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ABSTRACT: Traditional protein force fields use one set of parameters for most of the 20
amino acids (AAs), allowing transferability of the parameters. However, a significant
shortcoming is the difficulty to fit the Ramachandran plots of all AA residues
simultaneously, affecting the accuracy of the force field. In this Feature Article, we report
a new strategy for protein force field parametrization. Backbone and side-chain
conformational distributions of all 20 AA residues obtained from protein coil library
were used as the target data. The dihedral angle (torsion) potentials and some local
nonbonded (1-4/1-5/1-6) interactions in OPLS-AA/L force field were modified such that
the target data can be excellently reproduced by molecular dynamics simulations of
dipeptides (blocked AAs) in explicit water, resulting in a new force field with AA-specific
parameters, RSFF1. An efficient free energy decomposition approach was developed to
separate the corrections on ϕ and ψ from the two-dimensional Ramachandran plots. RSFF1
is shown to reproduce the experimental NMR 3J-coupling constants of AA dipeptides
better than other force fields. It has a good balance between α-helical and β-sheet secondary structures. It can successfully fold a
set of α-helix proteins (Trp-cage and Homeodomain) and β-hairpins (Trpzip-2, GB1 hairpin), which cannot be consistently
stabilized by other state-of-the-art force fields. Interestingly, the RSFF1 force field systematically overestimates the melting
temperature (and the stability of native state) of these peptides/proteins. It has a potential application in the simulation of
protein folding and protein structure refinement.

1. INTRODUCTION

In the last several decades, tremendous efforts have devoted to
the bottom-up modeling of complex biomolecular systems,
especially the atomistic molecular dynamics (MD) simula-
tions.1,2 Recently, using a powerful special-purpose computer,
Shaw’s group demonstrated that ab initio folding of a series of
small peptides/proteins can be achieved, providing atomistic-
level details of structures and dynamics.3 Besides theoretical
understandings of biologically relevant processes, biomolecular
simulations have increasing applications such as structural
refinement4 and drug discovery.5 However, their reliability and
predictive power crucially depend on the accuracy of the force
fields used to describe the interactions among atoms.6

Although there are important issues associated with the force
field development, such as the solvent effect7−9 and the
electronic polarizability,10−13 many recent efforts in improving
classical protein force fields (such as AMBER,14 CHARMM,15

and OPLS-AA16) have been focused on the accurate
description of backbone (ϕ, ψ) and side-chain (χ) conforma-
tional preferences (Scheme 1), owing to their essential roles in
determining peptide and protein conformations. Figure 1 gives
a brief summary. Early efforts included the fitting to gas-phase
quantum mechanics (QM) ϕ, ψ energy surface of dipeptides
(such as Ac-Ala-NHMe) at local-MP2 level (OPLS-AA/L,17

CHARMM2718,19) or the fitting to dipeptide QM energy

surface calculated with continuum solvent model (AMBER
ff0320). Later, gas-phase QM conformational energies of
tetrapeptides (such as Ac-Ala3-NHMe) were used to fit the
ϕ, ψ parameters (AMBER ff99SB).21 Recently, side-chain χ
potentials of Ile, Leu, Asp, and Asn in ff99SB have been
improved by fitting to gas-phase QM (local-MP2 level)
energies of dipeptides (ff99SB-ildn).22

Despite these efforts, previous peptide simulations indicated
biased secondary structure preferences from various force
fields,23−31 which can result in failure of protein folding
simulations. For example, the CHARMM27 cannot fold the all-
β protein WW domain due to overstabilization of α-helical
structures.28 Some more recent efforts (AMBER ff99SB* and
ff03* by Best et al.,32 and CHARMM22* from Shaw’s group33)
aim to correct this problem by means of a minor adjustment to
the backbone potential to reproduce the experimental J-
couplings of Ala5 and the α-helical content of a poly-Ala-based
peptide measured from NMR. These corrections can result in
more balanced α-helix and β-sheet preferences.34 Very recently,
Best et al. empirically optimized the backbone CMAP
correction parameters for CHARMM force field on the basis
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of a similar strategy, together with new side-chain parameters
from high-level QM calculations (CHARMM36).35 Besides, a
small modification of ϕ′ potential in AMBER ff99SB was
proposed to better reproduce J-couplings of short peptides
(ff99SB-ϕ).36 There were also recent attempts to optimize
backbone parameters on the basis of NMR chemical shifts on a
few proteins (ff99SB-NMR).37

In these recent protein force fields, a single set of backbone
parameters was used for all non-Gly/Pro amino acids (AAs),
which were usually optimized on the Ala residue. However,
recent evidence has indicated that this basic assumption can
cause problems. For example, AMBER ff99SB force field gives
significantly lower α-helix content of poly-Ala-based peptides
near 300 K compared with experimental results,32 whereas it
also underestimates the stability of β-hairpin peptide Trpzip-
2.38 Meanwhile, it actually well reproduces the experimental
melting temperature (Tm) of Trp-cage mini-protein.39 In the
recent large-scale ab initio folding of 12 small proteins, another
state-of-the-art force field CHARMM22* was found not to be
able to stabilize the native state of Engrailed homeodomain.3

Besides, it gives a quite low (260 K) Tm for a thermal stable
variant of Trp-cage. Very recently, it was found that current
force fields have problems in describing the discrepancies in the
local conformational preferences of different AA residues.40

Therefore, there is still room for the improvement of these
popular protein force fields.

For the development of an accurate protein force field, it is
critical to obtain the local conformational free energy surface
(Ramachandran plot) of each AA residue without secondary
structure constraint. Recently, we carried out statistical analysis
of conformational distributions of 20 AA residues from high-
resolution protein crystal structures.41,42 Inspired by earlier
work of Swindells et al.,43 we used the protein “coil
library”44−50 containing only the residues not in any secondary
structure (i.e., without forming backbone hydrogen bond). The
obtained conformational distributions of various residues are
quite different from those obtained from the analysis of whole
protein structures. For example, alanine significantly prefers α-
helical conformation in protein structures. However, in the coil
library the polyproline-II (PII) conformation is dominant for
alanine, which agrees well with recent spectroscopic measure-
ments of short peptides in aqueous solution.51−56 In addition,
conformational distributions of various residues from seven coil
libraries with different restrictions are quite similar.42 Thus, the
coil library of the PDB allows us to obtain intrinsic
conformational features of the 20 AA residues.
Another important feature is the side-chain χ1 rotamer

distributions of residues other than Gly, Ala, and Pro. As shown
in Scheme 1, each residue has three rotamers, g+, g−, and t,
meaning the Cβ−Cγ bond is gauch+, gauch−, and trans with
respect to the Cα−N bond. Due to the interactions of the side
chain with the backbone, these three rotamers may cause very
different ϕ, ψ distributions (Ramachandran plots).57,58 The
statistical χ1 rotamer distributions from the protein coil library
can be significantly different from those obtained from the
whole protein structures, because in the latter case most
residues are constrained in secondary structures.41 We also
found that current popular all-atom force fields do not
reproduce the coil library rotamer distributions well.41,42 On
the other hand, our QM calculations of model molecules with
the solvent effect of water reproduce the side-chain rotamer
preferences and rotamer-dependent Ramachandran plots from
coil library quite well.42

A second crucial issue is how to incorporate the conforma-
tional distributions of 20 AA residues from the coil library into
a force field. The coil library statistics are related to free energy
surfaces with solvent effect. It should be compared with similar
free energies from MD simulation of solvated systems, such as
dipeptides in water. However, free energy calculations require
equilibrium MD simulations. Too many such calculations are
impractical for optimizing parameters if a traditional trial-and-
error approach is adapted. Furthermore, if different χ1 side-
chain rotamers are considered separately, totally 55 coil-library
Ramachandran plots (one for Gly/Ala, two for Pro, and three
for each of the other 17 AAs) need to be fitted. Because these
ϕ, ψ plots are fairly complicated and quite different, it is very
difficult to develop one set of parameters to fit all of them
simultaneously. A highly efficient parametrization strategy
should be developed to avoid tremendous computational
costs and human efforts.
In this paper, we present a new approach for the

parametrization of a protein force field. Namely, we develop
torsional parameters for each residue independently to fit the
statistical conformational distributions derived from the protein
coil library. Thus, the torsional parameters for backbone and
side chain are residue specific. Although this approach can be
applied to improve any available protein force field, we here use
OPLS-AA/L17 as an example. We show that the para-
metrization is quite simple, and the new force field, named

Scheme 1. Definitions of Backbone ϕ, ψ and Side-Chain χi
Dihedral Anglesa

aDipeptide (terminally blocked amino acid) models of alanine (top)
and arginine (bottom) are used, with some hydrogen atoms omitted
for clarity. The definition of three side-chain rotamers (g+/t/g-) is also
given.

Figure 1. Recent developments of all-atom protein force fields.
AMBER has more force field variants than CHARMM and OPLS-AA.
“-ildn” is a modification for side-chain, whereas “*”, “-NMR”, and “-ϕ”
are modifications for backbone. Therefore, ff99SB*-ildn, ff99SB-ildn-
NMR, and ff99SB-ildn-ϕ are also new variants of AMBER force fields.
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RSFF1, gives much improved simulation results such as the 3J-
coupling constants of dipeptides in solution, balance between α
and β secondary structures, as well as the reliability in folding of
peptide and protein structures.

2. METHODS
2.1. General Strategies. The general energy expression

(eq 1) of the RSFF1 force field is within the framework of a
classical force field:

= + + + + +‐V V V V V V Vtotal bond angle torsion local LJ LJ Coulomb

(1)

All bond stretching (Vbond) and angle bending (Vangle)
potentials were adopted from the OPLS-AA/L without
modification. The atomic σ and ε parameters of Lennard-
Jones potential (VLJ) and atomic charges of Coulomb potential
(VCoulomb) were also fully adopted from OPLS-AA/L. On the
other hand, torsional potentials (Vtorsion) for each AA residue
were developed independently according to coil-library data.
Besides, local Lennard-Jones potentials (Vlocal‑LJ) between
atoms separated by three covalent bonds (1-4 interactions)
were treated differently from ordinary VLJ, and some 1-5 and 1-
6 interactions were also treated specially (included in the
Vlocal‑LJ). These are described in more detail below:
Torsional Parameters. Similar to potentials of most

physical-based force fields, the torsion potentials in RSFF1
are Fourier expansions:

∑ ∑θ θ θ= =V k n c( ) cos( ) cos ( )n n
n

(2)

where θ is a given dihedral angle and the coefficients kn or cn are
parameters. There are 3 × 3 = 9 coupled torsion terms for each
sp3−sp3 bond rotation, and 3 × 2 = 6 terms for sp3−sp2
rotation. To reduce the number of adjustable parameters, the
torsion terms involving hydrogen atoms were kept the same as
in OPLS-AA/L, such as H−N−Cα−C for ϕ and N−Cα−Cβ−
Hβ for χ1. Because there are enough data from the coil library,
AA-dependent torsion parameters were used for RSFF1. The
torsion potential of peptide bond V(ω) and improper torsions
were kept the same as OPLS-AA/L, because their purpose is to
maintain planar geometry of conjugated systems.
Local Lennard-Jones Parameters. Besides the torsion

terms, those 1-4 interactions shown in Scheme 2 also affect

the bond rotation. Some of them were modified in RSFF1,
because we found that the original values might give too strong
effects. Furthermore, to optimize coupling between neighboring
torsions, instead of using dihedral angle cross-terms or 2D grid-
based CMAP-like corrections,18 we choose to directly modify
the related 1-5 or 1-6 Vlocal‑LJ parameters (ε, σ) whenever
necessary. In most cases, we set ε = 0.1 kJ/mol and only

manually adjusted σ for different strength of repulsion. Same ε
and σ parameters are used for different AAs whenever possible,
to reduce the efforts in manually adjusting them.

2.2. Parameterization Flow. All parametrizations were
based on replica exchange molecular dynamics (REMD)59

simulations of various AA dipeptides (Ac-X-NHMe) in water.
Generally, initial parameters were assigned for a given AA
residue and they were then updated by repeating the procedure
shown in Figure 2, until the simulated results are difficult to be
further improved. One cycle of parameter optimization can be
regarded as two successive transformations.

From Force Field Parameters to Probability Distributions.
After REMD simulation using current parameters, the obtained
trajectory is analyzed to obtain various statistical distributions
(free energy surfaces), including the Ramachandran plot
p(ϕ,ψ), the χ1-rotamer-dependent backbone conformational
preference, percentages of three χ1-rotamers, and potentials of
mean force (PMFs) for χ torsions. They are then compared
with corresponding data from coil library statistics. The details
are described in sections 2.3 and 2.4.

From Probability Distributions to Updated Parameters. As
shown in Figure 2, various parameters were updated in parallel.
In essence, the torsion potential V(θ) is updated according to
the difference between the coil library PMF and the simulated
PMF:

θ θ θ

θ

θ θ

Δ = −

→ Δ

= −

G G G

V

V V

( ) ( ) ( )

( )

( ) ( )

coil MD

new old (3)

This strategy is similar to the iterative Boltzmann inversion
(IBI) method.60 The required changes of the related Fourier
coefficients can be obtained by fitting ΔV(θ) to discrete ΔG(θ)
values. Before applying eq 3, a decomposition method is
applied to derive corrections on ϕ and ψ potentials from the
2D ϕ, ψ distributions. The details are described in section 2.5
for backbone torsions and section 2.6 for side-chain torsions.
Besides, local L-J parameters (ε, σ) were adjusted manually
only when necessary.

2.3. Molecular Dynamics Simulations.When OPLS-AA/
L or our new force field was used, each dipeptide molecule was
solvated with 319−330 TIP4P/Ew61 water molecules. For the
simulations using AMBER and CHARMM force fields, similar
numbers of TIP3P water molecules were used. The ionic Arg,
Lys, Asp, and Glu side chains were neutralized with counterion
(Cl− or Na+). REMD simulations were performed using
Gromacs version 4.5.4, with 12 replicas ranging from 298 to 451
K. The temperatures of intermediate replicas were calculated
according to a recent study62 to give uniform exchange rates of
∼16%. Swaps between neighboring replicas were attempted
every 0.45 ps. The velocity rescaling thermostat63 with τT = 0.2
ps was used to maintain the NVT ensemble. The periodic box
size was obtained from averaging last 1 ns of a 3 ns NPT
preproduction run at 300 K and 1 atom. Electrostatics were
treated using the particle-mesh Ewald (PME) method with a
real-space cutoff of 0.9 nm. van der Waals interactions were cut
off at 0.9 nm with the long-range dispersion correction for
energy and pressure.
In all simulations, the mass of water oxygen atom was

reduced from 16 to 2 amu to increase the sampling efficiency64

without altering the thermodynamics equilibrium properties.
All bond lengths involving hydrogen atoms were constrained by

Scheme 2. Modified Local Lennard-Jones Interactions
(Vlocal‑LJ) for Backbone ϕ, ψ Torsions in RSFF1: Left, 1-4
Interactions; Right, 1-5 Interactions
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the LINCS,65 allowing a time step of 3 fs. The REMD
simulation of each dipeptide was carried out for ∼90 ns per
replica, and the structures were recorded every 0.6 ps.
Trajectories from 298 K replica were used for statistical
analysis, with the first 20 ns discarded. One such REMD
simulation required ∼24 h in real time on a 12-core 2.4 GHz
Intel Xeon node.
2.4. Protein Coil Library and Statistical Analysis.

Briefly, 6178 protein crystal structures with resolution <2.0 Å
and R factor <0.2 were retrieved from the Protein Data Bank
(PDB)66 database with 50% sequence identity cutoff. The
popular DSSP48 program was used to assign secondary
structures. Residues within any secondary structuresinclud-
ing the DSSP codes G(310-helix), H(α-helix), I(π-helix), B(β-
bridge), E(β-sheet), and T(turn)were all excluded from the
coil library. Residues preceding proline or containing backbone
atoms with B factor >35 were also excluded. Following our
previous work,41 residues with short polar side-chains (Asp,

Asn, Ser, Thr) preceding any residue with −60° < ψ < +60°
were excluded, to avoid inter-residue H-bonding between their
side-chain O atom and the successive backbone amide H atom.
Same as the previous work of Amir et al.67 and ours, a 2D

Gaussian kernel estimator was used to extract ϕ, ψ
distributions, considering the periodicity of the dihedral angles:

∑ϕ ψ ϕ ϕ ϕ ϕ

ψ ψ ψ ψ σ

= − | − | ° − | − |

+ | − | ° − | − |

n w( , ) exp[ min( , 360 )

min( , 360 ) /2 ]

i
i i i

i i

2

2 2
(4)

Here i counts for all residues of given type in the coil library,
and wi is the 1/m weighting for m identical chains in one PDB
structure. ϕi and ψi are the observed backbone dihedral angles
for residue i. 10° × 10° grids of (ϕ, ψ) and σ = 10° were used.
For AAs other than Ala and Gly, the statistics were carried out
for three side-chain χ1 rotamers separately. The obtained
distributions were shown in the Supporting Information Figure

Figure 2. Flowchart of the overall procedure for one cycle of the parameter optimization. Details are explained in the text.
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S1. The same approach was used to analyze the trajectories
from REMD simulations with wi = 1 for each structural frame.
For side-chain χ distributions, a 1D Gaussian estimator was
used with grid space of 6° and σ = 7°.
The similarity coefficient S between (ϕ, ψ) distribution from

coil library nCoil(ϕ, ψ) and that from simulation nMD(ϕ, ψ) can
be calculated without normalization:

ϕ ψ ϕ ψ

ϕ ψ ϕ ψ
=

∑ ·

∑ · ∑
S

n n

n n

( , ) ( , )

( , ) ( , )
coil MD

Coil
2

MD
2

(5)

Only two identical distributions will give S = 1.
The probability distributions were obtained by normalizing

the statistical counts n(ϕ,ψ):

ϕ ψ ϕ ψ ε
ϕ ψ

= +
∑

p
n

n
( , )

( , )
( , ) (6)

To avoid infinity free energy when n = 0, pseudocount ε = 0.02
is used with negligible changes in the allowed Ramachandran
regions.
2.5. Optimization of Backbone Dihedral Potentials.

The difference between 2D ϕ, ψ free energy surfaces from the
coil library and REMD simulations is separated into the
corrections for 1D ϕ component and ψ component:

ϕ ψ ϕ ψ ϕ ψΔ + Δ = −ϕ ψG G G G( ) ( ) ( , ) ( , )Coil MD (7)

To solve this equation, we can rewrite eq 7 into eq 8 by using
hypothetical probability distributions for both ΔGϕ and ΔGψ:

ϕ ψ ϕ ψ ϕ ψ· =ϕ
δ

ψ
δp p p p( ) ( ) ( , )/ ( , )coil MD (8)

Then δpϕ and δpψ can be solved from the known pCoil(ϕ,ψ)
and pMD(ϕ,ψ) by applying following two equations iteratively:

ϕ
ϕ ψ

ϕ ψ ψ
=

∑

∑ ·ϕ
δ ψ

ψ ψ
δp

p

p p
( )

( , )

( , ) ( )
coil

MD (9a)

ψ
ϕ ψ

ϕ ψ ϕ
=

∑

∑ ·ψ
δ ϕ

ϕ ϕ
δp

p

p p
( )

( , )

( , ) ( )
coil

MD (9b)

Uniform distribution of δpψ ≡ 1 was used as the initial guess,
and the convergence can always be achieved within 10
iterations. Then the δpϕ and δpψ are converted to free energy
scale separately:

ϕ ϕΔ = −ϕ ϕ
δG RT p( ) ln ( ) (10a)

ψ ψΔ = −ψ ψ
δG RT p( ) ln ( ) (10b)

The obtained ΔGϕ and ΔGψ are discrete functions with 10°
interval. They are fitted to analytical dihedral potentials in the
force field:

∑ ∑

ϕ ϕ

ϕ ϕ

Δ + Δ ′

= Δ + Δ ′

ϕ ϕ

ϕ ϕ
= =

′

′V V

c c

( ) ( )

cos ( ) cos ( )
n

n
n

n
n

n

0

5

,
0

5

,
(11a)

∑ ∑

ψ ψ

ψ ψ

Δ + Δ ′

= Δ + Δ ′

ψ ψ

ψ ψ

′

= =
′

V V

c c

( ) ( )

cos ( ) cos ( )
n

n
n

n
n

n

0

5

,
0

5

,
(11b)

where Δcϕ,n, Δcϕ′,n, Δcψ,n, and Δcψ′,n, are the changes of Fourier
coefficients related to Vϕ, Vϕ′, Vψ and , Vψ′ terms, respectively.
Of course, there are no Vϕ′ and Vψ′ terms for Gly. The zeroth-
order (n = 0) terms are constant and do not affect the force
field, but they are necessary as an offset to minimize the
difference with target ΔGϕ or ΔGψ. Assuming the relationships
ϕ′ = ϕ − 120° and ψ′ = ψ + 120°, the parameters were fitted by
minimizing the following penalty functions:

∑ ϕ ϕ ϕ ϕ= Δ + Δ − ° − Δϕ ϕ ϕ ϕ′s w V V G( )[ ( ) ( 120 ) ( )]2

(12a)

∑ ψ ψ ψ ψ= Δ + Δ + ° − Δψ ψ ψ ψ′s w V V G( )[ ( ) ( 120 ) ( )]2

(12b)

The ϕ and ψ values with higher occurrences have higher weight
w in the fitting:

∑ϕ ϕ ψ=
ψ

w p( ) ( , )coil
(13a)

∑ψ ϕ ψ=
ϕ

w p( ) ( , )coil
(13b)

The square root of the probability corresponds to a Boltzmann
weight at 600 K, similar to the 500 K previously used by
Lindorff-Larson et al.22 It is a compromise between equal
weight (infinite T) that cannot ensure a high accuracy at the
most probable conformations and the 300 K Boltzmann weight
that will lead to large errors in the barrier regions. Besides,
w(ψ) is doubled at ψ = −40° to achieve better fitting at the α-
helix conformation, which is highly populated in protein
structures but much less favored in a coil library. A very simple
version of self-adaptive evolution strategy was used in the
parameter fitting. In each iteration, one parameter is randomly
chosen for mutation, by adding a random value of normal
distribution with standard deviation σ. Only a mutation that
improves the fitness is accepted. Following the one-fifth success
rule, if the acceptance rate of mutating a certain parameter is
>20%, the corresponding σ is increased to 1.5 σ; otherwise, the
σ is reduced to 0.6 σ. Excellent convergence can be achieved
within 105 iterations. Although Fourier expansion up to fifth-
order was used for backbone dihedral angles, the fitting is well
overdetermined due to 10° interval for ΔGϕ and ΔGψ. An
actual example of the fitting was given in Figure S2 (Supporting
Information). It is an important feature that our new force field
places higher precision on describing the conformations with
low free energies.
For AAs other than Ala/Gly/Pro, there are three side-chain

χ1 rotamers, which can give quite different ϕ, ψ plots. Under
the standard forms of current force fields, we cannot use
different ϕ, ψ potentials for different rotamers. However, if we
directly use eq 3 to obtain ϕ, ψ distribution regardless of the
rotameric state, the most abundant rotamer will weight more
for the optimized parameters and the Ramachandran plot of the
least favored rotamer may not be well reproduced. To reduce
this bias, we use the following to combine the three rotamer-
dependent ϕ, ψ distributions:

ϕ ψ ϕ ψ ϕ ψ

ϕ ψ

= +

+

+ +

− −

n n N n N

n N

( , ) ( , )/ ( , )/

( , )/g

g g t t

g (14)
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where Ng+, Nt, and Ng− are the total numbers of the g+, t, and
g− rotamers, respectively. The square root of total number
ensures that the more abundant rotamer still weights more in
the fitting. The obtained nCoil(ϕ,ψ) and nMD(ϕ,ψ) are then
normalized to pCoil(ϕ,ψ) and pMD(ϕ,ψ) using eq 5. They are
directly related to ϕ, ψ free energy surfaces on the basis of the
Boltzmann distribution law.
2.6. Optimization of Side-Chain Torsion Potentials.

Less Fourier terms (up to third order) were used for side-chain
χi torsions. For the side-chain χ1 and χ1′ potentials, the new
force field use fewer terms than OPLS-AA/L to reduce the
number of parameters:

χ χ χ χ χ+ ′ = + + ′ ′V V k k k( ) ( ) cos( ) cos(3 ) cos( )1 1 1 1 3 1 1 1
(15)

The update of parameters k1 and k1′ is based on comparing the
simulated and target populations of g+/t/g− rotamers:

α

− = Δ

= − −

k k k

RT p p p pln[( / )/( / )]

1,new 1,old 1

g ,coil t,coil g ,MD t,MD

(16a)

α

′ − ′ = Δ ′

= − + − +

k k k

RT p p p pln[( / )/( / )]

1,new 1,old 1

g ,coil g ,coil g ,MD g ,MD

(16b)

In practice, we found α = 0.6 is a good choice. For β-branched
Val and Ile, there are two N−Cα−Cβ−Cγ dihedral angles and
two C−Cα−Cβ−Cγ dihedral angles on one Cα−Cβ rotation.
Thus, the pg−/pt in eq 16a and pg−/pg+ in eq 16b were replaced
by pg−/pg+ and pt/pg+, respectively. For Thr, The N−Cα−Cβ−
Cγ and C−Cα−Cβ−Cγ dihedral potentials were set to zero, so
eq 16a and eq 16b can be applied. Unlike k1 and k1′, k3 is
manually adjusted to reproduce the rotational barriers.
We use the functional form similar to OPLS-AA/L force field

for χi>1 torsion potentials:

χ χ χ χ= + +V k k k( ) cos( ) cos(2 ) cos(3 )1 2 3 (17)

In most cases, k1 controls the trans/gauche preference, and k3
controls the rotational barrier. Except for the χ2 of Asx and χ3 of

Glx, we found k2 = 0 can be used for all side-chain torsions. The
rotation of terminal −CO−NH group (χ2 of Asn and χ3 of Gln)
involves two coupled dihedral angles: C−C−C−O and C−C−
C−N. The potential for the latter is set to zero to simplify the
parametrization. The updates of Fourier coefficients Δk1, Δk2,
Δk3 were obtained from minimizing:

χ
χ
χ

= Σ Δ −
⎡
⎣
⎢⎢

⎤
⎦
⎥⎥s V RT

p

p
( ) ln

( )

( )
coil

MD

2

(18)

The χ values with relative free energy >20 kJ/mol from coil
library are not included in the fitting. The fitting was also
carried out using self-adaptive evolution strategy.

3. RESULTS AND DISCUSSION

3.1. Alanine and Glycine. We began our studies with Ala
because most AAs are its derivatives. The reparameterization
began with setting all four ϕ, ϕ′, ψ, ψ′ potentials to zero, with σ
= 0.270 nm and ε = 0.1 kJ/mol for all the six 1-4 L-J
interactions in Scheme 2. As shown in Figure 3a, the obtained
ϕ, ψ distribution (a) was very different from the target coil
library data (S = 0.49). However, after only one cycle of
optimization using our ϕ, ψ decomposition approach, the
simulated ϕ, ψ plot (b) was significantly improved to S > 0.97.
This agreement is already close to the final RSFF1 force field (S
= 0.985). This highly efficient approach makes the optimization
of torsion potentials no longer the bottleneck in our force field
development.
As shown in Figure 3b, the densities for ϕ < −160° with ψ in

the range +40° to −80° are still higher than the coil library
distributions whereas the C5 basin is not deep enough. These
can be improved by adding a weak repulsion between Hi···Ni+1
to destabilize the α′ conformation and a weak attraction
between Hi···Oi to stabilize the C5 conformation. We also
reduce the repulsion between Oi−1···Ci to reduce the barrier at
ϕ = 0°. When proper modifications shown in Table 1 are
introduced, with several additional cycles of optimization, the
ϕ, ψ distribution from the Ala dipeptide simulation agrees
excellently with the coil library distributions.

Figure 3. Simulated ϕ, ψ distributions during the development of RSFF1 force field, together with the target data from the PDB coil library. For both
alanine (upper) and glycine (lower), ϕ, ψ distributions before (a, e) and after (b, f) the first cycle of the force field optimization and the results from
the final optimized force field (c, g) are given. The similarity coefficient (S) with respect to the coil library plot is given for each simulated plot.
Contours are drawn every kBT free energy difference. The same scale is used throughout the paper.
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Among 20 AAs, Gly has a special conformational flexibility
due to its lack of a side chain. We then used Gly to examine the
transferability of the Vlocal‑LJ parameters optimized on Ala.
Interestingly, with optimized ϕ, ψ parameters, RSFF1 gives the
ϕ, ψ distribution very similar to the coil library distribution
(Figure 3g). Similar to the case of Ala, the S value increases
from 0.43 to 0.932 after just one cycle of optimization (Figure
3e,f). Because of the success on Gly residue, the same backbone
Vlocal‑LJ parameters were used for all other AAs.
3.2. Side-Chain χ Torsions. As shown in Table 2, the first-

order Fourier coefficients k1 and k1′ for the side-chain χ1 and

χ1′ torsions (Scheme 1) in OPLS-AA/L have large deviations,
with the ranges −9.4 to +11.4 and −11.8 to +2.2 kJ/mol,
respectively. The large deviations might be partly resulted from
using the gas-phase QM calculations for parametrization.17

Especially, OPLS-AA/L gives a significant preference to the t
rotamer for Glu residue, due to a large k1 of 10.4 kJ/mol.
Indeed, in the gas phase the most stable conformation of Glu
dipeptide forms a H-bond between side chain and backbone,17

which is not favored in protein structures. From the coil library,
Glu and Gln have very similar rotamer preferences,41 indicating
that the charged terminal group has limited effect.
For residues with short polar side-chains (Ser, Thr, Asp, and

Asn), we noticed that the χ1 and χ1′ parameters in the OPLS-

AA/L force field tend to compensate the unbalanced 1-4/1-5
electrostatic interactions. As shown in Scheme 3, the g+

rotamer of Asp has attractive 1-4 interaction and repulsive 1-5
interaction, whereas the t rotamer of Asp has 1-4 repulsion and
1-5 attraction. In the original OPLS-AA/L force field, the 1-4
electrostatic interactions are scaled down by a factor of 0.5,
which significantly favors the t rotamer and disfavors the g+
rotamer. In OPLS-AA/L, negative k1 (−9.4 kJ/mol) for Asp
still cannot fully compensate the strong t preference from the
unbalanced electrostatic 1-4/1-5 interactions. A similar
situation also occurred for Ser and Thr, in an opposite way
to Asp (also shown in Scheme 3).
It might be more appropriate not to scale down the 1-4

electrostatic interactions. Indeed, Smith and Karplus found that
reducing the 1-4 electrostatic interactions by 50% led to
qualitatively incorrect trans−gauche energy for n-butane.68 In
developing ECEPP-05 force field, Scheraga et al. found that no
scaling of 1-4 electrostatic interactions provided the best results
for conformational energies of 1,3-propanediol.69 In RSFF1
force field, we do not scale down the 1-4 electrostatics, resulting
in more consistent torsion parameters. Within a few cycle of
applying eq 16, these parameters were optimized to achieve
excellent agreement with the coil library rotamer distributions
(Figure S3, Supporting Information). The ranges of k1 and k1′
are reduced to −3.7 to +2.3 and −0.9 to +5.5 kJ/mol,
respectively.
As shown in Figure 4, RSFF1 reproduces the whole χ1 free

energy profiles (or PMFs) from the coil library quite well. A
few rotational barriers from RSFF1 simulations are slightly
lower than those from the coil library. The OPLS-AA/L only
reproduces PMFs well for some hydrophobic residues (such as
Leu, Phe, Tyr, Trp, Val, Ile), but it does not describe the
rotamer distributions (relative free energies of the three
minima) well in many cases. The problem is most serious for
Glu, His, Cys, Ser, Thr, and Asp. In RSFF1, besides the k3
parameter in eq 15, the 1-4 L-J parameters between non-
hydrogen atoms are also adjusted to give a good description of
the rotational barriers. These parameters are shared between
different χ torsions and different AA types. These modified 1-4
L-J parameters resulted in much weaker interactions compared
with the original ones in OPLS-AA (Table 3).
Besides χ1 rotation, all side-chain χi>1 rotational free energy

profiles were optimized to match coil library PMFs (Figure S4,

Table 1. Parameters for All Modified 1-5 and 1-6 L-J
Interactions

paira type σ (nm) ε (kJ/mol) note

H···O 1-5 0.180 5.0 backbone
H···Ni+1 1-5 0.290 0.1 backbone
Oi‑1···C 1-5 0.270 0.1 backbone
Cγ···O 1-5 0.230 5.0 Asp
Cγ···O 1-5 0.230 3.0 Asn
Cγ···Oi‑1 1-6 0.250 1.0 Asx
Oδ···C 1-5 0.270 1.5 Asx
Cγ···H 1-5 0.290 0.1 Asp
Cγ···H 1-5 0.260 0.1 Asn
Cγ···Ci‑1 1-5 0.350 0.1 Asx
Oδ···N 1-5 0.310 0.1 Asx
Cγ···Ni+1 1-5 0.350 0.1 Asx
Nδ···O 1-6 0.375 0.1 Asn
Nδ···N 1-5 0.320 0.1 Asx
Oγ···Ci‑1 1-5 0.320 0.1 Ser, Thr
Oγ···O 1-5 0.330 0.1 Ser, Thr
Oγ···Ni+1 1-5 0.345 0.1 Ser, Thr

aThe subscript i + 1 or i − 1 indicates the atom is in the following or
preceding residue.

Table 2. Side-Chain χ1 Fourier Coefficients (kJ/mol) of
Some AA Residue from the OPLS-AA/L and the RSFF1
Force Fields

OPLS-AA/L RSFF1

k1 k2 k3 k1′ k2′ k1 k3 k1′
Glu 10.4 0.5 −0.5 −3.4 1.2 −1.9 1.0 1.0
Gln 2.4 1.1 1.7 −5.6 −1.7 −1.3 1.0 0.9
Lys 1.3 0.4 0.8 −4.7 1.1 −1.1 1.0 1.2
Ser 11.4 1.8 2.2 −11.8 1.8 −3.6 0.8 0.6
Thr 11.4 1.8 2.2 −11.8 1.8 −3.7 1.0 0.1
Asp −9.4 −2.0 −0.6 −4.3 −6.5 −0.6 0.8 5.5
Asn −7.3 1.4 3.1 2.2 3.4 1.1 0.8 4.2

Scheme 3. Balance between 1-4 and 1-5 Electrostatic
Interactions: Top, Asp; Bottom, Ser
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Supporting Information). Using the fitting scheme described by
eq 18 in section 2.6, the target PMF can be achieved by only
one cycle of optimization (Figure S5, Supporting Information).
As a result, fewer χ parameters are used in RSFF1 compared
with OPLS-AA/L (Table S1, Supporting Information). The
PMF of χ2 rotation in Asp is shown in Figure 5. From coil
library, χ2 around 0° and 180° are mostly favored, which may
be stabilized by n → π* interaction between Asp side-chain
carboxylic O atom and backbone C atom, as indicated from
QM calculations.70 In the contrary, OPLS-AA/L and AMBER

ff99SB gave maximum free energies at χ2 near 165°. The χ2
PMF from ff03 force field (not shown) is very similar to that
from ff99SB. Simulation using improved version ff99SB-ILDN
still gives χ2 PMF different from the coil library PMF, although
it is better than ff99SB. Indeed, the parametrization for Asp is
most difficult because the side-chain has strong interactions
with the backbone.

3.3. Rotamer-Dependent Ramachandran Plots. Be-
cause the high efficiency of our parametrization methods and
sufficient data from coil library, it is very convenient to use
different ϕ, ψ parameters for different AAs. Still, same set of ϕ,
ψ parameters are used for AAs with very similar local
conformational features: (1) Glu/Gln/Lys/Arg/Met/Leu with
single sp3 Cγ atom, (2) Phe/Tyr/Trp with single nonpolar sp2

Cγ atom, and (3) Val/Ile with nonpolar β-branched side chains.
Other AAs with more polar γ atoms use their special ϕ, ψ
parameters, including Ser, Thr, Cys, His, Asp, and Asn. The
final ϕ, ψ torsion parameters are given in the Supporting
Information (Table S2).
To account for the coupling between side-chain and

backbone conformations, an additional 1-5 L-J interaction
between the Cγ atom and the backbone amide H atom is
added. This may be related to the fact that β-branched AAs
(Val, Ile) with two nonpolar Cγ atoms have intrinsically highest
β-sheet propensities and low α-helix propensities (Scheme 4),
as discussed earlier by Han et al.71 In addition, Ala without the
Cγ atom has the highest propensity for α-helix formation. The
steric repulsions between the polar H atom and nonpolar atoms
can be missing if the van der Waals radius of amide H atom was
ignored. Like most Vlocal‑LJ in RSFF1, we set ε = 0.1 kJ/mol and
adjusted the σ value. Finally, σ = 0.320 nm was used for the
interactions with the sp3 Cγ atom (most AAs) or Sγ atom
(Cys), and slightly weaker repulsion of σ = 0.310 nm was used
for the interactions with sp2 Cγ atom in aromatic side chains.
With this additional H···Cγ/Sγ interaction and optimized

backbone ϕ, ψ potentials, a significant increase of similarities
(S) with coil library data can be achieved. As shown in Table 4,
OPLS-AA/L simulations give S < 0.8 for g− rotamers of most
AAs, and S < 0.9 for all t rotamers. On the other hand, RSFF1

Figure 4. Free energy profiles of side-chain χ1 in 18 AA residues, from the coil library (black line) and from OPLS-AA/L (red dashed line) and
RSFF1 (blue line with triangles) simulations.

Table 3. Modified 1-4 L-J Parameters for Side-Chain
Conformations

pair σ (nm) ε (kJ/mol)

sp3-C···all-N 0.280 0.1
sp2-C···all-N 0.320 0.1
sp3-C···all-C 0.290 0.1
sp2-C···sp2-C 0.310 0.1
all-O···all-N 0.300 0.1
all-O···sp3-C 0.280 0.1
all-O···sp2-C 0.300 0.1
all-S···all-N 0.330 0.1
all-S···all-C 0.330 0.1

Figure 5. Free energy profiles for χ2 in Asp from the coil library and
simulations with various force fields. Due to the symmetry of the
−COO− group, χ2 and χ2 + 180° are identical.
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simulations give S > 0.92 for all except a few cases. As shown in
Figure 6, there is an additional α′ basin (ϕ, ψ ∼ −140°, 30°) in
the ϕ, ψ plots of g− and t rotamers of Lys from OPLS-AA/L
simulations, which is absent in coil library results. This
additional α′ basin agrees with the OPLS-AA/L simulation of
Ala dipeptide, which was suppressed in RSFF1 by modified
local interactions. All the χ1-dependent ϕ, ψ plots from RSFF1
simulations are given in the Supporting Information (Figure
S6).
Also from Table 4, OPLS-AA/L gives especially low S values

(0.5 or less) for t and g− rotamers of Asx. From the coil library
results (Figure 6), the t Asp favors the C7-like conformation
around ϕ, ψ ∼ −80°, +80° and αL conformation with ϕ > 0.
For g− Asp, the bottom of the αR basin is shifted to ϕ, ψ ∼
−110°, +10° with a higher population than extended
conformations. These conformations are not well stabilized in
OPLS-AA/L force field. Asn also has similar special features.
Modifications of some 1-5/1-6 L-J interactions for Asx

(Table 1) were introduced to achieve significantly better
agreement with coil library observations. All these modified
interactions involve pairs between polar atoms and may
function to compensate possible small inaccuracies in the
water-mediated electrostatic interactions. Compared with the

case for other AAs, full optimization of these parameters is
rather difficult, which required most of the efforts in our RSFF1
parametrization. Interestingly, different from the majority
situations of ε = 0.1 kJ/mol, the modified L-J interactions
between polar C and O atoms in Asx are attractive. The L-J
potential with σ = 0.230 nm and ε = 5.0 kJ/mol gives an energy
of −2.8 kJ/mol at the distance of 0.31 nm. There it can be
stabilization from the n → π* interaction between the oxygen
long pair and antibond π orbital of the CO group.72 Still,
RSFF1 gives the ϕ, ψ plot of t Asp not in exact agreement with
the coil library (S = 0.81) (Figure 6). Simple L-J potential may
not fully account for the directionality of the n → π*
interaction.
For Ser and Thr, our QM calculations indicated that their Oγ

and Ci−1 atoms can have short distance of <3.0 Å. This can lead
to >4 kJ/mol repulsion when default OPLS-AA L-J parameters
are used. We thus set ε = 0.1 kJ/mol and σ = 0.32 nm to give
reduced repulsion at short C···O distance. This allows strong
electrostatic attraction between the two oppositely charged
atoms, which is sufficient to give satisfactory results.

3.4. NMR J Couplings of Dipeptides. To compare the
performance of RSFF1 with that of other force fields, we
calculate the NMR 3JHNHα

couplings of all 19 dipeptides (except
Pro) from their ϕ torsions sampled in the simulations and
compared them with experimental data reported by Avbelj et
al.50 The 3JHNHα

scalar coupling has been widely used in
experimental characterization of conformations of short
peptides in solution. It is sensitive to the distribution of
backbone ϕ angle through the Karplus relationship:

ϕ ϕ= − ° + − ° +
α

J A B Ccos ( 60 ) cos( 60 )H H
3 2

N (19)

Several different sets of empirical Karplus parameters (A, B, C
in eq 19) were reported, from different fittings of experimental
3JHNHα

values of different proteins to their X-ray or NMR

structures.
From Table 5, for all Karplus parameter sets used, RSFF1

force field gives the lowest RMSD values, indicating better
agreement with experimental 3JHNHα

. Especially, when the 2007
parameter set is used, only RSFF1 gives the RMSD value (0.19
Hz) smaller than the estimated uncertainty (σ = 0.36 Hz) in
deriving the Karplus parameters. Unlike the RMSD values,
different Karplus parameter sets give nearly the same
correlation coefficients (R) between calculated and exper-
imental 3JHNHα

. The RSFF1 gives significantly higher r values
(>0.9) than other force fields.
As shown in Figure 7, experimental 3JHNHα

coupling of the Ala
dipeptide is significantly smaller than its derivatives (non-Gly/
Ala AAs) by 0.6−1.8 Hz. Different from experiments, A99sb*-
ildn force field gives similar 3JHNHα

coupling (within 0.7 Hz) for

Ala and its derivatives (except Val). The 3JHNHα
for Ala and

some AAs such as Glu and Val are significantly overestimated.
The overestimation of Ala 3JHNHα

is also observed in OPLS-AA/
L simulation. Compared with A99sb*-ildn, the A99sb-ildn-
NMR force field consistently reduced the 3JHNHα

of all AAs,

resulting in good results for some AAs, but 3JHNHα
values for

Gly, Cys, Asn, and His were considerably underestimated.
Unlike other force fields, RSFF1 can reproduce the gap
between 3JHNHα

of Ala and its derivatives. The excellent
performance of RSFF1 agrees with the previous finding that

Scheme 4. Newman Projections along the N−Cα Bond (ϕ
Torsion)a

aThe amide H atom is close to Cβ and Cγ atoms when in α-helical
conformation. This H···Cγ repulsion also depends on the side-chain
rotamer.

Table 4. Similarity Coefficients (S) between Simulated
Rotamer-Dependent ϕ, ψ Distributions and Coil Library
Statistics

OPLS-AA/L RSFF1

g+ t g− all g+ t g− all

A 0.83 0.985
G 0.35 0.939
P 0.88 0.94 0.86 0.99 0.99 0.998
E 0.90 0.85 0.29 0.89 0.97 0.96 0.98 0.977
Q 0.93 0.91 0.72 0.94 0.97 0.97 0.95 0.980
K 0.92 0.85 0.68 0.77 0.97 0.96 0.96 0.976
R 0.92 0.88 0.64 0.90 0.97 0.96 0.93 0.973
M 0.95 0.85 0.56 0.90 0.96 0.96 0.94 0.965
L 0.95 0.86 0.71 0.94 0.98 0.94 0.97 0.981
F 0.90 0.81 0.61 0.70 0.97 0.94 0.97 0.980
Y 0.90 0.82 0.58 0.72 0.97 0.95 0.97 0.983
W 0.90 0.85 0.76 0.78 0.95 0.93 0.87 0.964
C 0.90 0.82 0.45 0.47 0.96 0.94 0.96 0.967
V 0.90 0.80 0.80 0.85 0.97 0.96 0.98 0.979
I 0.90 0.89 0.83 0.91 0.95 0.96 0.96 0.963
S 0.85 0.87 0.57 0.63 0.95 0.91 0.96 0.970
T 0.86 0.74 0.82 0.78 0.95 0.90 0.96 0.972
D 0.81 0.47 0.35 0.61 0.94 0.81 0.89 0.944
N 0.87 0.51 0.54 0.70 0.94 0.87 0.91 0.953
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the 3JHNHα
directly calculated from coil library ϕ distributions

agree very well with those in dipeptides.50

To better understand these results, the ϕ distributions of two
representative cases are shown in Figure 8. From the coil
library, the ϕ distribution of Ala has a highest peak around
−67° and a lower shoulder around −153°, which agree with
previous work of Avbelj et al.47 On the other hand, the coil
library ϕ distribution of g+ Gln has a much higher population
around −100° and only one peak. (Scheme 4). This agrees with
much higher 3JHNHα

of Gln dipeptide. This large difference
cannot be fully reproduced by current force fields. At ϕ =
−120°, both OPLS-AA/L and CHARMM22* well reproduce
the coil library value for Ala but cannot fully describe the
increased population for g+ Gln. At ϕ = −65°, ff99SB-NMR
agrees with coil library results for Ala but cannot fully follow
the decrease in the population for g+ Gln. Indeed, the coil
library ϕ, ψ distribution of Gln (ordinary AA) differ from that
of Ala with S = 0.86. In comparison, ff99SB variants and OPLS-
AA/L give higher S = 0.94−0.97. Our results imply that current
force fields may underestimate the backbone conformational

differences between Ala and its derivatives, suggesting that same
parameters on all AAs may not be enough.

3.5. Folding of Both α-Helix Proteins and β-Hairpin
Peptides. The ability to fold peptides and small proteins is a
stringent test of a force field, because even minor inaccuracies
at single-residue level can lead to a significant perturbation of
delicate balance among different structures. We carried out the
folding simulations of Trp-cage80 (Tc5b, a designed 20-residue
α-helix mini-protein), Trpzip-281 (a designed tryptophan zipper
β-hairpin), and GB1 hairpin82 (residues 41−56 of protein G B1
domain), using the RSFF1 and OPLS-AA/L, and the two state-
of-the-art force fields83 CHARMM22* and AMBER ff99SB*-
ildn. We also carried out folding simulation of a much larger
three-helix bundle protein Engrailed Homeodomain (1ENH)84

using RSFF1. All folding simulations were carried out using
REMD, initiated from unfolded structures.
The AMBER ff99SB*-ildn, CHARMM22*, and OPLS-AA/L

cannot consistently stabilize the native structures of the four
systems (Figure 9) as the dominant cluster. AMBER ff99SB*-
ildn simulations of the two β-hairpins gave many quite different
structures without a dominant cluster, although a small fraction

Figure 6. ϕ, ψ distributions for lysine (left) and aspartate (right) residues in different χ1 rotamers (g+/t/g−). Results are from the coil library
statistics and those from dipeptide simulations with OPLS-AA/L and RSFF1 force fields.

Table 5. Root Mean Square Deviation (RMSD) and the Correlation Coefficients (R) between Calculated and Experimental
3JHNHα

Couplings of the 19 Dipeptides (Pro Excluded)a

Karplus parameters 99SB*-ildn 99SB-ildn-NMR CHARMM22* OPLS-AA/L RSFF1

year A B C RMSD R RMSD R RMSD R RMSD R RMSD R

198473 6.40 −1.40 1.90 0.66 0.68 0.38 0.62 0.37 0.71 0.62 0.78 0.31 0.92
199174 6.60 −1.30 1.50 0.42 0.68 0.46 0.61 0.36 0.70 0.35 0.78 0.20 0.92
199375 6.51 −1.76 1.60 0.72 0.67 0.41 0.62 0.39 0.72 0.68 0.78 0.34 0.91
199776 7.09 −1.42 1.55 0.81 0.68 0.43 0.62 0.45 0.70 0.76 0.78 0.42 0.92
199977 7.90 −1.05 0.65 0.37 0.69 0.59 0.60 0.46 0.65 0.30 0.78 0.29 0.92
200078 9.44 −1.53 −0.07 0.97 0.69 0.47 0.61 0.50 0.68 0.90 0.78 0.49 0.92
200779 8.40 −1.36 0.33 0.55 0.69 0.46 0.61 0.35 0.68 0.47 0.78 0.19 0.92

aResults calculated using seven different Karplus parameter sets are listed; for each, the lowest RMSD value(s) among the four force fields are
underlined.
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of near-native structures was found for each. Indeed, even
ff99SB with β-sheet propensity higher than ff99SB* still
significantly underestimate the stability of Trpzip-2.38 In a
previous study, ff99SB simulations could not stabilize the folded
structure of another β-hairpin peptide (Mbh12).85 However,
we noticed that previous folding simulations of GB1 hairpin
using ff99SB* gave the β-hairpin structure as the most
populated cluster (21%).86 CHARMM22* can sample the
native structure of the Trp-cage but did not give it as the
dominant cluster in our simulation. Also, the native state of
Engrailed Homeodomain is unstable in a previous MD
simulation using CHARMM22*.3 The OPLS-AA/L force
field, which share same nonbonded parameters with RSFF1,
cannot fold the Trp-cage. The simulation gave different
structures without a dominant cluster, and structures from
most populated clusters lack regular secondary structures.
The backbone torsion parameters for non-Gly/Pro AAs in

current force fields were usually parametrized on Ala residue.
Especially, the AMBER ff99SB*-ildn and CHARMM22* force

fields were optimized to reproduce experimental data on Ala-
based peptides, intended to achieve more balanced conforma-
tional preferences. For Figure 10a, they indeed give similarly α-
helicities of Ac-Ala14-NHMe, reasonably agree with experiments
for T > 300 K. However, they give very different melting curves
for Trp-cage and Trpzip-2 without any Ala residue. It seems
that, at least for these systems, ff99SB*-ildn prefers α-helix
structure whereas CHARMM22* prefers β-hairpin structure.
Therefore, current strategy of deriving backbone correction
based on Ala-based peptides cannot fully solve the secondary
structure biases existed in current protein force fields.
On the other hand, RSFF1 can successfully fold the two α-

helical proteins and two β-hairpins, each with the dominant
cluster very similar to the experimental structure. The reliability
of RSFF1 in stabilizing the native structures of various
sequences may come from its ability to accurately describe
different intrinsic conformational preferences of different AA
residues by using the residue-specific parameters.
As shown in Figure 10, RSFF1 consistently overstabilizes the

α-helical structure of Ac-Ala14-NHMe and the folded states of
Trp-cage and the two β-hairpins. RSFF1 also overstabilizes the
three-helix bundle Homeodomain, because a high population
(80%) of folded structures is observed at temperature (330 K,
the lowest replica) higher than its experimental Tm (325 K).
Interestingly, the ϕ, ψ distributions from coil library were
originally used to model the denatured and intrinsically
disordered peptides and proteins. However, because the
underlying local interactions determining these intrinsic
conformational features also exist in the folded states, the
RSFF1 does not bias toward the unfolded state. On the
contrary, it actually somehow overestimates the stability of the
native state, which is better than uncertain secondary structure
biases for some applications such as the structure prediction
and refinement. The underline reason is still unknown, but it is
possible that RSFF1 can be fine-tuned to achieve better
agreement with experiments.

4. CONCLUSION AND OUTLOOK

In this work, we present our efforts in developing a new protein
force field RSFF1, based on the ϕ, ψ, and χ free energy surfaces
(PMFs) of all 20 amino acids (AAs) from statistical analysis of
protein coil library. A set of new methods has been established,
by which excellent agreement can be achieved between PMFs
from dipeptide simulations and the target PMFs. Especially,
backbone torsion parameters, which are AA-dependent in
RSFF1, can be easily optimized using our new ϕ, ψ
decomposition approach. This work demonstrates that it is

Figure 7. Calculated 3JHNHα
coupling constant in 19 dipeptides plotted

against the corresponding experimental data. Each plot shows the
results from simulations using each force fields, calculated using a
recent (2007) Karplus parameter set.

Figure 8. ϕ distributions of Ala (left) and g+ rotamer of Gln (right), from coil library statistics and force field simulations. The black dashed vertical
lines indicate ϕ = −120° and ϕ = −65°, corresponding to β-sheet and α-helix/PII conformations, respectively.
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feasible to parametrize all rotable torsions in an all-atom force
field based on free energy surfaces instead of potential energy
surfaces.
During the parametrization, we found that not scaling 1-4

electrostatic interactions while significantly reducing 1-4 van
der Waals (L-J) interaction is a good choice. Also, adding only

three 1-5 L-J interactions (Hi···Oi, Hi···Ni+1, Oi−1···Ci), which

are the same for all AAs, is enough for the coupling between

backbone ϕ and ψ torsions. For Asp, Asn, Ser, and Thr,

modifications of local polar interactions such as additional O···
C attraction may also be necessary.

Figure 9. Representative structures of Trp-cage (a), engrailed homeodomain (b), Trpzip-2 (c), and GB1 hairpin (d) from REMD simulations using
various force fields. The percentage of each cluster is given below its representative structure. For each structure similar to the corresponding
experimental structure (a, 1L2Y; b, 1ENH; c, 1LE1), its backbone RMSD is also given in parentheses. For homeodomain, the predicted structure
(rainbow) from RSFF1 simulation is superposed with its crystal structure (1ENH, magenta). The NMR study of the GB1 hairpin82 did not give
atomic coordinates, but the representative structures from CHARMM22*, OPLS-AA/L, and RSFF1 all have the same β-sheet H-bond pattern and
aromatic side-chain packing as those derived from the experiments.

Figure 10. Melting curves of Ac-Ala14-NHMe (a), Trp-cage (b), Trpzip-2 (c), and GB1 hairpin (d), from experiments and REMD simulations using
various force field. The experimental melting curve of Ac-Ala14-NHMe was calculated using AGADIR,87 which is based on experimental helix
nucleation and propagation parameters of Ala.
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We show that RSFF1 gives significantly improved simulation
results for a variety of peptides and proteins. It well reproduces
the NMR J coupling constants of AA dipeptides, better than its
parent OPLS-AA/L and some recent force fields (AMBER
ff99B*-ildn, ff99SB-ildn-NMR, and CHARMM22*). The
different intrinsic conformational preferences of various AA
residues cannot be fully captured using a single set of backbone
parameters. RSFF1 can also consistently fold a set of peptides
and proteins including both α-helix (Ac-Ala14-NHMe, Trp-
cage, Homeodomain) and β-sheet (Trpzip-2, GB1 hairpin)
ones, with similar overstabilization. In comparison, other force
fields cannot correctly fold all of them simultaneously. This
indicates that RSFF1 not only achieves a good balance between
α-helical and β-sheet structures but also is transferable among
different sequences. Indeed, RSFF1 can successfully fold all of
the 12 small fast-folding proteins recently studied by Lindorff-
Larson et al.,3 which will be reported elsewhere.

■ ASSOCIATED CONTENT

*S Supporting Information
The detailed methods for the folding simulations, various free
energy surfaces from the coil library, and RSFF1 simulations
(Figure S1−S6), and all new torsion parameters in the RSFF1
force field (Tables S1, S2). This material is available free of
charge via the Internet at http://pubs.acs.org. The implemen-
tation of RSFF1 in Gromacs will be provided upon request.
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