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PERSPECTIVES AND OVERVIEW

Measurements of biochemical rates and equilibria are conventionally car-
ried out under relatively idealized conditions selected to minimize effects
of nonspecific interactions between the constituents of the reaction unit
(i.e. the reactants, products, and transition-state complexes) and other
species that do not directly participate in the reaction under study. Con-
centration-dependent apparent rate or equilibrium constants are then
extrapolated to the limit of infinite dilution in order to extract intrinsic
quantities reflecting the properties of isolated reactant and product mol-
ecules in an idealized bath of solvent.

Biological media differ from the idealized solvent bath in two important
ways. First, a biological medium is likcly to contain a high total con-
centration of nominally soluble macromolecules. Sometimes a single spec-
ies at a high concentration predominates, such as hemoglobin within red
cells (~350 g/liter) (see 3). More commonly, a medium may contain a
variety of macromolecular species, none of which taken individually may
be present at high concentration, but which taken collectively occupy a
substantial fraction of the total volume of the medium [e.g. ~ 340 g/liter
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MACROMOLECULAR CROWDING 29

of total RNA + protein in the cytoplasm of Escherichia coli (172)} (see also
19, 39). We refer to such a medium as crowded. Second, particularly in
eukaryotes, a biological medium is also likely to be structured at the
molecular level by the presence of a network of extended structures such
as F-actin, microtubules, intermediate filaments, and membranous bound-
aries (40). We refer to those soluble or structural macromolecules that do
not directly participate in a particular reaction as background species.

The local environment will influence reactions taking place in a bio-
logical medium when reactants, transition-state complexes, and products
interact unequally with background species, as illustrated in Figure 1,
and/or when interactions with background species alter the mobilities of
constituents of the reaction unit. This applies to interactions of all types,
including steric-repulsion, electrostatic, hydrophobic, and van der Waals
interactions. In the present review, we focus on the steric-repulsive inter-
actions deriving from the fundamentally impenetrable nature of molecules,
as these interactions are always present in addition to any other inter-
actions that may or may not be present.

+bkgd
Ath J

AGrb Apr

—bkgd

free energy

reactants transition state| |products

reaction coordinate

Figure 1 Schematic free-energy profile of a simple chemical reaction in the absence (Jower
curve) and presence (upper curve) of background molecules. AGyy, AGy, and AG, respec-
tively, denote the free energies of nonspecific interaction between reactants and background
molecules, between transition-state and background molecules, and between products and
background molecules. To the extent that these three nonspecific interaction energies are
unequal, the rate and/or equilibrium constants characterizing the reaction will differ in the
absence and presence of background molecules.
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30 ZIMMERMAN & MINTON

Obviously, a living organism bears scant resemblance to a bath of
solvent, yet it is not generally appreciated that, from a quantitative point
of view, biochemical rates and equilibria in a living organism may likewise
bear scant resemblance to those measured in a bath of solvent. Only
relatively recently have investigators recognized that steric repulsion
between macromolecules in a crowded medium can strongly influence both
the rate and extent of a variety of macromolecular reactions, and that
crowding effects must be taken into account when attempting to relate
biochemical and biophysical observations made in vitro to physiological
processes observed in vivo (93-95).

Thermodynamic evidence for the presence of substantial repulsive inter-
molecular interactions in solutions of proteins and mixtures of proteins
and polymers comes from studies, dating back to the early part of this
century, of colligative and partitioning properties of such solutions (2).
Not until much later did researchers show that the thermodynamic data
were accounted for semiquantitatively (or quantitatively in favorable
cases) by simple geometric models presupposing only the existence of
short-range steric repulsion between macromolecules (36, 132). These
models have subsequently proven to be useful for interpreting the results
of a wide variety of measurements of steady-state and time-dependent
behavior in crowded media, as well for predicting the dependence of
various measurable reaction rates and equilibria upon the fraction of
volume occupied by macromolecules within a given medium (see below).
Most recently, a growing body of experimental evidence testifies to the
variety of biochemical processes that can be profoundly influenced by
macromolecular crowding.

This review places particular emphasis upon research on the thermo-
dynamic aspects of crowding done since 1983, when the last comprehensive
review of this subject was presented (95), and upon topics of current
interest to the authors. The reader is also referred to other discussions of
crowding and crowding-related phenomena (5, 24, 29, 39, 43, 82, 124,
140).

Nomenclature

We refer frequently to the behavior of individual tracer or probe particles
(molecules) in an environment comprised of many other particles (mol-
ecules) of various species, which are termed background particles (mol-
ecules). Excluded volume refers to the volume of a solution that is excluded
to the center of mass of a probe particle by the presence of one or more
background particles in the medium. Fractional volume-occupancy (¢)
denotes the fraction of the total volume occupied by macromolecules.
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MACROMOLECULAR CROWDING 31

THEORETICAL CONCEPTS

The Effect of Macromolecular Crowding on Solution Equilibria
Consider the general reaction

n1X|+n2X2+ T +njA/j = nj+1A,j+1+nj+2A/j+2+ e +anq,

where n; is the number of molecules of X; participating in the reaction. The
condition of equilibrium at constant temperature and pressure requires
that

q J
KTP =[] a,./H a,
i=j+ 1 i=1

where K° is the thermodynamic association constant; a, is the thermo-
dynamic activity of solute species i, which may be written as a product of
the concentration of species i, ¢;, and an activity coefficient, .2 It follows
that the conventional equilibrium constant, expressing an equilibrium
relation between concentrations rather than activities, is itself a function
of solution composition (denoted by {c}):

K(T,P,{c}) = ﬁ c,-/ﬁ ¢; = KT, P)yxI(T, P, {c}),

i=j+1 i=1

where

J q
r = 1_[ vi(Ts P5 {c})ni/ 1—_[ yi(T: P; {c})",-. 1
i=1 i=j+1
The activity coefficient y; is a measure of nonideal behavior arising from
interactions between solute molecules:

7{(T, P, {c}) = exp[G}(T, P, {c})/RT], 2.

where GN(T, P ,{c}) denotes the average free encrgy of interaction between
a molecule of species i and all of the other solute molecules present in a
real solution whose composition is denoted by {c}.> For the case of simple
volume exclusion, G} is greater than 0, and y; is greater than 1 (95). The
magnitude of y; strongly depends upon the relative sizes and shapes of the

2The concentration may be expressed in any units. In the present review, we express
concentrations in units proportional to the number density of molecules, i.e. molar or
weight/volume, depending on the specific application.

3 As the solution approaches the limit of infinite dilution, intersolute interactions of all
types become negligible, y; —» 1 for all i, ' - 1, and X — K°.
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32 ZIMMERMAN & MINTON

probe and background species as well as the concentrations of background
species.
It follows from Equations 1 and 2 that

q J
RTInT = Y nGN-Y nGN.
i=j+ 1 i=1

Thus, the apparent equilibrium constant K is increased or decreased rela-
tive to the ideal equilibrium constant K° by a factor that reflects the
difference between the free energies of nonspecific interaction of molecules
of products with all solute species and molecules of reactants with all
solute species (Figure 1) (see also 95).

The logarithm of the activity coefficient may be expanded in powers of
the concentrations of solute(s):

lnyi=zBijcj+ZZBijkcjck+ ceey 3

j j ok
where the indices j,k, . . . can have any value from 1 to ¢. The terms
By By, . . . are referred to as two-body, three-body, . . . interaction (or

virial) coefficients, respectively. Exact formal expressions for the virial
coefficients as functions of the effective potential of interaction between
two or more molecules of solute in a bath of solvent have been derived via
statistical thermodynamics (55, 89). In practice, evaluation of the values
of the virial coefficients is only possible for small numbers of particles
interacting via very simple interaction potentials. The simplest of these is
the hard-particle potential, which is equal to zero for all interparticle
distances (defined with respect to the particle centers) above a certain
contact distance,* and infinite for all interparticle distances equal to or less
than the contact distance. Thus it is a common (but not necessarily realistic)
practice to describe macromolecular solutes as effective rigid hard particles
with simple shapes for the purpose of calculating virial coefficients and
estimating the valué of the activity coefficient (107, 108, 110, 113, 161).
Fortunately, this approximation seems to work reasonably well for solu-
tions of a single globular protein in solutions of moderate ionic strength,
i.e. under conditions such that long-range electrostatic interactions are
largely damped out (95, 132). Approximate corrections for the presence
of nonnegligible electrostatic interactions have been presented (18, 100,
161).

Even when macrosolutes may be reasonably approximated by rigid hard

*If at least one of the interacting particles is nonspherical, then the contact distance will
be a function of the relative orientations of the particles as well as the distance between
particle centers.
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MACROMOLECULAR CROWDING 33

particles of simple shape, calculation of virial coeflicients above the two-
body coefficient is difficult to impossible for particles other than uniformly
sized hard spheres. Thus, evaluation of activity coefficients via Equation
3 is limited to solutions in which all solute species are sufficiently dilute so
that three-body and higher-order contributions would be negligible, or in
which the size of background particles is sufficiently small relative to the
size of the probe particle (see below).

An alternate approach to the calculation of activity coefficients of solutes
in the hard-particle approximation is based upon the relation

rde) =5 ({c})
where P({c}) is the probability that a randomly selected point in the
solution of composition {c} can accommodate a probe molecule of species
i, i.e. the point lies at the center of a solute-free region (or hole) that is at
least as large as the probe molecule, as illustrated in Figure 2.

Although the value of P({c}) cannot be calculated exactly, two approxi-
mate methods have proven useful. The first method, introduced by Ogston
(110), which we refer to as available volume theory, or AVT (see also 23,
32, 158, 171), is based upon the assumption that centers of background
particles are distributed randomly, so that the number of centers of back-
ground particles within a given element of area or volume is governed
by a Poisson distribution. This approximation (which is equivalent to
neglecting the interaction between molecules of background species) leads
to expressions of the form of Equation 3 truncated after two-body inter-
action terms, and thus predicts that the logarithm of activity of each species
varies linearly with the concentrations of all species; that is:

Iny; = Y Byc;.
7

The second approximate method utilizes an equation of state derived
from scaled particle theory, or SPT, to calculate P({c}) and y, (41; note
corrections to 41 in 21; 76, 125). According to SPT, the logarithm of the
activity coefficient of species i may be expressed as a finite series in powers
of R, the radius (or characteristic dimension) of the probe particle

d
Iny, = Z AkR?,
k=0
where d is the dimensionality of the solution and the A4, are positively
valued functions of the number densities, characteristic dimensions, and
shapes of all macrosolute species in solution. SPT has been applied to the
calculation of protein activities and crowding effects in isotropic solutions
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34 ZIMMERMAN & MINTON

Figure 2 Tlustration of volume available to a probe particle (crosshatched sphere) in a
solution containing background particles (solid spheres). Each background particle lies at
the center of a spherical region, indicated by a dashed surface, the radius of which is equal
to the sum of the radii of background and probe particles. This region, representing the
covolume of the background and probe particles, is inaccessible to the center of mass of the
probe particle, indicated by a black dot. The volume available to the probe, defined as equal
to the volume accessible to the center of mass of the probe, is thus the volume exterior to all
such regions (dashed surfaces). If the probe is of species i, then P, is equal to the ratio of the
available to the total volime.

(94, 132, 133) and in solutions of proteins undergoing polymerization to
highly elongated aggregates that spontaneously form nematic and other
liquid-crystalline phases (83, 173). In both AVT and SPT, the solvent
(water) is treated as a featureless continuum, but such a treatment will
become increasingly less realistic as the size of background molecules
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MACROMOLECULAR CROWDING 35

approaches the size of solvent molecules (15). A modified SPT calculation
of crowding effects was recently presented in which water molecules are
explicitly represented by an additional species of effective hard spherical
particles (15).

Statistical-mechanical models for enumerating the possible con-
figurations of a polymer chain in the vicinity of a compact impenetrable
protein molecule (54) provide an approximate means for calculating the
negentropic work associated with the insertion of a protein molecule into
a polymer solution. A recent model of this type allows for the presence of
short-range attractive interactions between segments of the polymer chain
and the surface of the protein (12).

Model calculations of the effect of crowding upon association and con-
formational equilibria have been carried out for membranes modeled as
two-dimensional fluids (45) and for aqueous solutions (69, 93-95, 108,
133). The major qualitative predictions of equilibrium excluded-volume
analysis may be summarized as follows, where ¢ denotes the fraction of
the total volume occupied by macromolecules:

1. For self- and heteroassociation reactions, the nonideal correction factor
I' increases monotonically with increasing ¢, and the value of dI'/d¢
increases monotonically with increasing ¢.

2. For fixed ¢, the value of I' increases with the degree of association.
For example, I for a hypothetical monomer-tetramer self-association
reaction would be expected to exceed that for a monomer-dimer self-
association of the same species subunit.

3. Increasing volume occupancy tends to favor compact or globular con-
formations (or assemblies) relative to highly anisometric conformations
(or assemblies).

4. For fixed ¢, the value of T for association reactions increases with
decreasing molecular weight (i.e. increasing number density) of back-
ground species.’

5. Volume occupancy by macrosolutes has a greater influence on associ-
ation equilibria in three dimensions than the same degree of volume
(area) occupancy has upon the corresponding reaction equilibria in two
dimensions.

6. For fixed ¢, the effect of crowding upon associations between macro-
molecules is expected to be much greater than upon associations
between a macromolecule and a small molecule.

7. Finally, and most importantly, under conditions of macromolecular

* As pointed out above, this result would only be valid so long as background species are
large relative to solvent, i.e. are also macromolecules.
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36 ZIMMERMAN & MINTON

volume occupancy comparable to those found in vivo (0.1 < ¢ < 0.5),
macromolecular association constants are predicted to exceed those in
dilute solution by as much as several orders of magnitude. In fact, the
contribution of volume exclusion in a crowded medium to the overall
standard free energy change of a reaction can, under some circum-
stances, equal or exceed the ideal contribution that is intrinsic to the
reaction unit (132).

Excluded volume theory has also been used recently to analyze the
effects of small-molecule solutes (or cosolvents) upon the equilibrium
properties of macrosolutes (141, 163). This analysis provides a microscopic
or mechanistic alternative to traditional analyses of these effects in the
context of macroscopic models of the preferential interaction of macro-
solute with either water or cosolvent (see e.g. 6).

The Effect of Macromolecular Crowding on Reaction Rates

Macromolecular crowding affects the rates of different types of bio- °
chemical reactions in distinctly different ways.

FORMATION OF MACROMOLECULAR COMPLEXES Consider the association
of two macromolecules forming a homo- or heterodimer. If the rate-
determining step for dimer formation is the conversion of activated com-
plex to fully formed dimer, then separated reactants and activated complex
may be treated to a first approximation as if they are in equilibrium.
Under these conditions, crowding is predicted to lower the free energy of
activation and increase the rate of formation of complexes roughly to the
same extent that crowding increases the equilibrium constant for dimer
formation (94, 95). However, if the rate-determining step for dimer for-
mation is the formation of activated complex (i.e. the rate with which the
two reactant molecules encounter each other), then the reaction is said to
be diffusion-limited, and the overall rate depends upon the sum of the
diffusion coefficients of the reactants (16). Because crowding lowers the
diffusion coeflicient (see below), it is predicted to lower rates of association
in diffusion-limiting circumstances (94, 97). Since the encounter rate repre-
sents an absolute upper limit for the rate of any bimolecular reaction,
ultimately the overall bimolecular reaction rates must decrease with
increasing fractional volume-occupancy (independent of the effect of
crowding at low fractional volume-occupancy) when crowding becomes
sufficiently great (97). Figure 3 schematically illustrates the overall effect
of increasing volume occupancy on bimolecular association rate.

ENZYME-CATALYZED REACTIONS The effect of macromolecular crowding
upon the rate of a prototypical enzyme-catalyzed reaction (substrate —
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/

log k
X

fractional volume occupancy

Figure 3 Schematic dependence upon fractional volume occupancy of transition state—
limited rate constant (Jong-dashed curve), diffusion-limited rate constant (short-dashed curve),
and overall rate constant (solid curve). The overall reaction rate is transition-state limited at
low volume occupancy and diffusion limited at high volume occupancy. Reproduced from
Ref. 97.

product) has been analyzed for the cases in which each of the following
elementary steps is rate-limiting: (a) association of substrate and enzyme
(94), (b) conversion of enzyme-bound substrate to enzyme-bound product
(69, 94), and (¢) dissociation of enzyme-bound product (94). In addition,
if the enzyme exists in several states of association that have different
intrinsic catalytic activities (see e.g. 116), crowding can affect the equi-
librium-average state of association and hence the equilibrium-average
catalytic activity (94, 101).

The Effect of Macromolecular Crowding on Diffusive Transport
of Solutes

In the absence of an externally applied potential field, the motion of
individual compact tracer macromolecules in dilute solution can be
described by a random walk, so that

Py = 2:d-D°,
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where {r*) is the squared displacement of position observed after elapsed
time ¢, averaged over many observations; d is the dimensionality; and D°,
the intrinsic diffusion coefficient of species i, is given by the Einstein
relation

D? = kT|f?,

where f° is the frictional coefficient characteristic of an isolated tracer
particle of species i in a solvent of given viscosity (148). In the absence
of a macroscopic concentration gradient of background molecules, the
coeflicient of tracer or probe diffusion is defined by

D" =<{r*)/(2-d1),

where the subscript tr indicates that the average of r* is taken over all of
the tracer molecules in the solution.® The coefficient of tracer diffusion is
equal to the coefficient of self-diffusion D*" when tracer and background
species are identical.

The influence of background molecules on the diffusive motion of a
probe molecule is a phenomenon that is extremely complex to analyze
theoretically, and is far less tractable than the parallel phenomenon of the
influence of background particles on the thermodynamic activity of a
probe molecule. In principle, DR, the reduced tracer diffusion coefficient
of species i, may be expanded in a power series of concentrations, similar
to Equation 3:

Dy
,-R = *5;; = 1+;‘Qijcj+;2k:gijkcjck+ ey

where D' and D? respectively denote the tracer and intrinsic diffusion
coefficients of species i, and the coefficients Q;,Q, . . . are measures of
two-body, three-body, and higher-order interactions. Each interaction
coeflicient reflects contributions from direct interactions between solute
particles (short-range steric repulsions in the present instance) and from
hydrodynamic interactions.” Attempts to incorporate both direct and
hydrodynamic interactions into statistical-mechanical theories of the liquid
state have led to complex formal relations that permit numerical com-

Tn principle, the tracer diffusion coefficient may be a function of time and distance (138,
140). In the context of the present discussion, we will take this quantity to be equal to the
limiting value at long time and large distance, as that is the quantity determined in most
experiments.

"Hydrodynamic interaction is the effect on the motion of the tracer particle of transient
flows of solvent at the position of the tracer caused by motions of the background particles.
These effects may be compared to the effect of the wake of a ship on the motion of a second
nearby ship.
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putation only in the limiting case of self-diffusion of hard spherical particles
at low fractional volume-occupancy (87, 122). Three general approaches
to the calculation of the effect of arbitrary concentrations of a compact
background species upon tracer diffusion in the absence of hydrodynamic
interaction have been developed.

A statistical-mechanical theory has been developed that permits one to
calculate the coefficient of tracer diffusion of species i in the presence of
a given concentration of background species j, over a broad range of
background concentrations, provided that the equilibrium pair-correlation
function g,(r) is known (or can be calculated) for each concentration of
species j (115). This theory has been adapted for two-dimensional self-
diffusion of membrane proteins (1). The two-dimensional pair-distribution
function g,(r) was computed for hard disks at fractional volume- (area-)
occupancies of 0.25 and 0.50 via Monte Carlo simulation. Using these
distribution functions, the reduced two-dimensional self-diffusion
coefficient of hard disks was computed at the two fractional volume-
occupancies (1) and found to be in good agreement with the results of
simulation of walks of hexagonal particles on a hexagonal lattice for
different levels of fractional lattice occupancy (120, 137). A great deal of
numeric calculation is required to compute the self-diffusion coefficient for
even a single value of the fractional volume-occupancy, and at the present
time, rapid computation of the reduced tracer-diffusion coefficient as a
function of the size and volume occupancy of background species via
fundamental theories of the liquid state does not appear to be feasible in
two dimensions, much less three dimensions.

The second method for obtaining information about the effect of volume
occupancy on tracer diffusion is simulation of random walks of particles
on lattices of varying volume occupancy. Simulations have been carried
out for two-dimensional particles on planar lattices, in which tracers and
background particles are characterized by different intrinsic jump rates
(diffusion coefficients) and different sizes (120, 137). These simulations
have yielded insight into the effect of mobile obstacles on the motion of
random walkers and serve as standards against which approximate theories
should be compared. However, each simulation carried out for a single
set of parameters (lattice type, particle sizes, intrinsic jump rates, lattice
occupancy, eic) is computationally intensive, and we are unaware of com-
parable calculations carried out for a three-dimensional model at this time.

A third approach to calculating the effect of crowding on tracer diffusion
employs a semiempirical free-volume model, according to which an iso-
lated tracer molecule in solution diffuses by undergoing a Brownian dis-
placement of average distance Ar on an average of once every At seconds.
When background molecules are added to the solution, the probability of
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undergoing a displacement is assumed to be proportional to the probability
that the target volume (the element of volume into which the tracer would
be relocated in the event of a successful jump) is free of any part of a
background molecule. It follows that

D} = PY({c}) = exp[—AG) ({c})/RT),

where P is the probability that the target volume is vacant, and AGY is
the (negentropic) free energy associated with the creation of a vacancy of
the required size and shape. For the case of a globular protein undergoing
diffusion in a solution of random-coil polymers, the value of P} has been
estimated via AVT (112), and for globular proteins diffusing in solutions
of other proteins, AG} was estimated using SPT (106). Free-volume models
provide a rapid means of estimating crowding effects in both two and three
dimensions via back-of-the-envelope calculations (see also 96, 114), but
because they are semiempirical and contain one or more adjustable param-
eters, they must be calibrated against experimental data.

All of the above-described theories and models for diffusion of a globular
protein in a protein solution predict that D} decreases more rapidly with
increasing volume fraction of background protein j(¢,) than expected on
the basis of a simple decaying exponential in ¢,, and reaches zero at a
value of ¢; < 1 that is determined by the relative volumes of species i and
J. The free-volume theory also predicts that smaller proteins will have a
larger effect per unit weight on the diffusion of larger proteins than vice
versa. In contrast, free-volume theory for diffusion of a globular protein
in a polymer solution (112) predicts that D} decreases as a decaying
exponential in the square root of ¢,

The Effective Specific Volume of a Macromolecule— What Is
1t?

Although the representation of macromolecules by equivalent rigid par-
ticles of simple shape for the purpose of calculating macromolecular activi-
ties in crowded solutions is an appealing and useful concept, the volume
of the equivalent particle is an inherently ambiguous quantity that is more
often than not evaluated by fitting approximate theoretical relations (of
possibly dubious applicability) to experimental data and letting the results
fall where they may. In principle, one would like to perform calculations
that have predictive—as opposed to purely hand-waving—value. Thus, a
discussion of the factors affecting the volume of an equivalent particle,
and methods for estimating the “best” volume for a particular calculation
is in order.

Hard-particle models are generally based upon several assumptions: (a)
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the solvent may be treated as a continuum (but see 15 for an exception);
(b) a macrosolute may be treated—at low resolution—as a rigid convex
particle of simple shape or as an assembly of such particles; and (c) the
potential of average force acting between the actual molecules in solution
is short range and effectively zero (i.e. «kT) beyond some contact distance
defined as a function of the geometry and relative orientations of the
interacting particles. To the extent that these assumptions are valid, the
size and shape (at low resolution) of actual macromolecules do in fact
closely resemble those of the equivalent particles best accounting for con-
centration-dependent activity coefficients (106, 130, 132). Conversely, if
significant attractive or repulsive interactions exist between molecules of
macrosolute in a solution containing only a single macrosolute, the equi-
valent hard particle may be significantly smaller or larger than the actual
size of the molecule (95, 100).

Even more confounding is the fact that, in the case of multiple solute
species interacting via electrostatic or other nonadditive potentials, one
cannot in principle define a unique equivalent hard particle corresponding
to each solute species. For instance, consider a solution containing two
quasispherical protein species, A and B, of approximately the same mass
and density. In the absence of any long-range interaction, we could validly
represent both of these proteins by equivalent hard spheres of radius r.
However, if one of the proteins, say A, bears a significant net charge, then
the interaction between two molecules of A will be more repulsive than
the interaction between two molecules of B, which will be equal to the
interaction between a molecule of A and one of B. The reader may readily
verify that no values of r, and ry, effective or otherwise, will simultaneously
satisfy these three relations in the context of a pure hard-particle model.

In the absence of a theoretical guide to the appropriate choice of effective
particle size, it is commonly assumed that the effective molar volume is
proportional to the molar mass of a macrosolute; the constant of pro-
portionality is referred to as the effective specific volume or v (19, 101,
172). Uncertainty in v can easily be the largest source of error in crowding
calculations. Past studies have variously assumed v values based upon
partial specific volumes (~0.6-0.8 ml/g) or hydrodynamic volumes (~ 1.3
ml/g), although neither of these assumptions are correct in principle for
excluded-volume interactions (92). We have estimated effective specific
volume values for several proteins, for cell extracts, and for cytoplasmic
macromolecules based upon a variety of experimental data (Table 1). The
values range from 0.8 to 1.7 ml/g, in part a reflection of differences in
experimental conditions. Values of v used in recent volume-occupancy
calculations are 0.77 ml/g (19), and 1.0-1.3 ml/g (172).
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Table 1 Effective specific volumes derived from experiment

Effective
specific
Experimental volume, v
material Analysis (ml/g)* Reference
Protein crystals Unit cell volume 1.0° 86
per molecular mass
Bound water® 1.0 86
PEG-induced Compositional 1.0-14 172
precipitates of analysis
proteins and cell
extracts
Protein solutions Fitting solution
parameters to a
hard-sphere model
Hemoglobin
pH 7.8¢ Scaled particle theory 0.77 19
pH 7.0 Virial expansion 0.79 A.P. Minton®
Serum albumin
pH 5.1 Virial expansion 0.8 100
pH6.1 ' Virial expansion 1.3 100
pH 7.6 Virial expansion 1.7 100
Cells of E. coli Cytoplasmic 0.9 103
compositions as
function of
osmotic conditions
1.1, 1.48 19
Growth rate as 1.2h 19

function of
osmotic conditions

*To provide a uniform albeit approximate way of converting analytical information of various types
to estimates of v, we assume a hard-sphere model, an average partial specific volume for proteins of
0.73 m! g. and an average partial specific volume for E. coli cytoplasmic macromolecules of 0.7 ml/g
(corresponding to assumed protein and nucleic weight fractions in cytoplasm of 0.70 and 0.30 with partial
specific volumes of 0.73 ml/g and 0.58 ml/g, respectively). For example, for 0.5 g of water of hydration
per gram dry weight macromolecule, v 2 (0.5 m1+0.7 ml)/1 g = 1.2 ml/g.

®Value of v for most common value of unit cell volume/molecular mass (Vy); range is approximately
threefold in ¥y, values.

°Based on estimated average value for protein crystals of ~0.25 g bound water/g protein; definitions
of bound water are discussed in Ref. 67.

4M. T. Record, Jr, personal communication.

¢A. P. Minton, personal communication (cited in 35).

"Value of v based upon extrapolation to 0.4 ml cytoplasmic water/g dry weight at infinite external
osmolarity.

£ Based upon volume fraction in cytoplasm inaccessible to water, additional cell composition data, and
assumptions for the magnitude of the noncytoplasmic volume fraction and the constancy of this fraction
over a range of external NaCl concentrations.

" For an estimated value of ~0.540.2 ml cytoplasmic water/g cell dry weight at limiting conditions for
growth.
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EXPERIMENTAL MEASUREMENT OF THE EFFECT
OF VOLUME OCCUPANCY ON THE
THERMODYNAMIC ACTIVITY OF A TRACER
PROTEIN

Solutions Containing a Single Macrosolute

A solution containing a single macrosolute is a special case of the solution
containing a tracer plus a single background species; in this instance the
tracer species is identical to the background species. The thermodynamic
activity or the activity coefficient of a macromolecular solute may be
determined as a function of concentration by measurements of membrane
osmotic pressure, Rayleigh light scattering, or sedimentation equilibrium
(148). The measured dependence of the logarithm of the thermodynamic
activity of globular proteins upon protein concentration in solutions con-
taining a single protein solute is well described over a wide concentration
range by an expansion of the form of Equation 3, in which interaction
coefficients are calculated according to a hard-particle model. Higher-order
interaction terms become increasingly important as protein concentration
increases, and at the highest protein concentrations for which activities
have been measured, six or seven terms may be required (130, 132). Equi-
valent expressions derived from SPT also provide satisfactory descriptions
(132). Under conditions of moderate ionic strength and at pH values such
that the protein is not highly charged, the size of the effective hard particle
is similar to that of the actual protein molecule (95, 132). Under conditions
such that the protein bears substantial net charge, the size of the effective
hard particle significantly exceeds that of the actual molecule. An approxi-
mate theory for the dependence of equivalent hard-particle size upon pH
(or net charge) has been presented (100).

Solutions Containing a Tracer Protein and a Single Background
Species

It was observed as early as the 1940s that viral particles and proteins could
be precipitated out of solution by addition of water-soluble polymers such
as heparin, hyaluronic acid, dextran, and polyethylene glycol (25, 61, 68).
A series of studies carried out in the 1960s by Ogston, Laurent, and
coworkers (28, 36, 68, 71, 111) led to the recognition that these and related
effects resulted primarily from exclusion of the protein from part of the
volume of the polymer solution.® More recently, the volume-excluding

®These early observations are the basis for a relatively direct assay for certain excluded
volume parameters based upon the distribution coefficients of proteins, nucleic acid-related
materials, and cell extracts in a two-phase system (167, 171, 172).
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properties of proteins as well as polymers have become recognized (93—
95).

PROTEIN IN THE PRESENCE OF A BACKGROUND POLYMER The interaction
between proteins and polymers has been characterized experimentally by
means of four methods. The first is the measurement of the equilibrium
distribution, or partitioning, of a protein between a polymer-free medium
(medium I) and a polymer-containing medium (medium II). If the protein
is sufficiently dilute, then at equilibrium

1 11
prmein/ Cprotein

11
’yprotein

to a good approximation. Experiments have been performed in which
the two media were separated by a dialysis membrane (36), by phase
immiscibility (in which case phase I may contain a relatively low amount
of polymer) (64, 171), and by crosslinking the polymer to create an insol-
uble gel (13). By and large, the results of these experiments accord quali-
tatively with predictions of AVT for effective hard particles (171). Some
polymers (e.g. dextran) are better modeled as rod-like particles (68, 95),
while others [e.g. polyethylene glycol (PEG)] are satisfactorily modeled as
effective spherical particles (171). It has been suggested on the basis of
analysis using a lattice-statistical model for protein-polymer interaction
that a small attractive interaction exists between at least some proteins
and polymers (13).

A gel chromatographic method has been used to characterize the non-
ideal interaction between a small polymer (PEG 4000) and each of two
proteins (156). This method has two advantages over dialysis equilibrium,
to which it is thermodynamically equivalent: measurements are much more
rapid, and the technique may be utilized even when the two solutes are
not completely separable, so long as they partition sufficiently distinctly
on a given size exclusion gel matrix.

A third method for the characterization of the interaction between
proteins and polymers is the measurement of protein solubility as a func-
tion of the concentration of added polymer (9, 47, 57, 90). If it is assumed
that the precipitate contains only protein and that the composition of
the precipitate is independent of the concentration of polymer, then at
equilibrium

d In ‘)}protein/dcpolymer = - d In spmte'm/dcpolymer:

where Sproein denotes the solubility. Measurements of the effect of dextran
and PEG upon the solubility of a variety of proteins indicate that, when
the solubility of protein is small enough so that protein-protein interactions
in solution are negligible, In Y .0, increases linearly with polymer con-
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centration over the entire experimentally measurable range of protein
concentration, i.e. over as much as three orders of magnitude in solubility
(9). For a fixed weight/volume concentration of dextran, the solubility of
protein is independent of the molecular weight of polymer (68), as would
be predicted by a rigid rod representation of polymer in AVT. However,
for a fixed weight/volume concentration of PEG, the solubility decreases
(and Iny increases) with increasing molecular weight of PEG (9), in con-
tradiction to the predictions of AVT, and in contradiction to the results
of partition experiments (9). Anomalously small extents of exclusion cal-
culated from the protein solubility data in the presence of PEG were
attributed to the presence of some attractive interaction between proteins
and PEG (95).

Knoll & Hermans (65) measured the excess light scattering of bovine
serum albumin (BSA) in solutions of polyethylene glycol and from their
data calculated the limiting value of d1nygsa/deprs as cppg = 0 for PEG
1000, PEG 6000, PEG 20,000, and PEG 100,000. They found that
dIn ygea/deppg decreased with increasing molecular weight of PEG, as
predicted by AVT and by Hermans’ polymer excluded-volume model (54).°
Using radioactive tracer measurements, Knoll & Hermans measured the
amount of PEG in the condensed phase and found substantial penetration
of the condensed phase by smaller PEGs. From this finding, they argue
that the assumption of constant protein activity in the condensed phase
that is used to relate solubility to the protein activity coefficient (see above)
is not valid for protein in the presence of PEG. Alternatively, the presence
of PEG in the condensed phase may be evidence of nonspecific attractive
interactions between protein and PEG."

In general, three-body and higher-order interaction terms in the virial
expansion (Equation 3) are not required to describe the dependence of the
activity coefficient of protein on polymer concentration, even at high
polymer concentration. The physical basis of this observation, which
accords better with the predictions of AVT than those of SPT, is not
entirely clear, as the assumption in AVT that background particles are
distributed randomly is strictly valid only in the limit of massless particles,
1.e. points or infinitely thin rods. The apparent ability of AVT to account
for protein activity in the presence of relatively high concentrations of real
polymers (but not in the presence of high concentrations of other proteins
of comparable size), may possibly result from the difference between the

°The quantity d Inyssa/dcpeg is equal to the interaction factor B,, in Equation 3, where
BSA is component 1 and PEG is component 2.

'® Amounts of PEG in precipitates of proteins have been found to vary greatly with the
salt composition of the supernatant fluid (appendix table in 172).
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cross-sectional area of a typical globular protein and the cross-sectional
area of a single polymeric chain; as the size of a protein increases, the
approximation that polymer excludes volume to protein as would a ran-
dom array of thin rods becomes increasingly realistic. By the same reason-
ing, one would expect that Equation 3, truncated after two-body terms,
would become an increasingly realistic description of the dependence of
the activity of a globular tracer species 7 in the presence of a large excess
of a compact (i.e. not polymeric) background species j as the size of species
Jj diminishes relative to that of species i. The results of several measurements
of the effect of high concentrations of smaller solutes (such as sugars) on
protein activity (141) seem to agree with this expectation.

PROTEIN IN THE PRESENCE OF A BACKGROUND PROTEIN The solubility of
deoxygenated sickle hemoglobin (HbS) is reduced in the presence of other
proteins that do not coprecipitate with the hemoglobin (14, 145). This
effect has been interpreted in the context of excluded-volume models (133,
145). Also, excluded volume must be taken into account in order to
quantitatively account for the effects on HbS solubility of other hemo-
globin variants that coprecipitate with HbS to varying degrees (35, 91,
109, 145). In principle, the excluded volume interaction between proteins
of two different species could be characterized quantitatively via measure-
ment of the osmotic pressure or sedimentation equilibrium of protein
mixtures (see e.g. 22, 71). However, we are unaware of published experi-
mental studies of this kind.

EXPERIMENTALLY OBSERVED EFFECTS OF
CROWDING ON EQUILIBRIA AND REACTION
RATES IN MODEL SYSTEMS

We have summarized several observations of crowding effects on reaction
equilibria in Table 2; Figure 4 shows an example (the effects of crowding
on the equilibrium association of ribosomal particles). Similarly, we have
summarized several reported effects of crowding upon reaction rates in
Table 3; Figure 5 shows an example (the effects of crowding on the rate
of enzyme-catalyzed exchange labeling of DNA termini). Certain entries
in the tables are discussed below.

Extended Ranges of Enzymatic Activities Under Crowded
Conditions

Crowding has been shown to greatly extend the range of solution con-
ditions under which several enzymes or proteins are functional. The ex-
amples cited here all involve interactions with nucleic acids, probably
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because of the large crowding effects on reactions between macro-
molecules. We anticipate that such effects are much more widespread.

DNA POLYMERASE AND DNA REPLICATION SYSTEMS  The introduction of the
use of hydrophilic polymers for in vitro DNA replication systems by Fuller
et al (38) was an important development in the study of those and related
systems (66; see references cited in Table 3). Fuller et al (38) suggested
that the excluded-volume effects of the polymers might increase effective
concentrations of macromolecular reactants, a prediction borne out by
subsequent studies in which polymer requirements were removed by
increasing the concentrations of reactants (62, 75).

In studies with isolated enzymes, synthetic activities and associated
nuclease activities of DNA polymerases increased in a range of otherwise
inhibitory salt concentrations (166). The increased activity seems to be a
direct result of increased binding of polymerase to DNA. Crowding also
enables DNA polymerase I of E. coli to remain active under a variety of
otherwise inhibitory conditions (e.g. unfavorable pH or temperatures,
inhibitory concentrations of urea, formamide, or ethidium bromide), lead-
ing to a general proposal of crowding as a source of homeostasis (169)
(see below).

DNA LIGASES T4 DNA ligase and E. coli DNA ligase are both inhibited
at higher salt concentrations under uncrowded conditions. In the presence
of PEG, however, DNA ligation in these salt concentrations can be greatly
stimulated (52, 53).

The temperature optimum of a DNA ligase from the thermophilic
organism Thermus thermophilus is increased from 37°C in uncrowded
media to a more normal temperature optimum for that organism (~ 55—
65°C) in 20% PEG 6000 (147). Takahashi & Uchida (147) also note
previous studies (53, 168) of DNA ligases from E. coli and rat liver that
suggest crowding-induced shifts in temperature optima into temperature
ranges characteristic for the organism.

recA PROTEIN  Addition of PEG or polyvinyl alcohol (PVA) extended the
functional range of a rec4 protein-promoted DNA strand-exchange sys-
tem (73). Crowding allowed high rates of product formation at otherwise
suboptimal Mg** concentrations and also approximately doubled the
concentration of NaCl required for half-dissociation of recA4 protein from
etheno M13 DNA (73).

Alteration of Reactants or Products Under Crowded Conditions

Enzymes of nucleic acid metabolism have provided several examples of
changes in substrates or products under crowded conditions. These are
discussed below.
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Figure 4 Effect of concentration of PEG 3350 on the equilibrium distribution of ribosomal
species isolated from E. coli (based upon data in Figure 2 of Ref. 170).

ALTERED SUBSTRATE SPECIFICITY Absolute or relative substrate-specificity
can be changed by crowding: (@) Blunt-end ligation by E. coli and rat-liver
ligases was undetectable under normal assay conditions but became a
strong reaction under crowded conditions (168), probably because of the
condensation of the DNA under crowded conditions. (b) The relative rates
of phosphorylation of blunt or recessed DNA termini by T4 polynucleotide
kinase was increased under crowded conditions (49, 50).

ALTERED REACTION PRODUCTS Mixtures of cyclic and linear ligation pro-
ducts from both DNA ligases (118) and the T4 RNA ligase (48) shift
strongly toward lincar products under crowded conditions, which may
reflect the increased thermodynamic activity of DNA termini under
crowded conditions (cf 34). In agreement with such a mechanism, Sobczak
& Duguet (143) obtained increases in intermolecular ligation by T4 DNA
ligase resulting from an increase in the DNA concentration that are com-
parable to those obtained by crowding with PEG (see also 11)."" The

Annu. Rev. Biophys. Biomol. Struct. 1993.22:27-65. Downloaded from arjournals.annualreviews.org
by CALIFORNIA INSTITUTE OF TECHNOLOGY on 02/09/05. For personal use only.

""Lower molecular weight PEGs tend to favor circle formation in many of these ligation
systems for unknown reasons.
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similarities between the DNA ligases and T4 RNA ligase occur despite the
difference in substrates (duplex DNA vs single-stranded DNA or RNA,
respectively).

DECREASED SOLUBILITY OF NUCLEIC ACID COMPONENTS DNA (and perhaps
RNA) can undergo intramolecular collapse in the presence of polymer
and salt (“psi” DNA) (see 8, 77, 78). Such preparations are often readily
sedimentable (48, 49, 118). It would be interesting to know how well the
various salt and temperature effects on PEG stimulation of DNA (or
RNA) ligases or recA protein (see above) correlate with the presence of
psi DNA (or RNA), as measured, for example, by ready sedimentation of
the DNA (or RNA).

EXPERIMENTALLY OBSERVED EFFECTS OF
CROWDING UPON TRANSPORT PROPERTIES IN
MODEL SYSTEMS

Viscosity of a Protein Solution

The viscosity of human hemoglobin has been measured as a function of
concentration at concentrations up to 450 g/liter. The dependence of
viscosity upon concentration is quantitatively accounted for by a semi-
empirical equation (131) that was originally formulated to describe the
concentration dependence of the viscosity of suspensions of rigid colloidal
particles (105). This finding supports the appealingly simple notion that
the effects of volume exclusion on both hydrodynamic and thermodynamic
properties of solutions of compact globular proteins may be accounted for
in a reasonably realistic fashion by models in which the protein molecules
are treated as rigid particles of regular shape.

Self-Diffusion of Proteins in Membranes

Scalettar & Abney (140) recently reviewed this subject comprehensively.
The concentration dependence of the two-dimensional self-diffusion of
proteins in membranes, or irreversibly adsorbed onto membranes, has
been measured by fluorescence recovery after photobleaching (117, 149,
153). The coefficient of self-diffusion decreases more strongly with increas-
ing protein concentration than predicted by any model or simulation
presuming only hard-particle interactions between diffusing molecules
(140). However, one can model the experimental results by assuming that
patches of the membrane surface are inaccessible to diffusing proteins, by
assuming that there are immobile obstacles to surface diffusion, or by
assuming the presence of long-range attractive or repulsive forces between
diffusing proteins (136, 137, 139, 140). Apparently, the systems studied so
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Figure 5 Effects of macromolecules and low molecular weight derivatives on the rate of
exchange labeling by T4 polynucleotide kinase of recessed DNA termini (redrawn from Ref.
50).

far do not provide a satisfactory experimental model for the study of pure
crowding effects.

Self-Diffusion of Proteins in Aqueous Solution

The concentration dependence of three-dimensional self-diffusion of pro-
teins in aqueous solution has been measured with classical methods
(reviewed in 46). Results obtained for several proteins are plotted in Figure
6, together with curves calculated using a semiempirical free-volume model
(106) with best-fit values of parameters given in the figure caption. The
self-diffusion coefficient typically decreases by a factor of 10 as the protein
concentration increases to ~ 300 g/liter.

Tracer Diffusion of a Protein in Solutions of a Second Protein

The diffusion of trace amounts of myoglobin, hemoglobin, and chromo-
phorically labeled bovine serum albumin and aldolase has been measured
as a function of the concentration of each of several different background
proteins (ribonuclease, ovalbumin, serum albumin, aldolase) at con-
centrations up to 200 g/liter (106). For all proteins, D" decreases with
increasing weight/volume concentration of background protein. Plots of
D" vs the concentration of background protein resemble the data plotted
in Figure 6. For three of the four proteins, the dependence of D' upon
background-protein concentration becomes stronger as the molecular
weight of the background protein decreases, as predicted by the free-
volume model for tracer diffusion (106). Extrapolation of the data to
higher concentrations using the free-volume model suggests that the tracer
diffusion coefficient of large proteins could be reduced by two or more
orders of magnitude in solutions with ¢ > 0.3.
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Figure 6 Self-diffusion coefficient of globular proteins plotted as a function of protein
concentration. Symbols represent the combined data of several authors, summarized by Gros
(46). The curves are best-fits of Equation 6 of Muramatsu & Minton (106) to each of the
data scts, with v assumed equal to 0.8 ml/g for all protcins. The values of best-fit parameters
for each protein are as follows: Myoglobin (open circles), log (D, x 107) = 1.04,
Ar =434 x 107 cm. Hemoglobin (closed circles), log (D, x 107) =0.792,
Ar' =7.26 x 1078 Ovalbumin (open triangles), log (Do x 107) = 0.742, Ar' = 8.36 x 1072
cm. Invertebrate hemoglobin (closed triangles), log (D, x 107) = 0.126, Ar' = 4.54 x 1077
cm.

Tracer Diffusion of Probe Molecules in Polymers

The diffusion of compact tracer particles (proteins and latex spheres) in
random coil polymers has been studied using boundary spreading (70,
121), inelastic laser light scattering (reviewed in 119), and fluorescence
recovery after photobleaching (FRAP) (44). The diffusion coefficient of a
dilute probe particle in a particular polymer solution may be described to
within experimental error by an empirical relation

D/D° = exp (¢’ R> M),

where D° is the diffusion coefficient of the probe in the absence of polymer,
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¢ is the weight/volume concentration of polymer, R is the radius of the
probe particle, M is the molecular weight of polymer, and «, v, §, and y
are fitting parameters. The parameter « increases with the net electrostatic
charge of polymer (44). According to Phillies et al (119), inelastic light-
scattering measurements for a broad range of probe-polymer combinations
yield v in the range 0.6-1.0, y = 0.7-0.9, and § ~ 0. However, other tech-
niques and other probe-polymer combinations have yielded v as approxi-
mately 0.5 and § significantly greater than zero (44, 70, 121). No single
theory can account for these varied results. However, all studies reveal a
large retarding effect of the polymer; the diffusion coefficient of a protein
may be reduced by one or two orders of magnitude at polymer con-
centrations less than 100 g/liter.

CROWDING IN CYTOPLASM

Experimental Approaches to the Calculation of Volume
Exclusion in Cytoplasm

Two groups (19, 20, 172) recently estimated the effect of volume occupancy
upon the thermodynamic activity of a globular protein in the cytoplasm
of E. coli. The two approaches are similar in outline, both starting with
molecular weight distributions representing the cytoplasmic complement
of macromolecules of E. coli and estimated or measured values for the
actual cytoplasmic concentration of those macromolecules. The molecular-
weight distributions are then converted to molecular-volume distributions
by application of values for effective specific volumes (see above) and
the molecular-volume distributions are finally expressed at cytoplasmic
macromolecule concentrations to obtain a working description of the
cytoplasmic background macromolecules for use in SPT calculations of
activity coeflicients. The two studies differ at each stage in the way pa-
rameters are chosen and the extent to which parameters are experimentally
based.

Rationalization of Discrepancies Between Phenomena Observed
in Vitro and in Vivo

Binding of the lac repressor to the lac operator (10, 127, 162) and RNA
polymerase binding to the APy promoter (128, 129) are both exquisitely
sensitive to salt inhibition in vitro, yet Richey et al (126) found no sig-
nificant salt effect on either system in vivo. Both Cayley et al (19) and
Zimmerman & Trach (172) agree that crowding is one of the keys to
resolving the apparent discrepancy, but their respective analyses differ in
the type of data on which their respective conclusions are based and in the
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emphasis placed upon the contributions from various factors, as described
below.

Zimmerman & Trach (172) calculate activity coefficients for test particles
of arbitrary size under anticipated cytoplasmic crowding conditions over
a range of values of the effective specific volume parameter. Application
of these activity coefficients to parameters characterizing the dilute solution
behavior of the lac repressor-operator system resulted in calculated trends
of lac operator function that agree in general with the results of Richey et
al (126) in vivo: crowding greatly decreases the expected salt dependence
of lac operator function. According to this interpretation, crowding effects
in vivo at any external osmolarity cause very large increases in the affinity
of lac repressor for both specific and nonspecific binding sites in DNA.
Hence under crowded conditions, an increase in internal salt concentration
caused by shifts in external salt levels will not cause significant dissociation
of lac repressor from DNA binding sites—even though such salt con-
centrations readily cause dissociation in dilute solution conditions in vitro.
If essentially all protein is bound, then the expression of the /ac operator
is largely controlled by the (salt-independent) ratio of specific to nonspecific
DNA sites.

The interpretation of Cayley et al (19) is based upon the decreased
cytoplasmic volumes they observe as extracellular salt concentrations are
raised; decreased cytoplasmic volumes lead to increased concentrations of
cytoplasmic macromolecules and hence increased crowding effects. These
increased crowding effects are suggested to balance the protein-dissociating
effects of the increased salt, resulting in approximate salt independence in
vivo. They estimate changes in the activity coefficient of RNA polymerase
of at least two orders of magnitude in response to an increase in (RNA+
protein) of 275 to 440 mg/ml cytoplasm, yielding final values consistent
with the salt independence of the RNA polymerase-APg promoter inter-
actions observed by Richey et al (126).

Diffusion of Probe Molecules in Cytoplasm

Mastro, Keith, and coworkers (84, 85) measured the translational and
rotational diffusion of a small spin probe in the cytoplasm of mammalian
cells by measuring electron spin resonance. They found that the trans-
lational mobility was about half that in water but was greatly retarded
upon cell shrinkage in hypertonic media, whereas rotational mobility was
only slightly affected, suggesting that the spin probe was distributed within
compartments in the cytoplasm. The mobility of the spin probe within a
given compartment is thought to be similar to that in a dilute aqueous
solution, but translational diffusion between compartments is hindered by
structural elements of the cytomatrix. The extent of hindrance, and thus
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the overall long-range translational diffusion of the probe, is likely to
reflect alterations in cytomatrix structure. Jacobson & Wojcieszyn (58)
measured the apparent diffusion coefficients of several fluorescently labeled
proteins in fibroblast cytoplasm via FRAP. No obvious dependence of the
rate of diffusion upon the size of the protein was observed, leading them
to suggest that associations with structural components of the cytomatrix,
rather than hindrance due to volume exclusion, were the main factors
regulating protein diffusion. Luby-Phelps, Lanni, and coworkers (56, 81,
82) have measured the diffusion of size-fractionated fluorophore-labeled
Ficoll in-the cytoplasm of mammalian cells by using FRAP. The diffusion
coefficient of Ficoll in cytoplasm decreased with increasing polymer size
in a fashion that could not be unambiguously interpreted in the context
of any simple theoretical model, but which could be mimicked by the
diffusion of Ficoll in mixtures of F-actin and concentrated unlabeled Ficoll
or bovine serum albumin. On the basis of these findings, they propose that the
cytoplasm may be described as a network of entangled fibers interpenetrated by
a fluid phase containing a high concentration of soluble proteins.

RAMIFICATIONS, SPECULATIONS, CONCLUSIONS
Possible Role of Crowding in Regulation of Cellular Volume

In a variety of eukaryotic cell types, small changes in cellular volume can
result in the activation of compensatory mechanisms that restore the
original volume (135). Volume changes of a few percent reportedly can
result in disproportionately large increases in ion fluxes (26, 60), prompting
questions regarding the nature of the volume-change signal and mech-
anisms of response (30, 60). Recent studies demonstrated that in resealed
dog red cell ghosts containing protein mixtures, activation of swelling and
shrinkage-activated membrane ion transporters correlates with con-
centration of total cytoplasmic protein, as opposed to cell volume per se,
ot the concentration of any particular cytoplasmic protein constituent (26,
27). Because of macromolecular crowding in cytoplasm, small changes in
volume (i.e. total macromolecular concentration) result in large changes
in the thermodynamic activity of all macromolecular species, dilute as well
as concentrated, and changes in the thermodynamic activity of one or
more soluble regulatory proteins could trigger activation of compensatory
mechanisms (26; also suggested in 166). Quantitative models for swelling-
activated transporter-mediated ion flux embodying this notion were pro-
posed recently (98a, 99).

Efficacy of Macromolecular Drugs

The binding of macromolecular ligands to their complementary sites is
affected by the volume occupancy of the surrounding medium (94, 95, 98a,
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99). Apparent binding constants may be altered by one or more orders of
magnitude. Thus, we believe that the screening of potential macro-
molecular drugs or any other macromolecular species for pharmacological
activity should take place under conditions that mimic the crowding effects
of the physiological medium in which ligand binding would actuaily occur.
Surrogate crowding solutions that mimic estimated prokaryotic cyto-
plasmic backgrounds may be useful adjuncts (172).

Synthesis by Degradative Enzymes

Given the enhanced tendency of macromolecules to associate to form
compact complexes in crowded media, it seems probable that at least some
enzymes that catalyze degradative reactions such as limited proteolysis in
vitro (i.e. in dilute solution) might actually catalyze the reverse reaction in
vivo, and thus function primarily as synthetic rather than degradative
enzymes.

Macromolecular Crowding as a Laboratory Tool

Inert volume-occupying macromolecules such as PEG have been added to
increase the efficiency of common laboratory procedures involving nucleic
acids, such as labeling DNA termini, ligation of DNA fragments, and
renaturing of DNA (134, 142).

Osmotic Remedial Mutants

Auxotrophic or temperature-sensitive mutants of prokaryotes commonly
become functional in media of high osmolarity (31, 51). Cayley et al
(19) showed that the steady-state cytoplasmic volume of growing cells
decreased with increasing external osmolarity. They proposed that this
enhances intracellular crowding effects at high osmolarity. Resulting shifts
in intracellular equilibria and reaction rates could potentially compensate
for a variety of mutational defects.

Crowding as a Factor in Cellular Evolution

Living cells have high total macromolecular content—we can think of no
exceptions to this statement. Does this mean that macromolecular crowd-
ing is essential to life? Life is thought to have originated in a primordial
soup of prebiotic organic molecules; was that soup crowded? Reversible
interactions that evolved in a crowded soup—or in a living system—would
be characterized by affinities that are no stronger than they need to be in
order to confer function in the crowded environment. If the cell is lysed
and total macrosolute concentration significantly reduced, the resulting
reduction in thermodynamic activities would lead to the dissolution of
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some relatively weak interactions that are present in the intact cell (88)
and the loss of high-level structural information.

Berg (15) has suggested that intracellular crowding may act as an evo-
lutionary force tending to bias conformational equilibria toward compact
conformations. In this context, we note that native structures of proteins,
ribosomes, and other intracellular moieties tend to be compact; even DNA
perhaps the most intrinsically anisometric of all biological materials, tends
to occur in highly compact structures such as nucleoids or nucleosomes
(157), and may even function in a condensed conformation (142).

Crowding Versus Confinement

In the present review, the term crowding has been used to denote the
exclusion of solution volume to macrosolute molecules by other macro-
solute molecules. Solution volume may also be excluded to macrosolutes
by stationary structural elements, such as membranes and fiber lattices,
that restrict the translational and rotational freedom of soluble species.
The cytoplasm of most eukaryotic cells contains a significant volume
fraction of immobile'? structural elements of various types, collectively
referred to as the cytomatrix (40). A statistical-thermodynamic theory of
the thermodynamic activity of rigid particles in confined spaces (42) was
recently used to calculate the effects of confinement on various types of
reaction equilibria (98). Confinement was found to substantially affect
thermodynamic activity of a particular solute species when the charac-
teristic spacing between confining boundaries became smaller than about
three times the maximum dimension of the confined particle.

If confinement is uniform throughout the fluid, then confinement
enhances association equilibria. Unlike crowding, the extent to which
confinement affects associations depends substantially upon the relation-
ship between the shape of the aggregate and the shape of the confining
boundaries. If confinement is nonuniform, then solutes (and aggregates)
will partition so that larger particles will be preferentially found in larger
spaces.

Homeostasis or Metabolic Buffering

The increased binding often caused by crowding may be a global tendency
in cells that offsets a variety of perturbing influences, such as increased salt
levels, drug binding, or pH changes (166, 169). This projected homeostatic
tendency, termed metabolic buffering, could in principle apply to equi-

'2That is, the structural elements are immobile on the time scale of translational motions
of individual molecules of macrosolute.
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librium and kinetic aspects of isomerization reactions, associations in
solution, phase equilibria, and binding of soluble ligands to surface sites.
A quantitative example has been presented (172).

Crowding and the Functional Importance of Condensed DNA

Sikorav & Church (142) demonstrated that factors such as the addition of
volume-occupying polymers that favor the formation of condensed DNA
(8, 77, 78) greatly accelerate the rate of renaturation of single-stranded
DNA and can also support a protein-free DNA strand—exchange reaction.
They suggest that the process of matching complementary base-pair
sequences is more efficient in the condensed phase than in solution, and
that condensed rather than extended DNA may be the physiologically
relevant structure.

Crowding and Cytoplasmic Structure

The two major qualitative manifestations of crowding are enhancement of
macromolecular associations and hindrance of macromolecular diffusion.
Assuming that most of the cytoplasm is characterized by a fractional
volume occupancy that is at least as great as the whole-cell average value,
we speculate that a typical mature, functioning protein molecule within
the cytoplasm is likely to exist as part of a complex rather than as a free-
floating moiety, and consequently would have a greatly reduced rate of
long-range translational diffusion (cf 24, 63). Because diffusion of small
molecules is affected only slightly by macromolecular crowding, meta-
bolism would therefore be expected to proceed predominantly via the
diffusion of small-molecule metabolites between the various active sites of
relatively immobile enzymes catalyzing sequential reactions. While these
considerations do not necessarily mandate the formation of ordered com-
plexes of enzymes catalyzing successive metabolic reactions, such as the
metabolons proposed by Srere (144), they do render such complexes teleo-
logically attractive: if proteins are to be complexed (as favored by crowd-
ing), would not evolution select for the formation of ordered complexes
that could speed metabolic throughput and enhance control mechanisms
(144) over the formation of random, functionally neutral complexes?
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