS are positive, indi-

cating that the overall effect of enthalpic interaction between

each polymer and protein is to inhibit heteroassociation of

catalase and SOD, whereas the overall effect of entropic

interaction between polymer and protein is to enhance heter-

oassociation.
Molecular model for the combined effect of
enthalpic and entropic interactions between
protein and polymer upon protein association

Equation 5 may be rewritten as

ln G ¼ ln gSOD þ ln gsite � ln gSOD , site: (8)

When the total concentration of protein is sufficiently

dilute, as in the present set of experiments, the activity coef-

ficient of each protein species depends only upon its interac-

tion with polymer (17),

ln gi ¼ dGi;polymer=RT; (9)

where dGi,polymer represents the increment of Gibbs free

energy characterizing the interaction between protein and
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polymer under standard state conditions, which depend

upon polymer concentration.

Early studies of the thermodynamic interaction of protein

and polymer (43–46) focused almost exclusively on excluded

volume interactions, although the possible contribution of

additional attractive interactions was acknowledged (18).

Here we introduce explicitly an additional contribution to

the activity coefficient or chemical potential of the ith protein

species arising from attractive interactions between protein

and polymer, which is assumed to be independent of excluded

volume interactions:

ln gi ¼ ln g
ðexvolÞ
i þ ln g

ðattractÞ
i : (10)

For simplicity, we shall represent each protein species as

an equivalent sphere. The properties of these equivalent

spherical particle representations are presented in Table 1.

For purposes of estimating the activity coefficient, the

dimensions of (site) are taken to be those of catalase tetramer

in the absence of SOD. Extension to arbitrary convex hard-

particle representations is straightforward (17), but compli-

cates calculations and adds undetermined parameters without

additional insight into underlying principles. The magnitude

of the excluded volume contribution to the chemical poten-

tial of the ith protein species due to interaction between
3.4 3.6

x 10
−3

PEG

FIGURE 3 Dependence of ln G on inverse

temperature (K�1) at an additive concentration of

200 g/L. The dotted lines in each panel represent

the best fit of Eq. 7, with the following parameter

values. Dextran 70: DDH/R ¼ 7500 5 1500 K;

DDS/R ¼ 25.6 5 5.0. Ficoll 70: DDH/R ¼
11,000 5 1500 K; DDS/R ¼ 39.3 5 5.0. PEG

2000: DDH/R ¼ 10,100 5 1400 K; DDS/R ¼
35.3 5 4.6. Indicated uncertainties represent 51

SE of estimate.
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TABLE 1 Geometric properties of the spherical equivalent

particles representing each protein species, calculated

assuming that the partial specific volume of each species is

0.73 cm3/g

MW V (cm3) r (cm) s (cm2)

SOD 30,000 2.64 � 10�20 2.06 � 10�7 5.3 � 10�13

Site (catalase) 240,000 2.91 � 10�19 4.11 � 10�7 2.12 � 10�12

SOD,site 270,000 3.27 � 10�19 4.28 � 10�7 2.30 � 10�12
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that species and polymer is estimated using Ogston available

volume theory (20,47,48),

ln g
ðexvolÞ
i ¼

�
1 þ ri

rp

�2

vex;pwp; (11)

where ri denotes the radius of the effective hard sphere

representing protein species i, rp the radius of the effective

hard rod representing polymer, vex,p the specific volume

excluded by polymer to protein, and wp the w/v concentra-

tion of polymer. The free energy of attractive interaction

between polymer and protein is assumed to be proportional

to the surface area of the protein and the w/v concentration

of polymer,

RT ln g
ðattractÞ
i ¼ dG

ðattractÞ
i siwp; (12)

where dGi
(attract) denotes the free energy of attractive interac-

tion per unit surface area of the ith protein species and per

unit w/v concentration of polymer. It follows that

ln g
ðattractÞ
i ¼

"
dH
ðattractÞ
i

R

�
1

T

�
� dS

ðattractÞ
i

R

#
siwp: (13)

From Eqs. 8 and 10, we obtain

ln G ¼ ln GðexvolÞ þ ln GðattractÞ; (14)
where

ln GðexvolÞ ¼ ln g
ðexvolÞ
site þ ln g

ðexvolÞ
SOD � ln g

ðexvolÞ
SOD , site (15)

and

ln GðattractÞ ¼ ln g
ðattractÞ
site þ ln g

ðattractÞ
SOD � ln g

ðattractÞ
SOD , site: (16)

In the Appendix, general expressions for ln G(exvol) and ln

G(attract) are presented that are functions of dHi
(attract) and

dSi
(attract) for each of the three species indicated. Also

presented are two special cases that resulted in simplified

expressions for ln G(exvol) and ln G(attract).
TABLE 2 Best-fit parameters obtained by global fitting of special ca

experimentally measured dependence of ln G on temperature and th

Special case 1

dH
ðattractÞ
SOD =R (K L g�1 cm�2) dS

ðattractÞ
SOD =R (L g�1 cm

Dextran 70 �6.8 � 1013 �2.2 � 1011

Ficoll 70 �10.4 � 1013 �3.5 � 1011

PEG 2000 �9.6 � 1013 �3.2 � 1011
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To examine the ability of each of these special cases to

account for the experimental data presented here, the values

of ri and si for each of the protein species were set equal to

the corresponding values in Table 1. The values of rp and

vex,p were set equal to 7 � 10�8 cm and 7.5 � 10�4 L/g, as

obtained from previous analyses of dextran-induced excluded

volume effects using Ogston available volume theory (49–51).

For special case 1, Eqs. 14, 22, and 23 were globally fit

to all of the concentration-dependent and temperature-

dependent results presented in Table S1 to obtain the best-fit

values for dH
ðattractÞ
SOD and dS

ðattractÞ
SOD for each polymeric additive

given in Table 2.

For special case 2, Eqs. 14, 15, and 22 were globally fit to

all of the concentration-dependent and temperature-depen-

dent results presented in Table S1 to obtain the best-fit values

for dH(attract) and dS(attract) for each polymeric additive given

in Table 2.

In Fig. 2, the dependence of ln G on polymer concentration

at 25.0�C, calculated for each special case using the corre-

sponding global best-fit parameter values, is plotted together

with the data. In Fig. 4, the dependence of ln G upon temper-

ature at a polymer concentration of 200 g/L, calculated for

each special case using the corresponding global best-fit

parameter values, is plotted together with the data.
DISCUSSION

The extensive fluorescence titrations on which this study was

based were carried out over an extremely broad range of SOD

concentration—up to three orders of magnitude. All of these

data, obtained under widely varying conditions of additive

concentration and temperature, are precisely accounted for

by the simple hypothesis that under each set of conditions

SOD binds reversibly to independent and equivalent binding

sites on catalase, although the number of such sites cannot be

determined from these or any other spectroscopic data alone.

Examination of the homotetrameric structure of the catalase

molecule (39) reveals three twofold axes of rotational

symmetry. Therefore there may exist two or four identical

binding sites situated at an interface between protomers or

four binding sites situated entirely within an individual proto-

mer. Mao et al. (31) have estimated that four molecules of

SOD binds to one molecule of catalase to form SOD-catalase

conjugate. Our additional isothermal titration calorimetric

experiments (data not shown) also suggest that SOD can
ses 1 and 2 of the molecular model described in the text to the

e concentration of each polymeric additive

Special case 2

�2) dHðattractÞ=R (K L g�1 cm�2) dSðattractÞ=R (L g�1 cm�2)

�10.1 � 1013 �3.4 � 1011

�15.5 � 1013 �5.2 � 1011

�14.2 � 1013 �4.8 � 1011
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(�C) at an additive concentration of 200 g/L. Lines
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additive represent the best-fits of special case 1

(dashed) and special case 2 (dotted) of the molec-

ular model introduced below to the full set of data

representing both concentration and temperature

dependence. (The two lines calculated for PEG

superimpose.) The lines are calculated using
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the molecular model and in Table 2.
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bind to four independent and equivalent binding sites on cata-

lase with a moderate affinity (105 M�1).

The affinity of SOD for catalase was found to increase

significantly with increasing concentration of each of three

nonionic polymeric additives at 25.0�C, whereas it decreased

slightly upon addition of the same w/v concentrations of

glycerol, which has an elemental composition comparable

to that of the polymers. This indicates that the affinity

enhancement observed in the presence of polymeric additive

is due to the polymeric nature of the additive rather than to

modification of bulk solvent properties (e.g., alteration of

dielectric constant, ionic strength) per se.

Perhaps the most important and novel finding of our study

is that the enhancement of catalase-SOD binding by added

polymer decreases significantly with decreasing temperature.

According to Eq. 7, the effect is predicted to vanish at an

absolute temperature

Tq ¼ DDH=DDS (17)

that we call the q-temperature by analogy to a comparable

situation encountered in the theory of polymer solutions

(52), when attractive and repulsive interactions between poly-

mer segments cancel, and the polymer chain behaves like an

ideal random coil. The existence of a q-temperature for the

interaction of protein and polymer was predicted recently

by Douglas et al. (24) on the basis of a Flory-Huggins type

lattice model incorporating attractive interactions as well as

excluded volume repulsive interactions between protein and

polymer. The values of Tq for each of the three polymers,

calculated using the above equation with values for DDH
and DDS given in the caption to Fig. 3, fall in the range 6–8�C.

The molecular model proposed here requires a number of

simplifying assumptions. The qualitative or semiquantitative

validity of the equivalent hard-particle representation of

proteins has been demonstrated previously in numerous

publications cited in several reviews (3,7,11). The Ogston

model, which we used to estimate the excluded volume

contribution of polymers to thermodynamic activity of

proteins (Eq. 11), has been used before to successfully model

the experimentally observed dependence of the activity of

proteins upon polymer concentration (49–51). However,

one may ask whether the values of the model parameters

rp and vex,p used here are appropriate, given that the earlier
analyses did not take into account the possible concurrent

existence of enthalpic interactions.

We believe that the values used here are sufficiently

realistic for our purpose, because the value of rp used here

(7 � 10�8 cm) was obtained by Laurent and Killander (50)

using the Ogston model to successfully model the

dependence of the partition coefficient (thermodynamically

equivalent to the activity coefficient) of a series of proteins

in dextran upon their molecular weight. It is extremely

unlikely that the strength of enthalpic interactions between

dextran and all of these proteins was identical, unless it

was negligible in all cases. Moreover, the dependence of

the activity coefficient of bovine serum albumin upon the

concentrations of Ficoll 70 and dextran 70 was measured

via tracer sedimentation equilibrium (51) in the laboratory

of one of the coauthors very recently, and the activity coef-

ficient of bovine serum albumin in either polymer was found

to be independent of temperature between 5 and 37�C
(A. Fodeke and A. P. Minton, unpublished). It is clear that

the temperature-dependent crowding effect observed in this

study is not a universal property of all protein-polymer

systems, but a property of this particular system (catalase

and SOD) deriving from a sequence-dependent enthalpic

interaction between one or both of these proteins and the

polymeric crowders. Thus we feel that consensus values of

the Ogston model parameters derived from analysis of the

interaction between polymers and a broad variety of highly

soluble proteins should provide an acceptable semiquantita-

tive estimate of the magnitude of the excluded volume

contribution to total protein-polymer interaction in those

systems (such as the one studied here) exhibiting a nonnegli-

gible enthalpic contribution to this interaction.

The validity of additional simplifying assumptions intro-

duced here remains to be examined. The first of these is

embodied in Eq. 12, which states that the attractive interac-

tion of polymer with each protein species is proportional to

the solvent-accessible surface area of that species. A more

atomistic analysis might assume that the attractive interac-

tion of polymer with protein reflects binding of polymer

segments to specific sites on the surface of each protein

species, and that when the proteins associate, some of the

sites become inaccessible to polymer. Because we have no

way of estimating the number of sites on each protein and
Biophysical Journal 99(3) 914–923
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the extent to which these sites become inaccessible upon

association, it is reasonable to assume that the number of

accessible sites is proportional to solvent-accessible surface

area. Because the interaction of polymer and protein is

assumed to be weak, as it is manifested only at very high

polymer concentrations, we elect to treat the interaction as

equivalent to physical adsorption (53), and the parameter

dGi
(attract) thus represents an affinity of polymer for protein

species i that is averaged over the solvent-accessible surface

area.

The second simplifying assumption, employed in special

case 1 of the molecular model, is that the activity coefficients

of site and SOD,site are approximately identical, i.e., equally

affected by temperature changes and the addition of polymer.

We rationalize this assumption on the grounds that SOD is

only ~1/8 the mass of catalase, so that the size of catalase

and a catalase-SOD complex would be of similar size (Table 1).

The third simplifying assumption, employed in special

case 2 of the molecular model, is that values of dHi
(attract)

and dSi
(attract) are approximately identical for all species.

We do not claim any physical justification for this assump-

tion. Special case 2 is presented as an alternative to special

case 1 that is employed to test the sensitivity of the model

to alternative simplifying assumptions.

With only two adjustable parameters, the simplified molec-

ular model presented here successfully accounts for both the

observed dependence of SOD,site binding affinity on poly-

mer concentration at fixed temperature, and the observed

dependence of binding affinity on temperature at fixed poly-

mer concentration, to within the uncertainty of measurement.

Although the numerical values of molecular parameters

derived from modeling the data (in contrast to the

thermodynamic parameters DDH and DDS) depend upon

approximations employed in order to render the molecular

model computationally tractable, and hence should be

regarded as having order-of-magnitude significance only,

the essential qualitative validity of the model does not appear

to depend upon the particulars of these approximations.

The data and model presented in this article provide

a possible explanation for the diversity of results reported

in the literature regarding the effect of high concentrations

of added polymers upon the association of dilute macromol-

ecules at constant temperature. Although many observations

of a large effect of inert polymer on protein association have

been reported (reviewed in (3,7,11,20)), other studies have

found little or no effect of polymer (22,54,55), even under

conditions when comparable concentrations of inert proteins

were observed to have a substantial effect (54,55).

The results presented here indicate that three different

polymeric crowding agents have a qualitatively similar

crowding effect. However, the molecular model proposed

suggests that the values of DDH and DDS may depend

upon the size and nature of the solvent-accessible surface

of the particular macromolecules undergoing association

and of their putative complexes. Hence, DDH and/or DDS,
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and consequently Tq, may be subject to significant variation

between different associating systems and polymeric crowd-

ing agents. (A modest difference of only 5% in DDH or DDS
between two different experimental systems would result in

an ~15� difference in Tq.)

The effect of polymer on association at a given tempera-

ture T thus depends upon the relationship between T and

Tq. When T is >>Tq, excluded volume effects will predom-

inate, and polymer will have an enhancing effect upon

protein association. When T is <<Tq, attractive interactions

between polymer and protein will predominate, and polymer

would be expected to have an inhibiting effect upon protein

association. In addition, when T is approximately equal to Tq,

the two effects would be expected to approximately cancel

and, as a result, the addition of polymer would have little

or no effect on protein association.

The great majority of experiments carried out with the

intention of investigating crowding effects on protein associ-

ation or folding employ one of the polymeric crowding

agents used in this study, because these materials are

relatively inexpensive and transparent in the visible and

near-ultraviolet. An often-asked question is whether such

additives provide a credible simulation of the local environ-

ment of proteins in physiological media that contain high

concentrations of other proteins, as opposed to flexible chain

polymers (R. J. Ellis, Emeritus Professor of Biochemistry,

Warwick University, personal communication). It has been

reported that high concentrations of several inert proteins

appear to induce self-association of a dilute protein under

experimental conditions where addition of high concentra-

tions of added PEG has no effect (54,55). At the time

of this writing, little is known about the temperature depen-

dence of protein-induced crowding effects. The only relevant

data available indicate that self-crowding of hemoglobin

by other hemoglobin molecules is not significantly affected

by variation in temperature over the temperature range

5–37�C (56). More-thorough investigation of the tempera-

ture dependence of crowding by high concentrations of

protein is clearly called for.

The influence of temperature and temperature-dependent

interactions between macromolecules on the magnitude of

crowding effects has been largely neglected until now. Our

results reveal the possible importance of an additional factor

that must be taken into account when assessing the physio-

logical consequences of crowding (11,57). The results of

a very recent Brownian dynamics simulation of a complex,

highly volume-occupied mixture of proteins and nucleic

acids designed to mimic eukaryotic cytoplasm, incorporating

model hydrophobic and electrostatic attraction between

macromolecules (58), suggest that the overall effect of

crowding upon protein associations and stability in such an

environment may depend upon sequence-specific properties

of individual proteins in addition to factors such as size and

shape affecting excluded volume. This conclusion is

supported by the results of our study. However, it would
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be premature to draw broad conclusions from either the

simulation or the results of our highly restricted study. We

hope that these results will help to establish the importance

of studying the temperature dependence of crowding effects

on the association state and stability of proteins and other

macromolecules, and the importance of employing inert

protein crowding agents (see, for example, (51,59,60)) in

addition to, or instead of, polymeric crowding agents in

future experimental studies.
APPENDIX: A MOLECULAR MODEL
FOR THE COMBINED EFFECT OF ENTHALPIC
AND ENTROPIC INTERACTIONS ON BINARY
HETERO-ASSOCIATION

It follows from text Eqs. 11, 13, 15, and 16 that in the general

case

ln GðexvolÞ ¼
��

1 þ rSOD

rp

�2

þ
�

1 þ rsite

rp

�2

�
�

1 þ rSOD , site

rp

�2�
vex;pwp

(18)

and

ln GðattractÞ ¼
�

J1

�
1

T

�
þ J2

�
wp; (19)

where

J1 ¼
dH
ðattractÞ
SOD

R
sSOD þ

dH
ðattractÞ
site

R
ssite �

dH
ðattractÞ
SOD , site

R
sSOD , site

(20)

and

J2 ¼
dS
ðattractÞ
SOD

R
sSOD þ

dS
ðattractÞ
site

R
ssite �

dS
ðattractÞ
SOD , site

R
sSOD , site:

(21)

Equations 18–21 may be rearranged into the form of Eq. 7,

but the resulting expressions for DDH and DDS contain too

many undetermined parameters to be useful. However, there

are two special cases that are accessible to further analysis,

albeit highly approximate.
Special case 1

In the limit that SOD is much smaller than site, it is

reasonable to assume that the properties of site and SOD,site

are very similar. According to Table 1, the radii of the equiv-

alent spherical particles representing site and SOD,site differ

by <5% and their surface areas differ by <10%. We shall

therefore make the additional approximation that attractive

interactions between polymer and these two species are
comparably similar. It follows that the contributions of the

activity coefficients of site and SOD,site to Eqs. 15 and 16

approximately cancel, leading to the simplified expressions

ln GðexvolÞz

�
1 þ rSOD

rp

�2

vex;pwp (22)

and

ln GðattractÞz

"
dH
ðattractÞ
SOD

R

�
1

T

�
� dS

ðattractÞ
SOD

R

#
sSODwp: (23)

Equations 14, 22, and 23 thus specify the concentration

and temperature dependence of ln G as a function of

dH
ðattractÞ
SOD and dS

ðattractÞ
SOD and the structural parameters rSOD,

sSOD, rP, and vex,p.
Special case 2

If we assume that dH(attract) and dS(attract) are approximately

the same for all species, then Eqs. 19–21 simplify to

ln GðattractÞz

�
dHðattractÞ

�
1

T

�
� dSðattractÞ

�
� ðsSOD þ ssite � sSOD$siteÞwp:

(24)

Equations 14, 18, and 24 thus specify the concentration

and temperature dependence of ln G as a function of

dH(attract), dS(attract), the radii, and the surface areas of each

protein, rp, and vex,p.
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