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Abstract. Folding of proteins in vivo is influenced by the presence of a high concentration
of macromolecules in the cytosol. In this study we investigate the effects of macromolecular
crowding on folding of proteins by using molecular dynamics simulation method with Langevin
equations. The protein is considered in a Go-like model whereas crowders are modeled as soft
spheres. In our simulations, protein and crowders are enclosed in a spherical container. It is
shown that the crowders enhance the folding transition temperature as well as folding stability
of protein. The effect of crowders on the folding free energy is found to agree with Minton’s
scaled particle theory.

1. Introduction

The cytosol of living cells contains a large number of macromolecules such as proteins, nucleic
acids of a volume fraction up to about 40%. Such condition, known as ‘macromolecular crowding’
[1], significantly changes the properties of molecules in the solution and plays an important
role in many cellular processes [2, 3, 4]. For example, macromolecular crowding is known
to strengthen the binding affinity between DNA and DNA polymerase in DNA transcription
and replication [5], to enhance protein-protein association [6], and to improve the functional
efficiency of chaperonins [3]. Macromolecular crowding also has been shown to increase stability
and folding rate of proteins [7] and at the same time promote their aggregation [8].

The primary effect of macromolecular crowding is due to the excluded volume occupied by
the molecules of the crowd, or crowders, that becomes unavailable to other molecules. In protein
folding, fluctuation of the void spaces left by the crowders disfavors the unfolded state more than
the folded state. This is the basis of a number of theories based on scaled particle theory (SPT)
[9, 10, 11] that allow one to estimate the change in the folding free energy due to a presence of
the crowders. Molecular dynamics simulations have confirmed this picture and provided detailed
assessments of these theories [12, 13]. The effects of crowding on protein folding have been shown
to be essentially the same as those of confinement [11, 14].

In this study, we investigate the effects of macromolecular crowding on folding of protein by
molecular dynamics simulation. We consider simple models of protein and crowders that are
essentially similar to those considered in Ref. [13] except that we use a close boundary condition
instead of a periodic boundary condition.
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2. Model and methods

Figure 1. Sketch of a macromolecular
crowding model with a protein represented
by a chain of amino acids (small dots) and
other macromolecules (large dots) enclosed in
a spherical container.

Figure 2. The native state of protein G
(B1 domain) in a ribbon presentation. The
structure has a (-sheet with 4 strands (blue)
and an a-helix (red).

2.1. Models of protein and macromolecular crowders

To mimic the cellular environment, we simulate folding of protein in presence of macromolecules
modeled as soft spheres (Fig. 1). The protein is considered in a coarse-grained C,-based Go-like
model [15, 16]. Each amino acid is considered as a single bead of radius R, = 2.5 A centered
at the position of its C, atom. The potential energy of the protein in a given conformation is
given by:

N-1 N—-1
Ey({ri}) = > Ky(rigs1 — b)? + > Ko(0; - 6)) 24 > Z K [1 + cos(n(p; — ¢;))] +
=1 =2 n=1,3 i=2
N\ 12 12
Py (U) (“) Ayt Y e ( ) (1-ay), (1)
i+3<j T'ij i+3<j \Tij
where N is the number of amino acids; r; is the position of the bead i (i = 1,...,N); ry;

is the distance between beads i and j; 6 and ¢ are the bond angle and dihedral angle; n is
equal to either 1 or 3; the superscript * corresponds to the native state; A;; is equal to 1 if
there is a native contact between i and j and equal to 0 otherwise. A native contact is defined
if the distance between two residues in the native state is less than 7.5 A. The first three
terms of Eq. (1) correspond to the bonding potentials, bond angle potentials and dihedral
angle potentials, respectively. The last two terms are Lennard-Jones (LJ) potentials for native
contacts and repulsive potentials for non-native contacts. Energy is given in units of €, which
corresponds to the depth of the LJ potential. The choice of LJ potential is such that the
distance between residues in a native contact in the native state corresponds to its minimum,

ie. oy = 27 1/6 . *J. The parameters chosen for our model are b = 3.84, 0 = 2R, = 54,

Ky = 100472, Kg = 20¢(rad) 2, K" = —¢, k¥ = ~0.5¢.
Macromolecular crowders are modeled as soft spheres of radius R.. They repulse each other
and the amino acids via a shifted and cut-off LJ potential:

Uy = { :)16 {( ) - (%)6] +e < re 2)

> 7.
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with
" =r—R—R.+re, (3)

where r is the center to center distance between the two molecules, R is either the radius of an
amino acid (R,) or the radius of a macromolecule (R.), and . = 2!/6¢.

We employ a boundary condition in which protein and crowders are enclosed in a spherical
container of radius Ry, as shown in Fig. 1. The repulsive potential between amino acids and
macromolecular crowders with the wall of the container has the same form as given in Eq. (2)
but with:

" = Ryall —r—R+re, (4)

where r is the distance from the center of the amino acid or the crowder to the center of the
spherical container. The volume fraction of M identical crowders in a volume V is given by:

6. = CrIIBM, (5)

2.2. Molecular Dynamics method

The molecular dynamics (MD) simulation method employed in the present study is based on
Langevin equation of motion [16]. For a given temperature 7', Langevin equations for a protein
of N amino acids and M crowders are given by:

mii(t) = fi(t) — Cati(t) + V2¢kBT g(t) (i=1,...,N) (6)
meiti(t) = f5(t) — (1j(t) + V2( kBT g(t) (j=1,....,M) (7)

where m and m,. are the masses of an amino acid and a crowder, respectively; f; and f; are
molecular forces; (, and (. are friction coefficients for amino acid and crowder, respectively; g
denotes an “unit” random force whose components are given by a Gaussian white noise of zero
mean and unit dispersion.

A Verlet algorithm is developed to numerically integrate the equations. Temperature is given
in units of ¢/kp, whereas time is measured in units of 7 = \/mo?/e. The integration time step
is chosen to be equal to At = 0.0027. We assume that the protein and the crowder have the
same mass per volume, so that m. = m(R./R,)3. The friction coefficients for amino acids and
crowders are chosen to be (, = 5m/7 and (. = (4,(R./R,), so that they follow the Stokes law
for viscous friction on spherical particles.

Equilibrium characteristics of the system can be calculated from data of MD simulations and
the weighted histogram method [17]. The specific heat of protein is given by:

o 2
R (®)

where E the total energy of the protein. The protein folding transition temperature or folding
temperature T is defined as the temperature of the maximum of the specific heat. For a given
conformation one defines the fraction of native contact () as the number of native contacts in

a given conformation divided by the total number of contacts in the native state. At a given
temperature T an effective free energy as function of ) can be calculated as:

F(Q) = —kpTIn P(Q), 9)

where P(Q) is the probability to find the protein having native contact fraction between @ and
Q +dQ.
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3. Results and discussion

We study the effects of crowding on folding of the B1 domain of protein G (GB1), a small protein
of N = 56 amino acids with native state shown in Fig. 2. The radius of the crowder is fixed to
be R. = 10.24, that is equal to the radius of gyration of GBI, and the radius of the container
to be Ry = 106.4A. The size of the container was chosen so that it can accommodate a fully
stretched protein. Extensive simulations are carried out to obtain equilibrium characteristics of
the folding transition for different volume fractions of crowders.
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Figure 3. (a-b) Temperature dependence of the specific heat, C,, of protein G in absence (a)
and presence (b) of crowders plotted using non-weighted data from MD trajectories (crosses) and
those obtained by the weighted histogram method (solid lines). (c¢) Comparison of the specific
heats for different crowders’ volume fraction ¢. = 0, 0.05, 0.1, 0.15, 0.2 and 0.25 as indicated.
(d) Dependence of effective free energy, F', on the fraction of native contacts, @), at temperature
T = 0.87¢/kp for different values of ¢. as indicated. The data were obtained with crowder’s
radius R, = 10.2 A and container radius Ry = 106.44.

Fig. 3 shows that for both the absence and presence of crowders the folding transition of GB1
is cooperative as characterized by a prominent peak in the specific heat and is clearly two-state
as displayed by the two minima separated by a barrier in the free energy profile (Fig. 3d). The
position of the specific heat’s peak (corresponding to T = T) however is shifted towards higher
temperature in presence of the crowders. As the crowders’ volume fraction increases the folding
temperature T also increases but the height of the specific heat peak somewhat decreases (Fig.
3c). These observations indicate that the crowders enhance the thermal stability of protein,
but at the same time decreases folding cooperativity which usually is signified by the height of
the specific heat peak. The crowders also enhance the thermodynamic stability of the native
state or folding stability as can be seen from the free energy profile energy profiles (Fig. 3d)
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Figure 4. Dependence of the change of the folding free energy on crowders’ volume fraction.
The points shown are obtained by simulations for different temperatures as indicated whereas
the solid line presents an approximate fit by scaled particle theory (SPT) with R. = 10.24,
ay = R} =10.24, and ay = 1.13RY.

at a temperature below but close to the folding temperature. As ¢. increases the free energy
difference between the unfolded state and the folded state increases. The free energy barrier for
folding decreases which indicates that folding is faster in presence of the crowders. One can also
notice that the position of the minimum corresponding to the unfolded state is shifted towards
higher Q.

Scaled particle theory (SPT) predicts that the free energy of inserting a hard sphere of radius
R in a fluid of hard spheres of radius R, is given by [9]:

BEF = (3y +3y* + v*)p + (9y%/2 + 3y*)p* + 3y°p® — In(1 — ¢.), (10)

where y = R/R., p = ¢./(1 — ¢.) and ¢, is volume fraction of the fluid spheres. SPT has been
used to estimate the effect of macromolecular crowding on the folding free energy of proteins,
e.g. in Minton’s theory [10], in which the folded and unfolded states are considered as effective
spheres of radii ay and a7, respectively.

From the simulations, the folding free energy can be estimated as

AFN_y = Fy — Fy, (11)

where F and Fy are the two free energy minima corresponding to the folded and unfolded
states as found in the F'(Q) plot. The change in folding free energy due to the effect of crowders
can be calculated as:

AAFN_y = AFN-y(¢c) = AFN-u(0). (12)

Fig. 4 shows that AAFN_y decreases monotonically with the volume fraction of crowders for a
range of temperatures near the folding transition. The simulation data can be fitted quite well
with SPT by using R. = 10.24, ay = R} =10.24, ay = 1.13RY.

4. Conclusion

In this study, we have shown that macromolecular crowding leads to an increased folding
temperature and increased folding stability as defined by the free energy difference between
the folded and unfolded states. The change in folding stability depends monotonically with the
volume fraction of the crowders in good agreement with scaled particle theory. The enhancement
of folding stability found here are consistent with experiments and current understanding on the
effects of crowding on protein folding.
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