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ABSTRACT: Most theories about macromolecular
crowding focus on two ideas: the macromolecular nature
of the crowder and entropy. For proteins, the volume
excluded by the crowder favors compact native states over
expanded denatured states, enhancing protein stability by
decreasing the entropy of unfolding. We tested these ideas
with the widely used crowding agent Ficoll-70 and its
monomer, sucrose. Contrary to expectations, Ficoll and
sucrose have approximately the same stabilizing effect on
chymotrypsin inhibitor 2. Furthermore, the stabilization is
driven by enthalpy, not entropy. These results point to the
need for carefully controlled studies and more sophisti-
cated theories for understanding crowding effects.

The influence of concentrated solutions of macromolecules
on protein stability is thought to arise from two

phenomena: hard-core repulsion and chemical interactions.
The repulsive interaction, which is always stabilizing, has been
emphasized in crowding theories for more than 30 years.1,2

Although a role for chemical interactions has been acknowl-
edged in theories of crowding,3 there are few examples of
experiments aimed at assessing these interactions.4−7 Because
hard-core repulsions involve only the arrangement of
molecules, they affect the entropic component of protein
stability. Chemical interactions are expected to act enthalpically.
Unfortunately, information about the nature of macro-

molecular crowding effects is incomplete. First, there is limited
evidence showing that the source of crowding effects resides in
the macromolecular nature of the crowding molecule, because
controls comparing the monomer to its macromolecular
counterpart are rarely performed. Second, although several
recent modeling and simulation studies consider chemical
interactions,8−10 experimentally derived information is limited.
We addressed both limitations by using the cross-linked
polymer Ficoll-70 and its monomer, sucrose, as cosolutes and
nuclear magnetic resonance (NMR)-detected amide−proton
exchange experiments11,12 to quantify the stability of
chymotrypsin inhibitor 2 (CI2) as a function of temperature.
Opening free energies (ΔG°′op) were measured in dilute

solution, at Ficoll concentrations of 100, 200, and 300 g/L, and
in 200 g/L sucrose at 20, 25, 30, 37, and 45 °C. We used 1H
saturation transfer NMR experiments13 to show that the
cosolutes have an insignificant effect on the intrinsic rate of
exchange and activation energy of exchange. The materials and
methods used and the complete data sets are provided as
Supporting Information.

As expected, Ficoll increased ΔG°′op at all temperatures
compared to that in the dilute solution. The results are
superimposed on the structure14 in Figure 1. The Fersht

laboratory identified residues whose amide protons exchange
only on global unfolding.15 For these residues ΔG°′op is
equivalent to the denaturation free energy, ΔG°′D. The
averages and standard deviations of the ΔG°′op values for the
observed globally unfolding residues at 37 °C are listed in Table
1.
The extent of Ficoll-induced stabilization increases with

Ficoll concentration. The average ΔG°′op increases by 0.5 ± 0.1
and 0.9 ± 0.2 kcal/mol in 100 and 300 g/L Ficoll, respectively
(Table 1). This stabilization is consistent with prior
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Figure 1. Equilibrium thermodynamic data superimposed on the
structure of CI2 [50 mM sodium acetate (pH 5.4)]. ΔG°′op (37 °C)
and ΔH°′op in dilute solution, 300 g/L Ficoll, and 200 g/L sucrose. It
was not possible to obtain data for the extended loop, shown on the
left-hand side of the structures, because the residues are always
exposed to solvent and exchange too quickly.

Table 1. Average ΔG°′op Values at 37 °C and ΔH°′op Values
in Kilocalories per Mole for Globally Exchanging Residuesa

dilute
solution 100 g/L Ficoll 300 g/L Ficoll

200 g/L
sucrose

ΔG°′op 4.9 ± 0.1 5.4 ± 0.1 5.8 ± 0.2 5.4 ± 0.1
ΔH°′op 26 ± 1 35 ± 3 42 ± 3 35 ± 5

aUncertainties are standard deviations of the mean.
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observations. For instance, Ficoll increases the ΔG°′D of
creatine kinase16 and FKBP17 and the melting temperature
(Tm) of apoflavodoxin,18 cytochrome c,19 apocalmodulin,20

ubiquitin,21 and phosphoglycerate kinase.22 Dextran, a glucose-
based polymer, increases the ΔG°′D of ubiquitin,23 lysozyme,4

FKBP,17 glutaredoxin 2,24 and the molten globule of
cytochrome c4 and the Tm of cytochrome c.19 Likewise,
ΔG°′op values for CI2 are increased by polyvinylpyrrolidone
(PVP).25,26

Sucrose also stabilizes CI2 (Figure 1). The data in Table 1
indicate that the stabilizing effect of 200 g/L sucrose is
approximately equivalent to that of 100 g/L Ficoll. Stabilization
by sugars is well-known. For instance, sugars and other polyols
increase the ΔG°′D of cytochrome c27,28 and its molten
globule,29 ubiquitin,23 lysozyme,30 and α-chymotrypsin.31

Although it is known that the monomer of PVP destabilizes
CI2,25 that both glucose and dextran stabilize ubiquitin,23 and
that sucrose has no effect on phosphoglycerate kinase,22 this
“monomer test” is not often performed.
The observation that sucrose and the sucrose-based polymer

have similar effects on stability led us to question the idea that
the Ficoll-induced stabilization is entirely due its macro-
molecular nature. To obtain more information, we measured
the van’t Hoff enthalpies of opening (ΔH°′op) by plotting
ΔG°′op/T, where T is absolute temperature, for each residue
against 1/T and assessing the slope. The resulting ΔH°′op data
are superimposed onto the structure in Figure 1, and the
averages for the globally unfolding residues are listed in Table
1.
Ficoll increases ΔH°′op in general (Figure 1) and for the

globally unfolding residues (Table 1), and the increases are
larger at higher Ficoll concentrations. A Ficoll-induced increase
in the enthalpy of denaturation (ΔH°′D) has also been reported
for apocalmodulin,20 but a decrease is observed for ubiquitin.6

Because the increase in ΔH°′op reported in Table 1 is greater
than the increase in ΔG°′op, the Ficoll-induced stabilization of
CI2 is entirely enthalpic, counter to theoretical expectations.
We then measured ΔH°′op in sucrose (Figure 1). The same

effect is observed (Table 1); the average increase in ΔH°′op is
larger than the increase in ΔG°′op. These results are consistent
with the observations that sucrose stabilizes α-chymotrypsin,31

a β-hairpin peptide,7 and lysozyme30 by increasing ΔH°′D.
Arg 46 and Arg 48 are exceptions in that the ΔH°′op values

for these (non-globally unfolding) residues are large (<40 kcal/
mol) and decrease steeply with increasing Ficoll concentration
(Supporting Information). Both residues are involved in
interactions with the extended loop: the amide proton of Arg
46 forms a salt bridge with Glu 41, and the amide proton of Arg
48 forms a hydrogen bond with Thr 39.14 A likely explanation
for the decrease in ΔH°′op is that crowding deforms the flexible
loop, weakening these hydrogen bonds.
Importantly, for all other residues, ΔH°′op either increases or

remains approximately unchanged with increasing Ficoll
concentration. The average ΔH°′op for the global unfolding
residues increases by 9 ± 4 and 16 ± 4 kcal/mol in 100 and 300
g/L Ficoll, respectively (Table 1). Sucrose has a similar effect.
Except for the increase in stability, our observations run

counter to what is expected from simple ideas about
macromolecular crowding. First, the monomer and its macro-
molecular counterpart have nearly the same stabilizing effect.
Second, theory predicts that stabilization arises from a decrease
in the entropy of unfolding, but the observed increase is
entirely enthalpic; in fact, the entropic effect is destabilizing.

This enthalpy-driven stabilization could be rationalized if
Ficoll or sucrose interacted strongly with the native state. The
situation would be akin to ligand binding where complex
formation pulls the equilibrium away from the denatured state.
Three lines of evidence, however, indicate that the cosolutes do
not form such complexes. First, significant (>0.02 ppm26)
Ficoll-induced changes in the backbone chemical shift vector32

are observed for only four positions; two (Glu 25 and Thr 39)
are in the flexible loop, and one (Gln 22) has a side chain
exposed to solvent (Supporting Information). Second,
relaxation-based NMR experiments designed to expose weak
interactions33 indicate that Ficoll interacts weakly, if at all, with
CI2.34 Third, analysis of second virial coefficients indicates that
sucrose interacts weakly with proteins.35 The possibility that
the crowding-induced stabilization arises because of denatured
state compaction36 cannot be assessed from our data.
An alternative explanation is that Ficoll and sucrose stabilize

CI2 via preferential hydration.37 As discussed by Bolen and co-
workers,38,39 the ΔG°′ for transferring the peptide bonds of a
protein from water to a sugar solution is unfavorable. The
stabilization induced by preferential hydration arises because
the denatured state exposes more peptide bonds than the native
state. Consistent with our data, the stability enhancement does
not require the cosolute to be a macromolecule and occurs
without strong interactions between the cosolute and the
protein. In addition, the hallmark of preferential hydration is an
increase in ΔH°′D that is partially offset by an increase in the
entropy of unfolding,5 which is what we observe. Nevertheless,
this explanation is not entirely satisfying because preferential
hydration can be rationalized in terms of the simple theory for
macromolecular crowding.28

There is no doubt that hard-core repulsions play a role,
because at 300 g/L, Ficoll36,40 and sucrose41 occupy
approximately 20% of the volume. Our data indicate that
other phenomena are also important, and that these
phenomena can overwhelm the effects of hard-core repulsions.
Although not all macromolecule cosolutes may act in a manner
described here, our data show the need for refinements in
explanations for the effects of macromolecular crowding. One
source of refinements will probably involve enthalpy−entropy
compensation.42
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