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Abstract

Unfolded states of ribonuclease A were used to investigate the effects of macromolecular crowding on
macromolecular compactness and protein folding. The extent of protein folding and compactness were
measured by circular dichroism spectroscopy, fluorescence correlation spectroscopy, and NMR spectros-
copy in the presence of polyethylene glycol (PEG) or Ficoll as the crowding agent. The unfolded state of
RNase A in a 2.4 M urea solution at pH 3.0 became native in conformation and compactness by the addition
of 35% PEG 20000 or Ficoll 70. In addition, the effects of macromolecular crowding on inert macromol-
ecule compactness were investigated by fluorescence correlation spectroscopy using Fluorescence-labeled
PEG as a test macromolecule. The size of Fluorescence-labeled PEG decreased remarkably with an increase
in the concentration of PEG 20000 or Ficoll 70. These results show that macromolecules are favored
compact conformations in the presence of a high concentration of macromolecules and indicate the impor-
tance of a crowded environment for the folding and stabilization of globular proteins. Furthermore, the
magnitude of the effects on macromolecular crowding by the different sizes of background molecules was
investigated. RNase A and Fluorescence-labeled PEG did not become compact, and had folded conforma-
tion by the addition of PEG 200. The effect of the chemical potential on the compaction of a test molecule
in relation to the relative sizes of the test and background molecules is also discussed.

Keywords: protein folding; macromolecular crowding; macromolecular compaction; ribonuclease A; poly-
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Understanding the structure and function of proteins in vivo
by analyzing proteins in a “dilute solution” under in vitro
conditions is one approach, but another is to perform analy-
ses under mimetic conditions of an intracellular milieu.
Consideration of the protein behavior in their intracellular
milieu has become a necessity due to the demands of ad-

vances in medical therapy. Misfolding and aggregation of
proteins have been associated with several neurodegenera-
tive diseases (Apetri and Surewicz 2002; Li et al. 2002; Ma
et al. 2002), and observing these proteins in their natural
environment could help to clarify this relationship. Physi-
ological media in living cells are “crowded” due to the high
total concentration of macromolecules (Zimmerman and
Minton 1993; Minton 2000b, 2001) occupying a substantial
fraction of the intracellular space ( ∼ 40%). The excluded
volume theory predicts that at a high level of “background”
macromolecular fractional volume occupancy, and the re-
activity of almost every soluble “test” macromolecular spe-
cies, dilute as well as concentrated, will depend sensitively

Reprint requests to: Tetsuya Yomo, Department of Biotechnology,
Graduate School of Engineering, Osaka University, 2-1 Yamada-oka, Suita
City, Osaka, 565-0871, Japan; e-mail: yomo@bio.eng.osaka-u.ac.jp; fax:
81-6-6879-7428.

Article and publication are at http://www.proteinscience.org/cgi/doi/
10.1110/ps.03288104.

Protein Science (2004), 13:125–133. Published by Cold Spring Harbor Laboratory Press. Copyright © 2004 The Protein Society 125



upon its available volume, which in turn, depends sensi-
tively upon the total volume fraction of “background” mac-
romolecules. It follows that relatively small changes in the
fractional volume occupancy of the “background” macro-
molecules are expected to have major effects on the equi-
libria and kinetics of a broad variety of intracellular reac-
tions related to the “test” macromolecules (Minton 2001).

The effect of macromolecular crowding, in particular on
proteins in vivo with regard to folding and denaturation, has
gained much attention as biomedical treatment advances,
considering that almost all knowledge gained to date has
been from in vitro studies. The exclusion volume effects
were predicted to favor the formation of macromolecular
complexes and the adoption of compact as opposed to ex-
panded macromolecular conformaitons, resulting in a re-
duction of total exluded volume (Minton 1981, 2000a; Zim-
merman and Minton 1993). In particular, macromolecular
crowding stabilizes a compact native state relative to a
much less compact unfolded state. Nevertheless, experi-
mental evidence has either indirectly supported or contra-
dicted this prediction. van den Berg et al. showed that high
concentrations of crowding agents (200 g/L) had no effect
on the refolding of oxidized lysozyme but disrupted the
refolding of reduced lysozyme and caused aggregation,
which was prevented by the presence of a molecular chap-
erone (van den Berg et al. 1999, 2000). Recent reports
showed that the ability of dihydrofolate reductase, enolase,
and green fluorescent protein to fold spontaneously in dilute
solutions was lost in a crowded environment (Martin 2002).
Flaugh and Lumb (2001) showed that macromolecular
crowding does not induce any significant conformational
change in the intrinsically disordered C-terminal activation
domain of c-Fos or in the kinase inhibition domain of
p27Kip1 proteins. On the contrary, van den Berg et al. also
showed that, in the presence of appropriate concentrations
of crowding agents, the rate of correct refolding of reduced
lysozyme can be increased up to fivefold compared with the
rate in uncrowded buffers (van den Berg et al. 2000). In
addition, macromolecular crowding agents are effective to
some extent in promoting folding of the intrinsically un-
structured reduced and carboxyamidated RNase T1 (Qu and
Bolen 2002) and of acid-unfolded cytchrome c (Sasahara et
al. 2003). Vasilevskaya et al. (1995) showed that the coil-
globule transition of a DNA molecule was largely depen-
dent on the concentration of the crowding agents. The ex-
cluded volume effect has been vividly observed in acceler-
ating fibrillation of a natively unfolded protein �-synuclein
(Uversky et al. 2002) and human apolipoprotein (Hatters et
al. 2002), which are pathological hallmarks of age-related
neurodegenerative diseases.

In this study, we attempted to explore the importance of
macromolecular crowding on protein folding by taking into
consideration the critical factors involved. The actual mac-
romolecular crowding effects operate in the intercellular

milieu, together with various other factors such as redox
reagents, salts, molecular chaperones, and so on. To inves-
tigate the crowding effects in a simple system while isolated
from other effects, we constructed the following model sys-
tem. Ribonuclease A (RNase A) was used as the model
macromolecule. RNase A has four disulfide bonds and
shows good reversibility and high stability in the oxidized
condition, making it suitable for our study. PEG, at different
molecular weights, or Ficoll, was used as the crowding
agent. These polymers are highly water soluble and non-
charged inert macromolecules that have been used to inves-
tigate the effects of macromolecular crowding (Ellis 2001).
Folding and compaction of the protein were analyzed by
circular dichroism (CD) spectroscopy, fluorescence corre-
lation spectroscopy (FCS), and NMR spectroscopy. There
are roughly consistent results between the theoretical and
experimental evidence with regard to the effects of the mo-
lecular size of the crowding agents. Accordingly, we inves-
tigated the magnitude of crowding effects caused by PEG of
different molecular weights (20 kD and 0.2 kD) as back-
ground molecules. We discussed these effects to compare
the available volumes of native and denature states for test-
ing the protein. Because our experimental system is a simple
model for investigating the crowding effects in isolation
from the other factors in an intracellular milieu, we assume
that the observed effects also work in the intracellular mi-
lieu together with the other factors.

Results and Discussion

CD spectra analysis of the folding of RNase A in the
presence and absence of crowding agents

The transitions of RNase A in sodium citrate (pH 3.0) to the
unfolded state and vice-versa under increasing concentra-
tion of urea were examined through the CD spectra, par-
ticularly at around 222 nm and 275 nm. Unfolding of RNase
A, observed at 222 nm, began at a urea concentration of
higher than 0.5 M, reached 75% at 2.4 M urea, and com-
pleted at concentrations higher than 3 M (Fig. 1). CD spec-
tra at 275 nm gave the same pattern of the unfolding of the
enzyme (data not shown). Considering that RNase A only
starts to unfold under urea concentrations higher than 0.5 M,
the conformation of the enzyme in solution containing 0.2
M urea was regarded as being in a native state. The effect of
molecular crowding on the refolding of RNase A was ob-
served when a known crowding agent, polyethylene glycol
of about 20 kD (PEG 20000) or Ficoll 70 of about 70 kD,
was added in increasing concentrations into RNase A solu-
tion containing 2.4 M urea, where 70% of the proteins in
solution were in the unfolded state. The CD spectra of the
protein solution in 2.4 M urea changed with the increase in
the concentration of PEG 20000 and became very similar to
that elicited by the native form of RNase A solution con-
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taining 0.2 M urea when PEG occupies 35% of the solution
(Fig. 2), a condition similar to the cellular interior, which is
20%–30% volume-occupied by macromolecules (Zimmer-
man and Trach 1991; Ellis 2001). It was confirmed that
addition of 35% PEG 20000 did not change the spectra of
the folded state of the protein (data not shown). Ficoll had
the same effect as PEG on the refolding of RNase A (Fig.
2). These results suggest that a crowding agent occupying a
similar volume fraction to that of the macromolecules in the
intracellular milieu drives the unfolded state of RNase to-
ward its folded or compact structure.

Compaction of RNase A by macromolecular crowding

We examined whether the crowding effect caused by PEG
or Ficoll brought about the process of compaction instead of
aggregation. This evaluation was based on the changes in
the molecular size of the enzyme as reflected by their dif-
fusion time measured by fluorescence correlation spectros-
copy (FCS; Leng et al. 2001). The viscosity of the solution
due to the presence of urea and a crowding agent was ex-
pressed by the value of the diffusion time of RNase A
relative to that of lysozyme. It was assumed that the mo-
lecular size of lysozyme does not change despite the pres-
ence of 2.4 M urea with and without PEG 20000, because
the CD spectra indicated that the native form of lysozyme in
sodium citrate was not affected by the presence of the two
solutes (data not shown). The molecular size or compact-
ness of RNase A, estimated from the relative diffusion time,
increases as it unfolds with an increase in the urea concen-
tration from 0.2 M to 3.0 M (Fig. 1), while it reduces to a
size approaching that of the native form with an increase in

the concentration of added PEG 20000 or Ficoll (Fig. 3).
When PEG 20000 or Ficoll occupied 35% of the solution,
RNase A acquired a similar molecular size (Fig. 3) and
structure (Fig. 2) to those of the native enzyme. On the other
hand, when PEG or Ficoll was added to the solution where
the enzyme is at its folded state, no significant change in the
molecular size of RNase A was observed (Fig. 3). These
results suggest that the addition of the background macro-
molecules drives the denatured RNase A to refold into a
compact size similar to the native state without aggregation,
supporting the theoretical prediction that at a high concen-
tration of background macromolecules, the mean size of an
unfolded polypeptide will decrease and ultimately shift the
equilibrium between the native and denatured states sub-
stantially toward a more compact conformation of the native
state (Minton 1981, 2000a).

Effect of macromolecular crowding on the RNase
A activity

Another criterion used to determine whether RNase A has
refolded to its native state is the enzyme activity. One might
argue that the activity of the native enzyme at pH 3.0, a
condition of the RNase A used in this experimental study, is
only about 1% of that at pH 7.5, and that the refolded
enzyme is in a solution containing 2.4 M urea. However, the
sensitivity of the enzyme assay system showed that the ac-
tivity at pH 3.0 is above the lower detection limit, and the
activity is expressed relative to the enzyme in solution con-
taining 0.2 M urea with or without the crowding agent, in
which the enzyme is in its native state. Therefore, if addition
of the crowding agent had driven the denatured enzyme to
refold to a native-like structure, the relative activity should
have increased. As expected, the activity decreased with the
increase in the urea concentration, and the value at 2.4 M
urea was about 5% of that at 0.2 M urea (Fig. 1). The
addition of 30% PEG 20000 actually resulted in an increase
of the relative activity to about 25% (Fig. 4), indicating a
recovery of the enzyme activity with the addition of PEG.
The incomplete recovery of the activity may reflect the fact
that although the enzyme had refolded to a structure similar
to the native one, there is some difference between the two.
In addition, we cannot deny the possibility that the relatively
high concentration of urea in the solution has an inhibitory
effect on the enzyme reaction.

NMR spectra analysis of the refolding of RNase A by
the addition of PEG

Further evidence for the refolding of the denatured RNase A
was obtained from 1D 1H NMR spectra analysis. The 1H
NMR spectrum of the native RNase A exhibits the spectral
characteristic of a folded structure, including good disper-
sion in the downfield amide proton region (Fig. 5). In con-

Figure 1. Transition of the native RNase A to the denatured state at 25°C
and pH 3.0 in the presence of urea. Percentage of the folded proteins at the
respective urea concentrations was expressed as a value of molar ellipticity
[�] at 222 of the CD spectra relative to that of the protein in buffer solution
with 0.2 M urea, and it was calculated as (�x M urea − �8 M urea)/(�0.2 M

urea − �8 M urea) × 100. The radius of the protein was expressed relative to
that of lysozyme and estimated from the diffusion time on FCS. RNase
activity was expressed as a value of the residual enzyme activity in the
respective urea concentrations relative to that of the enzyme in 0.2 M urea.
Circles denote � at 222 nm of the CD spectra, triangles denote relative
radius, and squares denote relative activity of RNase A.
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trast, the spectrum of the RNase A containing 2.4 M urea as
the denaturant exhibits poor dispersion in both the upfield
and downfield regions, consistent with a typically unfolded
protein structure (Fig. 5). Addition of 30% PEG 20000 to
the unfolded-state RNase A containing 2.4 M urea is ac-
companied by an increase in the chemical shift dispersion in
the downfield region with boarding (Fig. 5). Although the
spectrum is different from that of the native enzyme in pure
water, it is very similar to the spectrum of the native enzyme
containing 0.2 M urea in the presence of 30% PEG 20000.
Because the addition of 35% PEG 20000 did not change the
CD spectrum of the native enzyme, the change in the NMR
spectra of the native enzyme observed by the addition of
PEG does not imply any significant change in the folded
structure of the enzyme. Therefore, the results of the NMR
analysis, together with those of the CD spectra analysis and
enzyme activity, indicate that the addition of the back-
ground macromolecules has driven the unfolded RNase A
toward a folded structure similar to its native state.

Influence of the size of a background molecule

The influence of a background molecule’s size on the mag-
nitude of the excluded volume of a test molecule requires

further scrutiny because the theoretical and experimental
studies do not seem to be clearly consistent. In the excluded
volume theory, the chemical potential (�) of a test molecule
is calculated by considering the available volume of the test
molecule (va,T) (Minton 2001).

�T � �T
0 + RTlnaT � �T

0 + RTln�cT � RTln(vint/va,T)cT

where �T
0 is the standard state of the chemical potential of

the test molecule, and aT is an effective concentration con-
sidered to indicate thermodynamic activity. �T and cT are
the apparent activity coefficient and concentration of the
test molecule, respectively. vtot and va,T denote the total
volume and volume available to the test molecule, respec-
tively. Simply put, the chemical potential of a test molecule
depends on the volume available to the test molecule in the
solution. This theory predicts that the chemical potential (�)
of a test molecule increases with a decrease in the size of the
background macromolecule while maintaining the total vol-
ume of the background molecule. This is because the avail-
able volume (va,T) of the test molecule decreases with a
decrease in the size of the background macromolecule.
Therefore, the crowding effect increases sharply with a de-

Figure 2. Effect of PEG or Ficoll addition on the CD spectra of denatured RNase A. CD spectra of the protein were measured at 25°C
in 50 mM sodium citrate (pH 3.0), containing 0.2 M or 2.4 M of urea with or without 35% PEG of different molecular weights or Ficoll.
(A) CD spectra in the far-UV region of RNase A (37 �M); (B) CD spectra in the near-UV region of RNase A (120 �M); (C, D)
ellipticity at 222 nm and 275 nm, respectively, of the enzyme in buffer containing 0.2 M or 2.4 M urea at the indicated concentrations
of the crowding agent. For A and B, 1, 0.2 M urea; 2, 2.4 M urea; 3, 2.4 M urea and 35% PEG 200; 4, 2.4 M urea and 35% PEG 20000;
5, 2.4 M urea and 35% Ficoll 70. For C and D, filled diamonds denote values obtained with 0.2 M urea without the crowding agent;
circles denote values obtained in the presence of PEG 200; squares denote values obtained in the presence of PEG 20000; triangles
denote values obtained in the presence of Ficoll 70.
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crease in the size of the background macromolecule while
keeping the volume fraction constant (Minton 1981). On the
other hand, experiments done on T4 DNA molecules re-
vealed an inverse relationship, where crowding agent PEG
with a higher degree of polymerization had a larger effect
on the contraction of target T4 DNA molecules from the
coil to the globular state (Vasilevskaya et al. 1995). To
clarify this issue, we also used PEG with molecular weight
of 0.2 kD (PEG 200) in all of the experiments described
above. PEG 200 is much smaller than RNase A (13 kD).
The results showed that PEG 200 as the crowding agent did
not significantly drive the refolding of the denatured RNase
A (Fig. 2). Here, size made minimal difference even when
the concentration of PEG 200 was increased (Fig. 3). Con-
sequently, these results imply that a small background mac-
romolecule has a negligible crowding effect, a finding that
does not seem consistent with the excluded volume theory.

Here we explain why the effect of crowding on macro-
molecular compaction by a small-sized background mol-
ecule could not be clearly observed. Consider a solution
containing a test protein with a low molecular concentration
together with a single inert background molecule. The test
protein is simply assumed to be a reversible transition be-

tween a compact folded or native (N) state and an extended
unfolded or denatured (D) state. When we analyze the
crowding effects on macromolecular compactness, the dif-
ference between the chemical potentials of the compact and
extended states must be considered. The chemical potentials
of the N and D states at the equilibrium state are given,
respectively, by

�N = �N
0 = RTlnaN

= �N
0 + RTln�NCN = �N

0 + RTln
vtot

va,N
cN

�D = �D
0 = RTlnaD

= �D
0 + RTln�DCD = �D

0 + RTln
vtot

va,D
cD

The equilibrium constant between native and denatured
states is given by

K0�T,V� = exp� − ��D
0 − �N

0 �

RT � =
�Di

cDi

�NcN

The ratio between the concentration of the N state and that
of the D state at the equilibrium is defined as the apparent
equilibrium constant, which is given by

K ≡
cD

cN
= K0�N

�D
= K0va, D

va, N

The ratio between the available volumes of the N and D
states is important to estimate the equilibrium between na-
tive and denatured states of a test protein independently of
the magnitude of the chemical potential of the test protein’s
N and D states. When the fraction of the background mol-
ecule is above 30%, the sizes of the average interspaces
between the background molecules are on the same order of
the size of the background molecules, and the spaces in

Figure 3. Effect of PEG or Ficoll on the relative radii of the native and
denatured RNase A in 50 mM citrate containing 0.2 M urea (A) and 2.4 M
urea (B) at pH 3.0 and 25°C. The relative radii of the proteins were
estimated as in Figure 1. Circles denote samples with PEG 200; squares
denote samples with PEG 20000; triangles denote samples with Ficoll 70.

Figure 4. Effect of PEG on RNase A activity. The activity of RNase A in
50 mM citrate containing 2.4 M urea was measured as described in Ma-
terials and Methods. Circles denote enzyme activity in the presence of PEG
200; squares denote enzyme activity in the presence of PEG 20000.
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which the test protein can exist are those larger than the
volume of the test protein. Consequently, macromolecular
crowding strongly relies on the size of the test and back-
ground molecules. When the size of the background mol-
ecule approaches that of the test molecule while keeping its
volume fraction in the system constant (30%), the inter-
spaces of the background molecules are comparable with
the size of the test protein. Therefore, there are many com-
pact spaces where the native state of the test protein could
exist but the extended denatured state of the protein could
not exist. As one result, the available volume of the N state
is much larger than that of the D state. Thus, the apparent
equilibrium constant (K) becomes smaller, and the compact
native state is favored. When the size of the background
molecule becomes much larger than the test molecule while
keeping its volume fraction in the system constant (30%),
the size of the average interspaces between the background
molecules is much larger than the test protein, so the N and
D states of the test protein could nearly exist within all of
the interspaces between the background molecules. The

available volumes of N and D states are nearly equal to the
maximum available volume (70%), and the ratio between
the available volumes of the N and D states becomes close
to 1. Therefore, the apparent equilibrium (K) is the same as
that without a crowding agent, and thus the effect of mac-
romolecular crowding cannot be observed clearly. When the
size of the background molecule becomes much smaller
than that of the test molecule, the size of the average inter-
spaces between the background molecules is much smaller
than the minimum size that the test molecule could have.
The available volumes of the N and D states are extremely
small, and these states of the test protein cannot exist at
nearly all interspaces between the background molecules.
Therefore, the available volumes of the N and D states are
not so different, although their chemical potential states are
extremely high. As such, the apparent equilibrium constant
(K) only slightly changes compared to the absence of the
background molecule, and the compact native state of the
protein is not especially favored. Thus, the effect of mac-
romolecular crowding cannot be observed clearly. Gener-

Figure 5. 1H NMR Spectra of the native and denatured RNase A (2 mg/mL, Solvent: H2O: D2O � 4:1) containing 0.2
M urea (A), 2.4 M urea (B), 0.2 M urea and 30% PEG 20000 (C), and 2.4 M urea and 30% PEG 20000 (D) at pH 3
and 25°C.
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ally speaking, although there is no relation to the size of the
background molecule, the available volume of the N state is
always smaller than that of the D state. However, the ratio
of the available volume of the N state and that of the D state
could be changed, depending on the size of the background
molecule. As explained above, when the size of the back-
ground molecule is similar to that of the test molecule, the
ratio of the available volume of the N state and that of the
D state is largest to a great extent. Accordingly, the maxi-
mum effect of crowding would be observed if the size of the
background molecule is similar to that of the test molecule.

Compaction of PEG brought about by
macromolecular crowding

Although the above experiments were able to provide evi-
dence for the importance of the crowding effect to the com-
paction of the macromolecule, the use of protein as the test
molecule may still leave some uncertainties, because pro-
tein is complex by nature. Proteins have a compact native
state that is stable in terms of enthalpy. It is also known that
proteins are stabilized by high concentrations of substances
that are not macromolecules but small molecules such as
salts and some organics. This is explained in terms of pref-
erential hydration. Experimentally observing only the effect
of macromolecular crowding in isolation from other effects
such as preferential hydration is impossible, so it is neces-
sary to establish a simpler system to observe crowding ef-
fects. To provide more explicit evidence, the experiment
was simplified by using an inert macromolecule, a fluores-
cent-labeled PEG 11700, as the test molecule, keeping all
other conditions the same as those for the experiments done
with RNase A. PEG is a highly water-soluble and flexible
polymer that has no stable compact state in terms of enthal-
py; therefore, we can observe the effect of macromolecular
crowding on macromolecular compactness more directly.
The change in the size of the test molecule was examined by
FCS measurements while increasing the amount of each of
the crowding agents: PEG 200, PEG 20000, and Ficoll 70.
Clearly, PEG 200 had no effect, despite the increase in
concentration, while the diffusion time of the fluorescent-
labeled PEG 11700 relative to that of lysozyme markedly
decreased when PEG 20000 or Ficoll was increased, indi-
cating that the size of the test molecule decreases with an
increase in the concentration of the crowding agents with a
similar size to the test molecule (Fig. 6). These results pro-
vide a clear indication of the crowding effects forcing mac-
romolecules into a compact state and the effect of the size of
background molecules on the compaction of the test mac-
romolecules.

Conclusions

In this article, we have provided experimental evidence of
the importance of macromolecular crowding in the compac-

tion and folding of protein molecules by using a simple
model system. The effects of macromolecular crowding
were clearly observed with a background molecule having a
similar size to the protein molecule tested when the volume
fraction of the background molecule is comparable to that of
the macromolecules in the intracellular milieu. The analysis
of the phenomena in the presence of urea could have ac-
counted for the significant results of this study, in contrast
to other related studies that reported minimal effect (Qu and
Bolen 2002) or no effect (Flaugh and Lumb 2001) of mac-
romolecular crowding or difficulties in providing experi-
mental evidence due to extensive aggregation (van den Berg
et al. 1999, 2000) or misfolding (Martin 2002). Our experi-
mental results were obtained using a simple model system
for investigating the crowding effects in isolation from other
factors in the intracellular milieu. In vivo, the crowding
effects work together with the other factors. Hence, our
results suggest that the compact folded native states of
globular proteins in vivo are favored, considering that the
intracellular milieu is crowded in nature and is assisted by
molecular chaperones, which have been proposed as play-
ing an essential role in the process of protein folding under
crowded conditions (van den Berg et al. 1999; Ellis 2001;
Martin 2002).

Materials and methods

Materials

Bovine pancreas ribonucleaseA (type X-A), chicken egg white
lysozyme, and Ficoll 70 (type 70) were purchased from Sigma.
PEG 200 and PEG 20000 were purchased from Wako. Amino-
PEG 11700 was purchased from Shearwater Polymers, Inc.

Preparation of protein samples

Proteins were dissolved in 50 mM sodium citrate (pH 3.0) con-
taining 8 M urea and dialyzed with the same buffer at room tem-

Figure 6. Effect of PEG or Ficoll on the relative radius of Alexa-labeled
amino-PEG 11700 in 50 mM citrate containing 0.2 M urea at pH 3.0 and
25°C. The relative radius of amino-PEG was estimated as in Figure 1.
Circles denote samples with PEG 200; squares denote samples with PEG
20000; triangles denote samples with Ficoll 70.
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perature for more than 12 h to eliminate any possible contaminat-
ing particles. The dialyzed protein solution in 8 M urea was used
as the stock solution for the preparation of protein solutions with
varying urea concentration. The concentrations of the proteins in
all samples were ensured to be the same before subjecting the
samples to analysis.

Circular dichroism (CD) measurements

CD spectra in the far-UV and near-UV regions were recorded at
25°C on a Jasco J-720WI spectropolarimeter. The spectra were
scanned eight times at a scan rate of 20 nm/min, using a 1-sec time
constant and a spectral bandwidth of 1 nm. The light pass length
of the cell used was 1 mm for far-UV and 10 mm for near-UV. The
results were expressed as the mean residue ellipticity, [�], which
was calculated by using the relation

���� =
M0��

100cl
,

where Mo is the mean residual molar mass, [��] is the measured
ellipticity in degrees, c is the concentration in grams per milliliter,
and l is the path length in decimeters. The value of Mo was ob-
tained by dividing the molecular weight by the number of amino-
acid residues in the protein. The numbers of amino acid residues of
RNase A and lysozyme were 124 and 129, respectively.

Labeling of proteins for fluorescence correlation
spectroscopy (FCS)

Proteins and amino-PEG 11700 were first dialyzed in 100 mM
potassium phosphate (pH 7.0) for 12 h at 4°C prior to labeling. To
each dialyzed sample, an equimolar Alexa Fluor 488 carboxylic
acid succinimidyl ester (Molecular Probes) was added. The reac-
tion was carried out at 37°C for 1 h and quenched by the addition
of 1 M Tris-HCl (pH 9.0). Subsequently, any free Alexa Fluor 488
was removed by passing the solution three times through a Seph-
adex G-25 column (15 × 120 mm) equilibrated with 50 mM citrate
buffer (pH 3.0) containing 8 M urea.

FCS measurement and data analysis

FCS measurements were carried out with a ConforCor spectrom-
eter (Pack et al. 1999; Carl Zeiss, Jena GmbH). Samples were
excited with a sharply focused laser beam at 488 nm with a power
of 0.0121 mW. The pinhole diameter of the image plane was
adjusted to 30 �m. The diffusion time of each sample was mea-
sured at 25°C on a Lab-Tek chambered cover glass (Nalge Nunc
International). To prevent nonspecific adsorption of proteins on the
surface of the cover glass, the sample chamber was first blocked
with an unlabeled 1% solution of the protein to be analyzed.
Blocking was carried out overnight at 4°C, after which the cham-
ber was washed with distilled water two to three times and dried
for 1 h at room temperature. Into the dried chamber was added 200
�L of a protein sample, and the sample was analyzed by FCS.

In an FCS experiment, temporal fluctuations in the fluorescence
emission were utilized to obtain information on molecular dynam-
ics or molecular motions occurring at the microsecond-to-second
time scale. The mobility of a molecule was accessed by the time-
dependent fluorescence fluctuation. The fluctuations of the emitted
intensity, �I, around its mean value 〈 I 〉 were measured and sub-

jected to autocorrelation analysis that applied the definition of the
autocorrelation function, G(�):

G��� = �I�t� + I�t + ��� = �I�2 + ��I�t��I�t + ���, ( 1)

where the brackets indicate the time average, and �I(t) � I(t) − 〈 I(t)〉
denotes the fluctuations around the mean intensity, 〈 I(t) 〉 . Calcu-
lations of the autocorrelation curves were performed on-line by
FCS Access Fit software (EVOTEC BioSystems GmbH), with
subsequent display of the resulting fluorescence autocorrelation
curve. Because each FCS run engaged the diffusion of one fluor-
escent species in a three-dimensional Gaussian beam, the fluores-
cence autocorrelation curve was fitted by a nonlinear least-squares
method adapting the one-component diffusion model to the cor-
relation function

G��� =
1

�N�� 1

1 + ���D
�� 1

1 + �1�s2����D
�1

2
, ( 2)

where N is the number of fluorescent molecules in the detection
volume element, �D the diffusion time, that is, the average lateral
transit time of the particles through the focus, and s the structure
parameter that characterizes the shape of the ellipsoidal detection
volume (quotient of axial and lateral radius, s � z/w). The diffu-
sion time relates to the diffusion coefficient by

�D =
w2

4D
, ( 3 )

where D is the translational diffusion coefficient of the fluorescent
species. The structure parameter s and the radius w were then
determined from simple calibration measurements using standard
rhodamine 6G with diffusion time and diffusion coefficient of
2.8 × 10−10 m2sec−1, as obtained by the one-component fit of the
measured fluorescence autocorrelation function. Consequently, the
values of s and the detection volume were estimated to be about
5–10 and 0.4–0.6 fl, respectively. Each sample was measured in
triplicate, and each experiment was carried out twice.

The hydrodynamic radius of molecules was estimated with the
Stokes-Einstein relationships

D =
kT

6�	r
, ( 4)

where r is the hydrodynamic radius of the diffusing molecule, k is
the Boltzmann constant, T is the absolute temperature, and 	 is the
viscosity of the solvent. Substituting equation 3 transforms equa-
tion 4 to:

r =
2kT�D

3�	w2 ( 5)

The radius of the molecule is expressed as a relative value to that
of the standard lysozyme, which is assumed to have the same
diffusion time whether in the presence or absence of urea and/or
crowding agent, as discussed in the text.
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RNase activity

The enzyme activity of RNase A was measured with the RNaseAlert
Kit (Ambion, Inc.). The RNaseAlert kit employed a RNA substrate
tagged with a fluorescent reporter molecule (fluor), which emits a
green fluorescence if cleaved by RNase. The rate of fluorescence
increase is proportional to the amount and activity of RNase in
solution. The reaction mixture (40 �L) containing the enzyme
sample and 20 pmole of substrate was kept at 25°C for 1 h. The
reaction was quenched subsequently by shifting the mixture to pH
7.0 with the addition of 60 �L of 1 U ribonuclease inhibitor (Wako
Pure Chemical Industries, Ltd.) in 500 mM potassium phosphate
(pH 7.0). RNase activity was detected by the fluorescence emis-
sion of the solution at 520 nm (excitation at 488 nm) using the ABI
PRISM 7700 Sequence Detector (PE Applied Biosystems).

NMR measurement

All spectra were recorded at 25°C on a 500-MHz spectrometer
(Brucker DRX 500). We used presaturation to eliminate the water
signal and Watergate to eliminate the PEG signal. The sample
conditions were 2 mg/mL in 90% (v/v) H2O, 10% (v/v) H2O. The
pH protein solution was adjusted to 3.0 by adding small amounts
of sodium hydroxide. A filed frequency lock was referenced to the
signal from H2O.
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