
In the past four decades since the pioneering studies

of Anfinsen [l], protein folding and unfolding in vitro have

been extensively studied with low concentrations of pro-

teins in simple defined buffers. This environment differs

substantially from that encountered within cells where

proteins have evolved to function. A distinctive property

of living systems is that biochemical processes proceed in

a medium containing high concentrations of macromole-

cules (50-400 mg/ml proteins, carbohydrates, nucleic

acids, lipids, etc.) [2-5]. The concentration of a single

macrosolute species is not so high, but overall the macro-

molecules present in the cell occupy a significant part of

the total volume of the medium (about 40%). Therefore,

the accessible volume in the cell is reduced. In the litera-

ture, such conditions in the living cell have been termed

“macromolecular crowding” [6]. Experimental and theo-

retical work have demonstrated large effects of macro-

molecular crowding on the thermodynamics and kinetics

of many biological processes, including protein and

nucleic acid diffusion, molecular recognition, and pro-

tein folding and assembly [7-11].

Statistical thermodynamic models have shown that

the excluded volume effects arising from nonspecific steric

repulsion in a crowded macromolecule medium can play a

significant role in the function, stability, and interaction of

the individual macromolecule [12]. By excluding a part of

the available volume, macromolecules decrease the con-

figurational entropy, resulting in an increase in the chem-

ical potential and free energy of all molecules present in

that solution. Thus, macromolecular crowding perturbs

the equilibrium of a reaction by destabilizing the reactants

or product so as to exclude the least volume to other mol-

ecules in the milieu [13]. Given the high concentrations of

macromolecules inside cells, folding and unfolding stabil-

ity of a protein in the cytosol might well be different from

what is measured in typical dilute-solution experiments

[14]. An equilibrium statistical–thermodynamic model

developed primarily by Minton [15] predicts that macro-

molecular crowding should increase protein thermal sta-
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Abstract—The effect of Ficoll 70 on the thermal stability and structure of creatine kinase (CK) was studied using far-UV CD

spectra and intrinsic fluorescence spectra. The thermal transition curves monitored by CD spectra were fitted to a two-state

model using a modified form of the van’t Hoff equation to obtain the transition temperature (Tm) and enthalpy change

(∆Hu) of thermally induced denaturation of CK in the absence and presence of Ficoll 70. An increase in Tm with constant

∆Hu was observed with increasing Ficoll 70 concentration, suggesting that Ficoll 70 enhances the thermal stability of CK.

Fluorescence spectral measurements confirmed this protective effect of Ficoll 70 on CK structure. In addition, we observed

a crowding-induced compaction effect on the structure of both native state and thermally denatured state of CK in the pres-

ence of Ficoll 70, which is more obvious on the structure of the denatured ensemble compared to that of the native ensem-

ble. Our observations qualitatively accord with the predictions of previously proposed crowding theory for the effect of

intermolecular excluded volume on protein stability and structure. These findings imply that the effects of macromolecular

crowding are essential to our understanding of protein folding and unfolding occurring in vivo.
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bility (Tm) by a magnitude of 5-20°C under physiological

solute conditions. Some experimental facts have been

found to support this theory: the thermal midpoint of G-

actin was found to increase by 5°C in the presence of

100 mg/ml poly(ethylene glycol) 6000 [16]; the presence

of 300 mg/ml dextran raised Tm by nearly 3°C for

lysozyme at pH 2 [17]; and Ficoll 70 was found to has a

concentration-dependent effect on the thermal stability of

apoflavodoxin (∆Tm of 20°C at 400 mg/ml, pH 7) [18].

However, more experimental evidence is desirable to

prove further the correctness of this theory. Therefore,

addressing the effect of crowding on protein stability

experimentally is of great current interest.

In this study, we examined the effect of Ficoll 70 on

the structure and thermal stability of creatine kinase

(ATP:creatine N-phosphotransferase, EC 2.7.3.2, CK).

Creatine kinase, a member of the guanidino kinase fami-

ly, catalyzes the reversible transfer of a phosphoryl group

from ATP-Mg2+ to creatine, producing phosphocreatine

and ADP-Mg2+ [19]. CK plays an important role in the

rapid regeneration of ATP in cells where energy demands

are high, and it is used as an important diagnostic indica-

tor for diseases of the nervous system, the heart muscle,

and other systems. CK has also been used as a model pro-

tein in catalytic, structural, and folding studies for more

than five decades. The unfolding and refolding of CK has

been studied extensively in the presence of urea and

guanidine-HCl and versus temperature [20-23]. Usually

macromolecular crowding can be mimicked experimen-

tally by adding high concentrations of inert synthetic or

natural macromolecules, termed crowding agents, to the

systems in vitro. In this study, Ficoll 70 was used as a

model crowding agent because it is an inert, polar poly-

saccharide that behaves like a semirigid sphere. Thus it is

an attractive mimic of globular macromolecules that can

be present in the biological setting where protein folding

normally takes place. Also, it showed no detectible bind-

ing to CK (data not shown). The thermal stability and

structural changes of CK were investigated over extended

concentrations of Ficoll 70, which could simulate the

effect of intracellular crowding on protein stability and

structure. Our experimental results are in excellent agree-

ment with the theoretical prediction and demonstrate

that macromolecular crowding increases protein thermal

stability via the excluded volume effect.

MATERIALS AND METHODS

The preparation of rabbit muscle CK was as

described previously [24]. The purified CK was homoge-

neous on SDS-PAGE. The enzyme concentration was

determined by the absorbance at 280 nm with A1%
1 cm = 8.8

[24, 25]. Ficoll 70 (average molecular mass 70,000) was

purchased from Sigma (USA). All other chemicals were

local products of analytical grade. All protein samples

were prepared by dissolving the proteins in 10 mM Tris-

HCl buffer, pH 8.0. The final concentrations of CK were

0.12 mg/ml (1.4 µM) for most experiments unless men-

tioned separately.

CD spectral measurements. The CD spectra were

measured using a Jasco J-715 spectropolarimeter

(Hitachi, Japan) between 200 and 250 nm in quartz cells

with 1 mm pathlengths, a resolution of 0.5 nm, and a

bandwidth of 2 nm. Equilibrium thermally induced tran-

sition curves of CK in the presence of various Ficoll con-

centrations were monitored at 222 nm. Samples were

heated at intervals of 2 K from 298 K (25°С) to 353 K

(80°С) and equilibrated for 2 min at each given tempera-

ture before the spectral data were recorded. During the

CD measurements, the temperature surrounding the cell

was maintained within ±0.1 K by circulating water from

an RTE-111 temperature-controlled bath (Neslab), and

the cells were sealed with Teflon stoppers. All the protein

spectra were corrected for the contributions of the appro-

priate backgrounds (buffer for the protein solution or

Ficoll 70 at the corresponding concentration for the

Ficoll/protein samples). Samples with a particular con-

centration of Ficoll 70 were prepared at least in duplicate.

Fluorescence spectral measurements. Thermally

induced unfolding of CK in the presence of various con-

centrations of Ficoll 70 was also monitored with fluores-

cence spectra. Sample preparation and heat denaturation

experiments were performed the same as for the CD

measurements. All fluorescence spectra were recorded on

a Hitachi F2500 spectrofluorometer (Japan) using a 1-cm

pathlength cuvette with an excitation wavelength of

295 nm, which specifically excites the tryptophan

residues of CK.

RESULTS

Measurement and analysis of CD spectra for effect of

Ficoll 70 on CK. Figure 1 (a and b) shows the thermally

induced denaturation curves of CK in the absence and

presence of 240 mg/ml Ficoll 70, monitored by deter-

mining 222 nm ellipticities in CD spectra, which indi-

cates the secondary structure of CK, as a function of tem-

perature. Analysis of the CD spectra using singular value

decomposition [26] shows that each spectrum measured

at a particular temperature and Ficoll concentration

could be well described by a weighted linear combination

of native and denatured state components. Therefore, the

dependence of the ellipticity on temperature can be ana-

lyzed in the context of a two-state model, where the

observed ellipticity at any given temperature is taken as a

linear function of the ellipticities of the fully denatured

and native state.

The thermally induced denaturation curves in the

absence and presence of different concentrations of

Ficoll 70 were fitted to a modified form of the van’t Hoff
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equation that simultaneously fits the baselines of native

and denatured state and the transition region of the ther-

mally induced denaturation curves [27]:

[θ](T) = [anT + bn + (adT + bd)K)]/[1 + K],     (1)

where

K = exp(–∆Gu/RT).                           (2)

Here [θ](T) is the observed CD signal at a given temper-

ature T, an, bn, and ad, bd are the slopes and intercepts of

the baselines of native and denatured-state, respectively,

K is the equilibrium constant, R is the gas constant, and T

is the absolute temperature. ∆Gu is the Gibbs free energy

change between native and denatured states of CK at a

given temperature T, which is assumed to follow the

Gibbs–Helmholtz equation [28]:

∆Gu = ∆Hu(1 − T/Tm) − ∆Cu[(Tm − T) + T ln(T/Tm)]. (3)

In Eq. (3), Tm is the transition temperature at which

∆Gu = 0, ∆Hu is the enthalpy change of thermally induced

unfolding at Tm, and ∆Cu is the heat capacity change of

thermally induced unfolding.

Data were fitted using the Origin 7.0 program

(Origin Lab Corp., USA) using nonlinear least-squares

regression analysis. In this nonlinear analysis, seven

parameters were used to fit each data set: an, bn, ad, bd,

∆Hu, Tm, and ∆Cu.

The continuous lines in Fig. 1 (a and b) represent the

best fit of the data set to the two-state model based on Eqs.

(1)-(3). The calculated best-fit curves and the experimen-

tal results are in good agreement within the experimental

error. The goodness of fit shown in Fig. 1 (a and b) is com-

parable to those obtained for all concentrations of Ficoll

70 studied (data not shown). Thus, the two-state model is

sufficient to describe the thermally induced unfolding of

CK in the presence of Ficoll 70 up to 260 mg/ml.

The fraction of unfolded CK, fu, versus temperature

calculated according to Eq. (4) is plotted in Fig. 2:

fu = (anT + bn − [θ](T))/(anT + bn − adT − bd).    (4)
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Fig. 1. Thermally induced transition curves of CK in the absence

(a) and presence (b) of 240 mg/ml Ficoll 70. The [θ] of far-UV CD

was monitored at 222 nm. The lines show the best fits to a modi-

fied van’t Hoff equation as described in the text.

Fig. 2. Temperature dependence of the unfolding fraction (fu) of

CK calculated according to Eq. (4). The Ficoll 70 concentrations

(mg/ml) were 0, 30, 60, 90, 120, 180, 240, and 260 (curves 1-8),

respectively.
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The transition curves in Fig. 2 clearly indicate that

the secondary structure of CK unfolds in a cooperative

process during thermally induced denaturation in the

absence and presence of Ficoll 70. Figure 2 also shows

that higher concentration Ficoll 70 can retard the ther-

mally induced unfolding of CK. This effect is dependent

on the concentration of Ficoll 70.

The best-fit values of the thermally induced unfold-

ing parameters of CK are summarized in the table. The

plot of the transition temperature (Tm) of CK as a func-

tion of Ficoll 70 concentration (Fig. 3) shows that Tm

increases by up to 8 K with increasing Ficoll 70 concen-

tration from 0 to 260 mg/ml, suggesting higher concen-

tration of Ficoll 70 can significantly increase the thermal

stability of CK secondary structure, thus retarding the

thermally induced unfolding of CK. In addition, it can

also be seen in the table that the values of ∆Hu change

only a little with the increase in Ficoll 70 concentration.

No systematic dependence of this value on either Tm or

Ficoll 70 concentration is observable.

Figure 4 (a and b) shows the far-UV CD spectra of

native CK (at 298 K) and thermally denatured CK (at

353 K) in the presence of different concentrations of

Ficoll 70 (0-240 mg/ml). The results show that the ellip-

ticity of both thermally denatured and native CK increas-

es with increasing Ficoll 70 concentration, suggesting

gain of secondary structure as a function of added crowd-

ing agent. The ellipticity at 222 nm for thermally dena-

tured CK increased by 112% in the presence of

240 mg/ml Ficoll 70 compared to that in the absence of

Ficoll 70, while the ellipticity only increased by 8.4% for

native CK, showing that the effect is much more signifi-

cant for thermally denatured CK than it is for native CK.

Measurement and analysis of fluorescence spectra for

effect of Ficoll 70 on CK. Thermally induced denaturation

of CK was also studied by tryptophan fluorescence spec-

tra. The red-shift of λmax was used to calculate the unfold-

ing fraction (fu) of CK at different temperature in the

absence and presence of Ficoll 70. The unfolding process

was assumed to follow a two-state transition between

native and denatured states, as discussed above. The value

of fu was assumed to be 0% at 298 K and 100% at 353 K

for all Ficoll 70 concentrations separately.
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Fig. 4. Far-UV CD spectra of (a) native (at 298 K) and (b) ther-

mally induced unfolded (at 353 K) CK in the presence of various

amounts of Ficoll 70. The concentrations of Ficoll 70 for curves

1-5 are 0, 60, 120, 180, and 240 mg/ml, respectively.
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fu = [λmax(T) − λmax(298 K)]/[λmax(353 K) − λmax(298 K)]  (5)

The value of fu calculated according to Eq. (5) is

plotted versus temperature in Fig. 5. The transition curves

in Fig. 5 indicate that the unfolding of the CK tertiary

structures follows a two-state cooperative process in the

absence and presence of Ficoll 70, which is in good

agreement with the observation from CD spectra.

Additionally, it also shows that Ficoll 70 has an

obvious protective effect against thermally induced

unfolding of CK, and this effect is dependent on Ficoll

70 concentration. Figure 6 shows the value of Tm moni-

tored by fluorescence spectra increases from 330.4 to

336.6 K with Ficoll 70 concentration increasing from 0

to 260 mg/ml, which is in good accordance with the cal-

culated value based on CD spectra. The plot of Tm as a

function of the concentration of Ficoll 70 is similar to

Fig. 3.

DISCUSSION

This paper has addressed the general issue of effect

on protein stability by volume exclusion in a biological

environment, otherwise known as “macromolecular

crowding” [12, 29-33]. Specifically, we chose a dimeric

enzyme with relatively complex structure and significant

biological function as the model protein. In contrast, pre-

vious studies usually focused on small proteins or peptides

that have a simple folding mechanism.

The study in this paper analyzed the changes of sec-

ondary structure and tertiary structure of CK from 298 to

353 K in the presence of various concentrations of Ficoll

70. The equilibrium unfolding of CK in the presence of

Ficoll 70 is highly cooperative, as judged by the quality of

the two-state model fitting to individual transitions and

the coincidence of transition curves monitored by far-UV

CD spectra and fluorescence spectra.

The most favorable situation for evaluating the

molecular crowding effect on protein stability occurs

when the equilibrium between native and unfolded states

is a two-state process devoid of protein–protein associa-

tions. As CK is a dimer protein, the influence of the asso-

ciation between two monomers on unfolding equilibrium

should be considered. Early studies have shown that the

self-association of protein molecules might contribute to

the increase in Tm with increasing crowding agent con-

centration if macromolecular crowding agent greatly

affects protein–protein association reactions [7]. This

means the increase in protein concentration will bring

about an increase in Tm in the presence of crowding agent.

However, our data reveal that the value of Tm in the pres-

ence of 260 mg/ml Ficoll 70 does not change with

increase in protein concentration from 0.12 to 0.3 mg/ml,

suggesting that Ficoll 70 has no obvious effect on interac-

tion between CK monomers and significant protein asso-

ciation does not occur under the defined experimental

conditions (table).

Our results provide additional strong evidence that

macromolecular crowding enhances protein stability.

Enhanced thermal stabilities were observed by monitor-

ing the changes in secondary structure and tertiary struc-

Fig. 5. Temperature dependence of the unfolded fraction (fu) of

CK calculated according to Eq. (5). The Ficoll 70 concentrations

(mg/ml) were 0, 30, 60, 90, 120, 180, 240, and 260 (curves 1-8),

respectively.
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ture of CK. The transition temperature, Tm, of a thermal-

ly induced transition curve for a protein is one of the most

commonly used indices of protein thermostability [34].

All our results, including CD spectra and fluorescence

spectra, showed that Ficoll 70 markedly increases the Tm

value of CK during thermally induced unfolding, indicat-

ing that Ficoll 70 has a clear protective effect against ther-

mally induced unfolding of CK.

The equilibrium statistical–thermodynamic model

for the effect of volume exclusion arising from high con-

centrations of stable macromolecules upon the stability

of trace globular proteins, developed primarily by

Minton and coworkers, predict that macromolecules will

favor globular conformations as the extent of macromol-

ecular crowding is increased. Thermodynamic calcula-

tions using the principles of excluded volume theory

show that the introduction of sufficiently large concen-

trations of stable macromolecules of molar mass compa-

rable to that of a labile trace protein can reduce the equi-

librium constant (K) for denaturation of the labile pro-

tein by one or two orders of magnitude. This model was

then elaborated to estimate the magnitude of crowding

effects on the thermal denaturation of proteins. As a

result, this application predicts an increase in Tm at phys-

iological solute concentrations in a range of 5-20°C [15].

In our experiments, the data agree qualitatively with this

prediction and appear to provide additional support for

the model of molecular crowding based on excluded vol-

ume theory.

The data in the table show that ∆Hu is independent of

Ficoll 70 concentration. To the best of our knowledge, the

stability of a compact native structure of a protein in

aqueous solution is determined by the interactions among

the groups of protein molecules and the surrounding

water molecules [35]. Macromolecular crowding would

favor any state of the system that excludes the smallest

volume from the highly concentrated background mole-

cules based on the previous viewpoint. The crowding

effect reduces the configurational entropy of the unfold-

ed state through the steric excluded volume effect [14,

15]. Therefore, if a crowding agent exhibits little

enthalpic interaction with the reacting protein, crowding

theory would predict an increase in Tm value with con-

stant ∆Hu in the thermally induced unfolding with

increasing concentration of crowding macromolecules.

This theoretical prediction is consistent with our observa-

tion: a noticeable increase in Tm value, while the value of

∆Hu is almost constant with increasing Ficoll 70 concen-

tration.

The excluded-volume theory implies that macro-

molecular crowding acts mainly on unfolded-state con-

formations. By making the denatured state more compact

and thereby less energetically favorable, the native state is

indirectly stabilized [12, 36-38]. The statistical–thermo-

dynamic model of Minton also predicts that excluded

volume in concentrated solutions of stable “inert”

macrosolutes can serve to stabilize the globular native

state of proteins against unfolding by preferentially desta-

bilizing the unfolded state. The model further predicts

that the average dimension of the unfolded state will

decrease with increasing concentration of inert

macrosolute [15]. In our experiments, we observed a

compaction of the structure of both native protein and

thermally denatured protein (i.e. more ellipticity) of CK

in the presence of crowding macromolecules. The struc-

tural effect appears more obvious on the denatured than

the folded ensemble. Our experimental observations on

the structural changes in both native and denatured states

of CK also indicate that the crowding effects on dena-

tured protein molecules are feasible, which agrees quali-

tatively with the prediction of the excluded volume theo-

ry.

In summary, we have observed the influence of

macromolecular crowding agent Ficoll 70 on the struc-

ture and stability of CK during thermally induced unfold-

ing. The general enhancement of thermal stability of CK

in the presence of Ficoll 70 provides strong support to the

theory-based models of macromolecular crowding. The

data presented here perhaps will motivate the develop-

ment of more realistic models for crowding macromole-

cules and their influences on the folded and unfolded

states of proteins. Also, our findings imply that the effects

of macromolecular crowding can be an important part of

understanding how protein folding occurs in a very com-

plex intracellular environment.
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