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Abstract. The effects of inert spherical crowders on the melting temperature and the folding sta-
bility of small globular proteins are investigated by using molecular dynamics simulations with a
Gō-like model for the proteins. The energy parameter in the Gō-like model is obtained individually
for each protein by matching the models melting temperature to the experimental melting temper-
ature in the absence of crowders. It is shown that both the melting temperature and the folding
stability of protein increase in the presence of the crowders. Specifically, as the crowders volume
fraction φc increases from 0 to 0.4 the melting temperature increases by more than 20 Kelvins,
whereas the folding stability is enhanced by up to ∼3.6 kcal/mol depending on the protein and the
temperature. At room temperature (300 K), the stability enhancement is 1.2–1.4 kcal/mol, which
is close to prior experimental data. It is also shown that the dependence of the folding free energy
change on φc can be fitted well to the scaled particle theory by assuming a linear dependence of
the effective size of the unfolded state on φc.
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I. INTRODUCTION

Macromolecular crowding, the condition typically referring to the cytoplasm which is pop-
ulated by high concentrations of macromolecules, is known to influence the equilibria and rates of
many cellular reactions including protein folding [1–3]. It has been shown that macromolecular
crowding enhances the native state’s stability and the folding rates of proteins [4,5], and promotes
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protein aggregation [6, 7]. Theoretical models based on the scaled particle theory (SPT) [8–10]
have been very useful for interpreting and quantifying the effects of macromolecular crowding
on protein stability. The available models, however, still need thorough quantitative comparisons
with experiment [5, 11].

The primary effect of crowding on protein stability is due to the excluded volume of crow-
ders, which affects the unfolded state much stronger than the folded state resulting in an enhance-
ment of the native state’s stability. In the SPT model of Minton [8], the stability enhancement is
obtained by considering both the unfolded state and the folded state as effective hard spheres of
specified radii. Minton’s model is supported by simulations of proteins with spherical crowders,
which showed that the stability increase is ranged up to 2–5 kcal/mol at room temperatures [12].
Experiments on folding using synthetic crowders showed that they have only a modest stabilizing
effect, of 0.5–1.2 kcal/mol, on the protein’s folded state [13, 14].

In a recent work [15], we have shown that the fit of SPT to simulation data is significantly
improved by considering the effective radius of the unfolded state to be a linear function of the
crowders’ volume fraction φc. The aim of the present study is to get quantitative estimates of the
effects of crowders on the melting temperature and the folding stability of proteins by simulations,
and to check if the SPT works at various interested temperatures. For this purpose, we employed
a working protein model whose the energy parameter is determined individually for each protein
by fitting the temperature of the specific heat’s peak with the experimental melting temperature
for the case without crowders. The model, therefore, has a correct energy scale for each protein,
allowing quantitative results to be obtained in the simulations with crowders.

II. METHODS

Protein and crowder models
We consider two proteins of different classes of native state topology: a β -sheet protein,

the Src-Homology (SH3) domain, and an α-helical protein, the chicken’s villin headpiece (HP67)
domain whose the chain lengths are 57 and 67 amino acids, respectively. The native conformations
of these proteins are shown in Fig. 1 (a and b) with the corresponding protein data bank (PDB)
codes 1SHG and 2RJX, respectively. For convenient, we denote the proteins by their PDB codes.
The proteins are considered in the off-lattice Gō-like model of Clementi et al. [16], which follows
the early lattice model by Gō [17]. Each amino acid residue is represented by a single bead
centered at the position of the alpha carbon (Cα ) atom. The potential energy of a protein in a given
conformation is

E = ∑
i

Kb(ri,i+1 − r∗i,i+1)
2 +∑

i
Kθ (θi −θ

∗
i )

2 + ∑
n=1,3

∑
i

K(n)
φ

[1+ cos(φi −nφ
∗
i )]

+
native

∑
i< j+3

ε

[
5
(r∗i j

ri j

)12

−6
(r∗i j

ri j

)10
]
+

non-native

∑
i< j+3

ε

(
σ

ri j

)12

, (1)

where ri j is the distance between bead i and bead j; θi and φi are the bond and dihedral angles
of residue i, respectively; the star corresponds to the native state values; ε is an energy parameter
corresponding to the depth of the 10-12 Lennard-Jones (LJ) potential for native contacts; σ = 5 Å
represents an effective diameter of amino acid; Kb = 100ε, Kθ = 20ε, K(1)

φ
=−ε, and K(2)

φ
=−0.5ε.

The last two terms in Eq. (1) correspond to summations over native and non-native contacts,
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respectively. Native contacts are determined based on an all-atom consideration of the protein’s
native state given by the PDB structure. A native contact between two amino acid residues is
defined if they have at least two heavy atoms within a distance smaller than 4.5 Å.

  

1SHG 2RJX(a) (b)

(c)

Fig. 1. Native state conformations of the SH3 domain (PDB ID: 1SHG) (a) and the HP67
headpiece domain of chicken villin (PDB ID: 2RJX) (b). (c) Snapshot of a simulated
system of an unfolded protein surrounded by spherical crowders.

The parameter ε in Eq. (1) represents an average energy of all native contacts of a protein
in its native state. Following Ref. [18], the value of ε is determined for each protein by matching
the temperature of the specific heat’s peak T ∗

m obtained by the simulations with the experimen-
tal melting temperature T exp

m of the protein. Specifically, from simulations of isolated proteins
(without crowders) in reduced units we obtained T ∗

m = 1.075 ε/kB for 1SHG and T ∗
m = 0.912 ε/kB

for 2RJX. Given that T exp
m = 82◦C for 1SHG [19] and T exp

m = 81◦C for 2RJX [20], one obtains
ε= 0.656 kcal/mol for 1SHG and ε= 0.771 kcal/mol for 2RJX.

The crowders are modelled as soft spheres of radius Rc = 10 Å, which is roughly the sizes of
the two proteins considered. All amino acids are assumed to have the same mass m = 120 g/mol,
whereas the mass of crowder is chosen to be mc = 56m, equal to the weight of a small protein [15].
The interactions between an amino acid and a crowder and between two crowders are given by
a truncated and shifted LJ potential with the use of virtual residues as introduced in our previous
works [15, 21].

Simulation method
Molecular Dynamics (MD) method based on the Langevin equation and a Verlet algo-

rithm [22] is employed to simulate the dynamics of the proteins and the crowders (see also
Ref. [15] for more details). For a given crowder volume fraction φc, the simulated system typ-
ically consists of one protein and multiple crowders in a cubic box of size L = 100 Å with periodic
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boundary conditions (Fig. 1(c)). We also employed the replica-exchange MD method [23] to
improve equilibrium sampling. In this method, one simulates multiple copies (or replicas) of a
system under equilibrium conditions at various temperatures by parallel MD simulations and reg-
ularly attempts swap moves that exchange the replica conformations at neighboring temperatures
with appropriate velocity rescaling. The exchange probability is chosen such that it maintains the
detailed balance condition at each temperature [24]. For a given system of protein and crowders,
10–12 replicas were simulated at a range of temperatures that spans from above to below the fold-
ing transition of the protein. Swap moves were attempted every 10τ , where τ =

√
mσ2/ε is a

reduced time unit. The replica temperatures were adjusted several times in subsequent simula-
tions so that the acceptance rates of swap moves are higher than 0.2 for all pairs of neighboring
temperatures. The typical length of a simulation is 106τ .

Equilibrium properties of proteins, such as the specific heat, the free energy, are obtained
from the simulation data with the help of the weighted multiple histogram analysis method [25].
The free energy is determined as a function of the fraction of native contacts Q as F(Q) =
−kBT lnP(Q), where kB is the Boltzmann’s constant, T is the absolute temperature, and P(Q)
is the probability of observing conformations with the fraction of native contacts Q. The folding
free energy (∆FN−U ) of a protein is defined as the free energy difference between the native state
(N) and the unfolded state (U) and is calculated as [12]

∆FN−U = FN −FU =−kBT ln

( ∫ 1
Q‡

e−βF(Q)dQ∫ Q‡
0 e−βF(Q)dQ

)
, (2)

where Q‡ denotes the value of Q at the transition state (‡). The folding free energy change
(∆∆FN−U ) due to macromolecular crowding is defined as

∆∆FN−U ≡ ∆FN−U(φc)−∆FN−U(0). (3)

Scaled particle theory
In the scaled particle theory (SPT), the Helmholtz free energy change of inserting a hard

sphere particle of radius R in a fluid of hard sphere crowders of radius Rc is given by [26]
∆F
kBT

=− ln(1−φc)+ρy(3+3y+ y2)+ρ
2y2(9/2+3y)+3ρ

3y3, (4)

where φc is the volume fraction of crowders, ρ = φc/(1−φc), and y = R/Rc. By considering the
folded state and unfolded state of a protein as effective hard spheres of radii aN and aU , respec-
tively, the folding free energy change due to the presence of crowders can be calculated [8]. In
the present study, aN is chosen to be equal to the radius of gyration of the native conformation,
whereas aU is considered as a linear function of φc [15]. The explicit form of function for aU is
obtained by fitting the SPT model to the simulation data.

III. RESULTS AND DISCUSSION

We carried out the simulations for the two proteins, 1SHG and 2RJX, at 4 different crow-
ders’ volume fractions, φc = 0, 0.1, 0.2, 0.3 and 0.4, and calculated the specific heat as a function
of temperature and the free energy as a function of the fraction of native contacts, Q, for all cases.
Note that the volume fraction of 0.4 is close to real conditions of cytoplasm. The acceptance
rates of attempted swap moves in our replica-exchange MD simulations are in the range from
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Fig. 2. Temperature dependence of the specific heat for protein 1SHG (a) and protein
2RJX (b) at different crowders’ volume fraction φc = 0, 0.1, 0.2, 0.3 and 0.4 as indicated.

0.22 to 0.84, ensuring sufficient statistics. Figure 2 shows that for both proteins, as φc increases
the melting temperature Tm, defined as the temperature of the specific heat’s peak, also increases,
indicating that the proteins are thermally more stable under a higher crowder concentration. The
height of the specific heat’s peak is found to decrease with φc indicating the cooperativity [27] of
the folding transition is decreased. Note also that the specific heat’s peak of 2RJX is substantially
lower than that of 1SHG. Fig. 3 shows that the stability enhancements are similar for both proteins
with Tm increased by more than 20 degrees as φc is changed from zero to 0.4. Note also that the
increase in Tm with φc is slightly non-linear for both proteins with a faster increase at a higher φc
(Fig. 3).
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Fig. 3. Dependence of the melting temperature Tm on the crowders’ volume fraction φc
for protein 1SHG (filled circles) and protein 2RJX (open circles).

Figure 4 shows that the typical MD trajectories at the melting temperature for 1SHG for
both cases, in the absence (Fig. 4a) and in the presence of crowders (Fig. 4b), have multiple
switchings between low and high energy conformations corresponding to the folded and unfolded
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Fig. 4. Time dependences of the energy of protein 1SHG (a,b) and protein 2RJX (c,d) in
long simulations at their melting temperatures in the absence of crowders (φc = 0) (a,c)
and in the presence of crowders with φc = 0.4 (b,d).

states of the protein, respectively. This result indicates that the folding mechanism is two-state and
that the crowding condition does not change the folding mechanism of the protein. However, it can
be noticed that the switching frequency increases on changing from φc = 0 (Fig. 4a) to φc = 0.4
(Fig. 4b), suggesting that the crowding decreases the folding free energy barrier. For protein 2RJX,
the trajectories (Fig. 4 (c and d)) show that folding mechanism is also two-state but not as clear
as for 1SHG, and the effect of the crowders on the switching frequency between the low and high
energy conformations is not clearly seen. It is indicated that the crowders have a smaller effect on
the folding barrier of 2RJX than for 1SHG.

Figure 5 shows the dependence of the free energy F on the fraction of native contacts,
Q, for the two proteins at different values of φc. The free energy profiles are obtained at the
experimental melting temperature of each protein. For most cases, the free energy has two minima
corresponding to the folded and unfolded states. For comparison, we have fixed the free energy of
the folded state (the minimum of F at high Q value) to be equal to zero as the effect of crowders
on the folded state is expected to be much smaller than on the unfolded state. Fig. 5 shows that
for both proteins, as φc increases, the free energy difference between the unfolded state and the
folded state also increases indicating enhancement of the folding stability. Fig. 5b also shows that
for protein 2RJX the minimum of F at low Q values disappears at φc > 0.2 suggesting that the
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unfolded state of this protein is completely destabilized at high concentrations of crowders at the
given temperature.
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Fig. 5. Dependence of the free energy F on the fraction of native contacts, Q, at the ex-
perimental melting temperature, T = 355 K for protein 1SHG (a) and T = 354 K protein
2RJX (b). The lines shown correspond to different values of the crowder volume fraction
φc as indicated.

-4

-3

-2

-1

	0

	0 	0.1 	0.2 	0.3 	0.4

1SHG T=355	K

T=300	K

ΔΔ
F N

-U
	(k
ca
l/m

ol
)

ϕc
(a)

-3

-2

-1

	0

	0 	0.1 	0.2 	0.3 	0.4

2RJX

T=354	K

T=300	K

ΔΔ
F N

-U
	(k
ca
l/m

ol
)

ϕc
(b)

Fig. 6. Dependence of the folding free energy change, ∆∆FN−U , on the crowder volume
fraction, φc, obtained by simulations for 1SHG (a) and 2RJX (b) at their experimental
melting temperatures, T = 355 K for 1SHG and T = 354 K for 2RJX, (filled circles) and
at T = 300 K (open circles) as indicated. The associated solid and dashed lines show the
fits of the scaled particle theory to the simulation data.

We turn now to the fitting of simulation data to the scaled particle theory model. The folding
free energy changes in the simulations were calculated from the free energy profiles using Eqs. (2)
and (3). Following previous work [15], we applied the SPT with aN equal the radius of gyration of
the protein native state whereas aU is considered as a linear function of φc (the parameters of this
linear function are obtained by the fitting). Fig. 6 shows that the folding free energy change can be
fitted very well by the SPT for both proteins at their experimental melting temperatures T exp

m and at
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the room temperature T = 300 K, indicating that the linear function of φc is a correct form of aU .
Fig. 6 also shows that the change in the folding free energy due to the crowding is much stronger
for 1SHG than for 2RJX, and for each protein it is much stronger at the melting temperature than
at the room temperature. Particularly, at the highest crowders’ volume fraction, φc = 0.4, the free
energy change for 1SHG is about 3.56 kcal/mol at T = 355 K and 1.43 kcal/mol at T = 300 K. The
corresponding values for 2RJX are 1.77 kcal/mol at T = 354 K and 1.17 kcal/mol at T = 300 K.
Table 1 shows that the linear function for aU obtained from the fitting depends on the protein and
on the temperature. Similar to the folding free energy change, the dependence of aU on φc is
stronger for 1SHG than for 2RJX, and is stronger at the experimental melting temperature than at
the room temperature.

Table 1. The parameters aN and aU used in the fits the simulation data shown in Fig. 6
to the scaled particle theory. Note that aU is considered as a linear function of φc.

Protein T (K) aN (Å) aU (Å)

1SHG 355 9.63 14.23−5.91φc

1SHG 300 9.63 12.11−3.32φc

2RJX 354 11.0 13.78−3.52φc

2RJX 300 11.0 12.73−1.59φc

Experimentally, it has been shown that Ficoll 70, an inert spherical crowding agent, has a
strong effect on the thermal stability of the 148-residue single-domain protein apoflavodoxin with
Tm increased by 20◦C at the highest Ficoll concentration of 400 g/L and pH 7 [5]. Ficoll 70 was
also shown to increase the folding stability of the 81-residue protein FKBP12 by ∼0.5 kcal/mol
at the crowder concentration of 180 g/L [13]. Another experiment showed that at 37◦C the 76-
residue wild-type ubiquitin is stabilized by 1.2 kcal/mol at 150 g/L of dextran, another type of
inert crowding agent [14]. It appears that our simulations, though performed on different proteins,
yield the thermal and folding stability enhancements close to these experimental results.

There has been no clear indication about whether the stabilizing effect of crowders on pro-
teins depends on the protein size. On the other hand, it has been shown that this effect depends
strongly on the crowder size, by both theory and experiment (see e.g. [12,28]). At the same crow-
ders’ volume fraction, the smaller the crowder, the stronger the effect. In this study, we have
considered a relatively small size of the crowders, of the radius of 10 Å, which is about the sizes
of the smallest globular proteins. Thus, the obtained stability enhancements (∼20 K in melting
temperature and ∼1.4 kcal/mol in the folding free energy) would correspond to the strongest ef-
fects under cellular crowding conditions. Note that the effect also varies with the protein and with
the macromolecular volume fraction in cells, for which φc can vary from 0.3 to 0.4. Even though
the stabilizing effect of macromolecular crowding on proteins seems to be modest, it may be uti-
lized by proteins whose function is sensitive to thermal stability. For example, it is known that the
activity of the G6PD enzyme is coupled to the thermal stability of this enzyme [29].
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IV. CONCLUSION

In this work, we have studied the effects of macromolecular crowding on the thermal sta-
bility and the folding stability of two small proteins of different classes of the native state confor-
mation. We have shown that despite the difference in the native state topology, the increases in
the melting temperature are similar for both proteins and are up to about 21–23 K on changing
the crowders’ volume fraction φc from 0 to 0.4. On the other hand, the effect of crowders on the
folding stability strongly depends on the protein and on the temperature. For the β -sheet protein
1SHG the folding free energy change is stronger than for the α-helical protein 2RJX. At φc = 0.4,
the stability enhancements are found to be ∼1.8–3.6 kcal/mol at the experimental melting tem-
peratures (354–355 K), whereas it is only about 1.2–1.4 kcal/mol at room temperature (300 K).
These results to some extent quantitatively agree with prior experimental data, which showed that
the melting temperature of protein can increase by 20 K at a high crowder concentration [5] and
stability enhancement is about 0.5–1.2 kcal/mol [13, 14]. The present study also shows that the
scaled particle theory model, in which the effective size of the protein’s unfolded state to be a lin-
ear function of φc [15], can capture the dependence of the stability enhancement on the crowders’
volume fraction at various temperatures.
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