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Coarse-grained (CG) simulations can more efficiently study large conformational changes of biological polymers but
usually lose accuracies in the details. Lots of different hybrid models involving multiple different resolutions have been
developed to overcome the difficulty. Here we propose a novel effective hybrid CG (hyCG) approach which mixes the
fine-grained interaction and its average in CG space to form a more smoothing potential energy surface. The hyCG approx-
imately reproduces the potential of mean force in the CG space, and multiple mixed potentials can be further combined
together to form a single effective force field for achieving both high efficiency and high accuracy. We illustrate the hyCG
method in Trp-cage and Villin headpiece proteins to exhibit the folding of proteins. The topology of the folding landscape
and thus the folding paths are preserved, while the folding is boosted nearly one order of magnitude faster. It indicates that
the hyCG approach could be applied as an efficient force field in proteins.
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1. Introduction

For the past few decades, molecular dynamics (MD) sim-
ulation has become one of the most powerful tools for predict-
ing the property of biopolymers like proteins. The develop-
ment of a high precision empirical all-atom (AA) force field
allows investigation of the large structural change in at least
small proteins. With the help of the specially designed chip,
the accessible timescale of MD can even extend to the mil-
lisecond nowadays,[!! which reaches or approaches to the ex-
perimental interesting time scales of proteins.

Although there has been success in the fine-grained mod-
els, large demand in the study of membrane proteins and ge-
netic materials still requires a coarse-grained (CG) model for
further extending both length and time scales of simulations.
During the last 20 years, vast CG methods have been proposed
for different requirements.!>~'>! Although these approaches
can currently reach relative accuracy and efficiency in under-
standing the overall property of polymers, liquids, and bio-
logical membrane, still, many unsolved problems remain in
transferability and thermodynamic consistency.!'® They have
limited ability in describing the elaborate structural change in
proteins.[17-18]

Recently, multiscale modelings or hybrid methods have
caught a great deal of attention for their ability in preserv-
ing the details of protein structure while largely increasing the

accessible time scale and length scale of simulations. These
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methods have been developed into 2 classes: the resolution
mixing![!°-?21 and the resolution scaling.[>>->>! The resolution
mixing is an actual degree-reducing method, it commonly
keeps the high resolution, e.g., the AA, a description for the
detailed sensitive region like proteins while the surrounding
environment is characterized by low resolution, e.g., the CG.
On the contrary, the resolution scaling directly couples the
strength of the AA and the CG interaction into a single po-
tential, which is in actuality a fine-grained model but with a
modified energy surface. The hybrid interaction in the resolu-

tion scaling can be generally written as
Up(r) = US(R) + (1 = A)[U*(r) = U(R)], M

where r represents the coordinates of all atoms and R = R(r)
represents the CG coordinates as a function of r. U°8(R) is the
CG potential. The difference between the AA potential and
the CG potential, AU (r) = U*(r) — U°8(R), is adjusted by the
parameter A which can switch from A = O representing the
complete AA Hamiltonian to A = 1 the pure CG one. The in-
termediate A provides a bridge to connect CG with AA, which
smooths the roughness of the AA potential relative to the CG
potential. In the resolution mixing method, we can also write
this kind of hybrid Hamiltonian if thinking A varies as degrees
of freedom.

In the pure CG model (A = 1), it is clear that the CG
potential should equal to the potential of mean force (PMF)
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to reproduce the probability distribution of the AA in the CG
space. Many methods, by matching such as the average force,
thermodynamic observables, the PMF, or the probability den-
sity, are designed to construct the CG potential.[*1413] How-
ever, in the hybrid CG models (0 < A < 1), the remaining AA
interaction will also contribute to the PMF, thus the CG po-
tential U¢(R) alone should be different from that in the pure
CG model. So far, to the best of our knowledge, there have
been no successful attempts in answering the questions such
as which kind of CG potential should be applied in hybrid CG
models and how to construct hybrid CG models with higher
accuracy than the pure CG model and higher efficiency than
the AA model.

In this paper, we intend to propose a novel but econom-
ical hybrid approach. This approach can be divided into two
stages. The first stage is the same as the normal resolution
scaling method but specifies the CG potential as the average of
the AA potential. The hybrid potential is much more smoothed
so that it is easier to reach equilibrium. It is interesting to
note that, the exclusion of entropy in this CG potential is ap-
proximately replenished by the existence of the fine-grained
interaction in the hybrid model. The second stage is to bridge
multiple U, by integrating A from O to a A, (smaller than 1)
into a single effective potential. The existence of small A in
the combined potential guarantees the obtained PMF is close
to that of the original system, even while the parameterized
CG potential could not well match with the average of the AA
potential, while the large A components bring more efficient
visiting in the conformational space. Our results show that the
hyCG approach could reproduce the folding pathway in small
proteins with about one order of magnitude higher efficiency.

The paper is organized as follows. We first show the hy-
brid protocol in Subsection 2.1. Subsection 2.2 illustrates a
construction of an effective potential by combining many A-
hybrid interactions. The simulation details are shown in Sec-
tion 3. The numerical results and the verification of folding
in two small proteins, Villin headpiece (35 residues) and Trp-
cage (20 residues), including the efficiency and accuracy of
their secondary and tertiary formation, are addressed in Sec-

tion 4.

2. Theory

In this section, we first construct a hybrid potential to ap-
proximately keep the PMF in the CG space, then combine
multiple hybrid strengths together to automatically tune the
fitness between the CG and AA models.

2.1. A-hybrid potential

In our approach, first, the A-hybrid potential U, is con-
structed by linearly combining the AA potential U*(r) and
CG potential U8(R) as in Eq. (1). The A satisfies 0 <A < 1
and acts like a strength tuning parameter to reduce the rugged-
ness of the potential energy surface.

The free energy landscape of the hybrid system in the CG
space, i.e., the PMF, is

F,(R) = kaTln/Rdre_ﬁUlm, )

where kg is the Boltzmann constant, 7T is the temperature, and
B= kBLT' The integrate is limited at R. It is easy to know

Fy.(R) = Fo(R) —A(AU(r))r +0(4), (©)

where

_ JrAU(r)e PV dr
<AU(r)>R - fR e_ﬁUaa(,)dr (4)

is the average of AU (r) at R under the equilibrium distribution
of the A = 0 system. Thus, if we choose

U (R) = (U™ (r))g> ©)

the change of PMF is a high-order quantity of small 4,i.e.,
the PMF is approximately preserved while smoothing the in-
ner roughness of the AA potential. It is equivalent to apply
a high temperature to the inner degrees of freedom (DoF) but
keep the temperature to the CG DoF. To properly introduce
the CG force into the AA potential, the center-of-mass of the
CG mapping groups Ry, = (2,-6# miri) / (Zieu mi) is usually
adopted, with the y index running over all the mapping sites.
In the supporting information, we show that while the inner
DoF is tightly bound in CG DoF, the high order term of A is
almost independent on R. It indicates that the average potential
is a good selection as the CG potential in the hybrid models to
preserve the free energy landscape.

To ensure the proper rigidity of bond and angle connec-
tion, the hybridization usually performs on part of AA poten-
tials, such as the non-bonded term only, which includes the
Van der Waals (VDW) potential and the Coulomb interaction,
thus the total potential in the hybrid model is

Up(r) =US(R) + U (r) + (1 = 1) [U3*(r) ~U%(R)]. (6)

Here U{*(r) represents the bonded potential, AU,(r) =
U*(r) —U®8(R), and U3*(r) is the non-bonded part of the AA
potential. For implicit solvent simulations, the U3*(r) might
contain the generalized Born (GB) potential Ugy(r) and sur-
face tension (SA) potential UZ*(r) to mimic the solvent envi-
ronment. In this case, U (R) is the average of U3*(r).
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2.2. Bridging efficiency and accuracy

A strongly hybrid potential (large A) can reduce the
atomic friction and speed up the simulation, while a lightly
hybrid potential (A ~ 0) can provide more accurate atomic de-
tail. A simple way to balance between the two points can com-
municate multiple A-hybrid potentials involving A = 0. This
communication can be implemented through the replica ex-

e.[?61 However, the hardware requirement of

change techniqu
the replica exchange method is harsher than that of a conven-
tional simulation, which will be n times of the conventional
resources. Besides, it could encounter a problem in a low ex-
change rate. Here we apply another approach, the integrated
temperature sampling (ITS),?”) to linearly combine n hybrid

potentials to a single effective potential,

Ueir(r) = —ksT1n Y. cipi(r), @
i=1

4

where p;(r) = ﬁefﬁ[]ﬂi (r), and A; satisfiess 0 =41 < A <
o+ < Ay = Amax < 1. The Z;(T) is the partition function of the
Ai-hybrid potential and ¢; refers to the weight of each hybrid
level. Thus pi(r) is the AA Boltzmann distribution p,a(r).
The effective potential corresponds to the probability distribu-
tion p(r) = Y ¢;pi(r), which is equivalent to that of the replica
exchange simulations at these A;. In the ITS approach, the
partition function Z; is iteratively estimated by updating the
weight of each hybrid level to the desired ¢; during the simula-
tion and then refined by the weight histogram analysis method
(WHAM).[28] More details about the iterative estimate of Z;
can be found in the original paper of ITS.[?”! Usually, we adopt
equal weight for n chosen levels, which is ¢; = 1 /n for all i.
Note that it is not necessary in our model, for example, we can
set A; and A, relatively larger than other A’s so that the effec-
tive potential has more proportion accumulated in the maxi-
mum precision and the maximum efficiency. The advantage
of the A-hybrid combination approach is that even though the
average potential is not well parameterized, we still have at
least 1/n proportion correct samples accumulated in the AA
model, thus the effective potential still does not deviate much
from the original system. The similar shape of PMF for the
different A-hybrid potentials also promises the efficiency of
the combined effective potential for the iterative convergence
of partition function Z;.

3. Simulation details
3.1. Parameter of average potential

In this paper, we illustrate the hybrid CG approach in pro-
teins, where the average potential for each CG pair is fitted by

the Lennard—Jones (LJ) 12-6 potential and the Coulomb in-
teraction. To mimic the implicit solvent effect with ions, the

Coulomb interaction is modified as screened Coulomb func-
tion E%R e ~R/Ib with the relative dielectric constant & = 15, and
the screen length I = 7 A. In the current implementation of
hyCG, instead of strictly parameterizing the average potential,
we directly use the non-bonded parameter of the MARTINI
force field*! as the CG potential. There are several features
in MARTINI for supporting this tentative treatment. On the
one hand, MARTINI aims at providing a general force field
by assigning a phenomenological chemical function for CG
beads. The attractive and the repulsive properties are mod-
eled as the LJ potential, which is already fitted to including the
VDW and the electric dipole interaction among various chem-
ical environments. On the other hand, the mapping protocol
is fine enough to describe the topology structure of the side
chain, like the benzene ring in phenylalanine residue. Hence,
it can avoid the overlap between different CG groups caused
by atomistic diffusion while we largely reduce the atomistic
force. We will adopt the latest version 2.2 of MARTINI for
our model, which has been improved to correct certain hy-
drophobic interaction. 3]

However, the closest distance of the LJ potential in MAR-
TINI is a preassigned value, which in our test is found to be
more repulsive for polar groups while we integrate it into our
hybrid model. To avoid this repulsive force breaking the sta-
bility of a native globular protein, any pairs of the CG site
within 4 A in a native structure are excluded from the calcula-
tion of the LJ potential. The cut-off 4 A is chosen to be slightly
larger than the distance of two neighbor Cy, atoms so that the
originally excluded list in MARTINI can be maintained and
a very small fraction of non-bonded CG sites will be blind to
each other. This treatment allows the energy to become further
lower in the native structure.

3.2. Simulation parameters

The solvent effect in our simulation is treated as
GB/SA implicit solvent!*!3?] with surface tension setting to
0.005 kcal /mol/A? and a-cutoff adopted 10 A. The ion con-
centration in GB/SA is set as 0.2 M and all the simulations are
carried out at 300 K and adopting charm22-cmap AA force
field.[33-341 For the AA force field, the cut-off for both VDW
and Coulomb is set as 12 A and we apply a switched form for
VDW. We adopt the same force field treatment for our average
potential. The Ap,x is chosen as 0.5.

4. Results
4.1. Stability of the native state

The stability of protein’s native structure is critical for
testing the accuracy of a newly developed force field. To un-
derstand whether the hyCG can stabilize native structures of
proteins, a 35-residue Villin headpiece protein (PDB entry-
code 1YRF) is used to test. We run a hyCG simulation and
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an AA simulation from the x-ray structure of 1YRF. Both are
carried out for 100 ns.

The time evolution of the root of mean squared deviation
(RMSD) of the protein backbone related to its native structure,
shown in Fig. 1(a), indicates that the AA force field can stabi-
lize the native structure up to 100 ns with the RMSD value be-
low 3 A. The stability of the hyCG force field can reach nearly
70 ns, and then the protein loses its tertiary structure but main-
tains a roughly correct secondary structure. The reduced sta-
bility of the hyCG indicates a lower potential barrier between

the folded and the unfolded states. We select two pairs of dis-
tances, the end-to-end distance and the coil-to-coil distance
(see Fig. 1(d)), to test the results of hyCG. The distributions
of the distances in the hyCG and the AA (Figs. 1(b) and 1(c))
are roughly overlapped with each other. The small deviation in
the probability distribution of the hyCG in the CG space can
be further refined by considering the difference between the

hyCG effective potential in Eq. (7) and the AA potential based
27]
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Fig. 1. (color online) Native stability of 1YRF tested by hyCG and AA. (a) Backbone RMSD, in which the red represents hyCG and
green represents AA. The color is also adopted by the other figure. The black line indicates a 3 A limit for the backbone RMSD
threshold. Within this threshold, it is commonly considered as a folded state. (b) and (c) Distribution of two selected distances
constructed from the first 50 ns trajectory. (d) Schematic representation of 1YRF native structure and the two selected distances.

4.2. Formation rate of secondary structure

To understand the formation of the secondary structure,
we study the 1YRF protein again. We perform 250 ns sim-
ulation with the hyCG and the AA starting from a complete
extended configuration. In order to understand how the non-
bonded potential affects the formation efficiency of the sec-
ondary structure, we also carry out an energy enhanced sam-
pling simulation on the non-bonded potential as a compari-
son, which is implemented by selective integrated temperature
sampling (SITS).3”!

Two collective variables are chosen to illustrate the for-
mation rate of the helical structure and the correctness of the
secondary structure, see Fig. 2. For both collective variables,
the hyCG shares a similar growth in the secondary structure
formation with the AA but is more efficient and stable. In
comparison, although the SITS has a fast formation at the be-
ginning, it will also visit many unfavorable regions for its abil-
ity in largely broadening the configuration. The overall effect
will slow down the correct formation of the secondary struc-
ture in the SITS, which in turn indicates that the rate of the

hyCG is most efficient. However, the percentage of the helix
in the hyCG shows slightly over helical, yielding the most oc-
cupied state differing from the native structure during the short
time simulations.

helix structure

SITS AA

| (a) HYCG

e
o0

Percentage
e
=

Correctness

0 50 100 150
Time/ns

250

Fig. 2. (color online) Secondary structure formation of 1YRF using hyCG,
SITS, and AA. All the secondary structure is determined by STRIDE in
VMD. %] (a) The percentage of helix structure. It is determined by the he-
lical (STRIDE code H,G,I) number divided by the total residue number. The
black line indicates the correct percentage of the helix number. (b) The cor-
rectness of the secondary structure. It is determined by the percentage of the
correct secondary structure compared to the native structure.
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4.3. Folding efficiency and folding landscape

To obtain enough samples for constructing the landscape
in a short time simulation, we study a smaller protein in-
stead of Villin. Here we study the folding of 20-residues Trp-
cage protein (PDB entry-code 1L2Y) to understand the ter-
tiary structure formation efficiency in the hyCG. Trp-cage is a
widely studied protein due to its small size. To compare the
efficiency of the hyCG and the AA force field, we first run
N =4 hyCG and AA simulations at 300 K, respectively, both
starting at four different fully extended configurations gener-
ated at an equilibrium simulation under 700 K. Each trajec-
tory has T = 250 ns length. Among these, we find that there
are n = 2 hyCG trajectories reaching the native structure (with
their backbone RMSD smaller than 2 A) at the time #; & 70 ns
and 90 ns, respectively, while the other 2 hyCG trajectories do
not fold to the native structure within the 7-length simulations.
Thus the folding time in the hyCG is estimated by 3671

1 n
tfoldzﬁ{zti‘f'(N_n)T}v (®)
i=1

which is about 330 ns. The four 250 ns simulations with the
AA model all failed to fold, as shown in Fig.3. Considering
the known folding time of the protein, about 5 us,38 the
hyCG has nearly 15 times speed-up. Taking into account the
additional calculation costs of the CG force and the effective

6
4
(2) HYCG-1 AA-1 (a)
6
< 4
<2
~ AfHvcc2 AA2 () i
0
%
= 6
x4
2
0 HYCG-3 AA-3 (c)
6
4
% HYCG-4 AA-4 (d) i
0 50 250

Fig. 3. (color online) Folding trajectory of 1L2Y with hyCG force field
and AA force field. (a)-(d) Backbone RMSD of hyCG and AA. The
initial configurations are all extended conformation taken from 700 K
simulation. Here 2 A threshold is enough to judge whether the protein is
folded. (e) The best folding structure taken from the second trajectory
of hyCG with the RMSD equals to 0.88 A. The red one is the native
structure and the blue one is the hyCG’s result.

potential, the hyCG speeds up the folding of the protein about
7.9 times. Because we calculate the CG force and the AA
force simultaneously, we can expect a nearly half efficiency
drop-down compared to the ideal case due to the additional
force calculation.

1.0 7
HYCG it MWa.0
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Fraction of native contact

Correctness of secondary structure
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RMSD/A
=
o
o
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3.2
2.4
1.6
0.8

= 2 0
0.70 0.80 0.90 1.00

Fraction of native contact

Fig. 4. (color online) Folding landscape of 1L2Y along two given col-
lective variables at 300 K. (a), (c) The fraction of native contact and the
correctness of secondary structure. (d), (d) The fraction of native con-
tact and the backbone RMSD (reference is the native structure). The
energy is in units of kcal/mol. The free energies of both force fields are
constructed by the Markov state model using multiple trajectories. The
initial conformations are drawn from a short replica exchange simula-
tion and it contains several nearly folded structures which can enhance
the bridging between the folded and the intermediate states in normal
simulation.

To investigate whether the folding path is still preserved
in the hyCG, we construct the metastable states and their cor-
responding transitional relationship. A folding path can be de-
scribed as a transitional network®”! from the unfolded state
to the multiple metastable states and to the native state, which
can be constructed by the current Markov state model (40?1
or the trajectory mapping method.[*>#41 Each metastable state
and the main transitional path are visually shown in Fig. 5.
We also exhibit two free energy surfaces (FES) to understand
the roughness of the folding landscape. Each of the free en-
ergy surfaces is constructed by two collective variable sets: the
fraction of native contact against the correctness of the sec-
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ondary structure and the fraction of native contact against the
backbone RMSD (reference is the native structure), respec-
tively, see Fig. 4. The free energy is determined through the
Markov state model.

Although some positions of FES local minimums in the
hyCG fail to match strictly to that in the AA model, still, the
main topology structure is maintained. Besides, the repre-
sentative structure of important metastable states has a sim-
ilar secondary and tertiary structure. Further, it verifies the
similarity of their folding paths. However, certain metastable
states, the V state in Fig. 5 with the backbone RMSD around
7 A and the fraction of native contact between 0.75 and 0.80
in Fig. 4, are shown to be a branching folding path toward the
native structure in the AA and now disappear in the hyCG.
These metastable states contain a well-formed helix structure
with a very loose coil-like structure, which will slow down the
correct contact of the residue. Other simulations starting from
this state with the hyCG indicate that the metastable structure
in the AA is not stable anymore in the hyCG, see Fig. 6. In
turn, it indicates a smoother folding landscape and a more ef-
ficient contact rate in the hyCG.

[y ﬁ %JQ .’r\r3
HYCG (5 = — g .
I II 111 v b;
"> < N\
TONIN /\‘_'J’ F%_’{;C"" , ?/
f\/ s j /0
N
[ QS

Fig. 5. (color online) Schematically showing the folding path of 1L2Y.
Each representative structure is identified by the Markov state model.
The black arrows are marked to show the highly frequent transition
events. Those states with small transitional rate and very short life are
neglected in this diagram for the sake of simplicity.

8.0

|

7.0

0 2 4 6 8 10
Time/ns

Fig. 6. (color online) Stability of the branching metastable state (V state
shown in Fig. 5) in the hyCG force field. The backbone RMSD is de-
termined by comparing to the native structure. The black line and blue
line are starting at two randomly selected conformations from the V
metastable state. The red line represents the average backbone RMSD
of the V state.

5. Conclusion

We develop a novel hybrid approach, named hyCG, and
implement it by combining the AA model and the MARTINI
model together to efficiently simulate proteins. The hyCG
model accelerates the folding dynamics of the small testing
proteins about one order of magnitude without changing the
folding pathway much. The saving of the time is from the re-
duced roughness of the potential energy surface in the hyCG.
The maintaining of the shape of the potential energy surface
in the CG space is responsible for the accuracy of the hyCG in
keeping the folding path of proteins. Intuitively, in traditional
hybrid CG models, the gaining of efficiency usually brings a
sacrifice in the description of the fine interaction, for example,
the interaction among two polar groups will gradually switch
to a CG LJ potential, and it might change the stability of the
hydrogen bond. This, however, is less concerning in the cur-
rent hyCG where the average potential is applied as the CG
part of the potential energy. Our result strongly evidences the
practicability of this treatment in comparison with the faster
but less accurate CG and the correct but much slower AA
model. This hyCG can approximately achieve both stability
and accuracy in the native structure of our test proteins, 1 YRF
and 1L2Y. The formation of the secondary structure and the
tertiary structure indicates that it has a higher rate than the
AA. The folding landscape and transitional network also con-
clude the similarity in the folding path between the AA and the
hyCG. However, we cannot fully expect that the current ver-
sion of the hyCG can work well in the hydrogen bond abun-
dant system since the non-bonded parameter in the MARTINI
force field is originally assigned to describe the hydrophilic
and hydrophobic effect.

In comparison with the pure CG scheme, the hybrid CG
approach has a shortcoming, the time step in the simulation
is required to be the same as that in the AA model, usually
femtoseconds in protein, much smaller than that in the pure
CG scheme. Therefore, the hybrid approach is actually an
AA force field with reducing friction. The multiple time step
method*>! may be applied to directly improve the efficiency
of the hyCG. In addition, it is also possible to further acceler-
ate the dynamics of the CG DoF in the hyCG then guide the

large-scale conformational motion of AA coordinates.
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