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Abstract Main chain torsions of alanine dipeptide are pa-
rameterized into coupled 2-dimensional Fourier expansions
based on quantum mechanical (QM) calculations at M06
2X/aug-cc-pvtz//HF/6-31G** level. Solvation effect is con-
sidered by employing polarizable continuum model.
Utilization of the M06 2X functional leads to precise potential
energy surface that is comparable to or even better than MP2
level, but with much less computational demand.
Parameterization of the 2D expansions is against the full main
chain torsion space instead of just a few low energy conforma-
tions. This procedure is similar to that for the development of
AMBER03 force field, except unique weighting factor was
assigned to all the grid points. To avoid inconsistency between
quantum mechanical calculations and molecular modeling, the
model peptide is further optimized at molecular mechanics
level with main chain dihedral angles fixed before the calcula-
tion of the conformational energy on molecular mechanical
level at each grid point, during which generalized Born model

is employed. Difference in solvation models at quantum me-
chanics and molecular mechanics levels makes this parameter-
ization procedure less straightforward. All force field
parameters other than main chain torsions are taken from
existing AMBER force field. With this new main chain torsion
terms, we have studied the main chain dihedral distributions of
ALA dipeptide and pentapeptide in aqueous solution. The re-
sults demonstrate that 2D main chain torsion is effective in
delineating the energy variation associated with rotations along
main chain dihedrals. This work is an implication for the
necessity of more accurate description of main chain torsions
in the future development of ab initio force field and it also
raises a challenge to the development of quantum mechanical
methods, especially the quantum mechanical solvation models.

Keywords Alanine oligopeptide . Density functional
theory . Free energy landscape . Force field . J coupling .
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Introduction

High level quantum mechanical (QM) methods have been
proved to be quite successful in the study of structures and
energies of small molecules. However, QM calculations of
biological molecules such as protein, DNA, RNA are hindered
by the extremely large CPU time and storage requirements.
Parameterization of the QM data into classical energy com-
ponents for model systems and extending to macromolecules
afterward are more practical for contemporary in silico study
of biological systems. Because the energy and its derivative
with respect to the coordinates are generally evaluated mil-
lions of times or even more in one simulation, the functional
forms of the energy are relatively simple to keep the compu-
tational expense as low as possible. Currently, force fields like
AMBER [1], CHARMM [2], OPLS [3], GROMOS [4] etc.
have been widely used in the computational biology
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community. In these force fields, the total energy from high
level ab initio calculations is decomposed into various bonded
(bond, angle, torsion, etc.) and nonbonded (Coulomb, van der
Waals) terms, as proposed first by Lifson [5]. Further calibra-
tion of force field parameters in accordance with experimental
measurement may also be applied [6–9]. For recent reviews of
current trend and philosophy under the force field develop-
ment please refer to refs [10–12].

Utilizing inappropriate parameters, especially imprecise
main chain torsion parameters leading to inaccurate secondary
structure propensity, is a likely origin of the failure in some
protein folding simulations [13]. During the parameterization
of AMBER force field, the main chain torsion terms serve to
account for the “high order” terms not present explicitly. It is
informally called the garbage terms. However this is unfair,
considering its profound impact on the quality of a force field.
The deficiency in the parameters of main chain torsions may
accumulate along the peptide chain, and leads to large devia-
tions of the structure. For instance, obsolete AMBER94 and its
refined version AMBER99 have been proved to bias the helix
structure [14, 15], while AMBER96 overcorrected this problem
and it overpopulates the β strand conformation [16–19].
AMBER03 force field also biases helix [20], and
AMBER99SB is believed to disfavor helical conformation
[7]. Thus, refinement of the main chain torsion potential has
been the focus of recent developments in protein force fields
[6–8, 15, 21–30]. In the widely used force fields, themain chain
torsional terms are treated individually for ϕ (C−N−Cα−C)
and y (N−Cα−C−N), shown in Fig. 1, as Fourier series. Due
to the limited number of parameters in the simple functional
form, parameterization mainly focuses on a small portion of
space around the energy basins. This leads to less accuracy for
the inter-basin barrier height, which is deleterious to the study
of large scale conformational change like protein folding and
loop dynamics, as well as the calculation of conformational
entropy [23, 31, 32]. Including ϕ/y crossing terms has been
attempted by Mackerell et al., but it led to overly populated π-
helix, although the accuracy has been significantly improved.
And finally it was replaced by a grid-based energy correction
map (CMAP) [23, 24, 33], but still too helical according to a
recent study [13]. Since these two main chain torsions are not

separable in the potential energy map, the torsion energy func-
tion should be expanded in an orthogonal basis set of both ϕ
and y . With the advancing of new computer technology, the
computational expense is less and less of a bottleneck than it
was. Therefore, it is worth trading efficiency a little bit for
accuracy. This idea has been applied by Okamoto et al. in their
ad hoc force field refinement work [26, 34]. In this work, the
new force field is parameterized by quantum mechanical cal-
culations with respect to the existing AMBER force fields. No
further optimization according to the experimental observations
is conducted. By implementation of this new torsional term in
molecular dynamics package AMBER11 [35], the conforma-
tion distributions of alanine oligopeptides are studied.

Methods

Quantum mechanical and molecular mechanical
calculations

The alanine dipeptide (AD), shown in Fig. 1, was chosen as
the model system for parameterization. The structures of AD
were optimized at HF/6-31G** level on 24×24 grid points,
with both ϕ and y fixed at a series of designated values in the
range from −180∘ to 180∘. Møller-Plesset (MP2) [36] level
and CCSD(T) [37] with large basis set and polarizable con-
tinuum model (PCM) are too demanding for such study.
While with appropriate parameterization, density functional
theory has been proved to be both efficient and accurate in
electronic structure calculation. Therefore energy calculations
were carried out at M06 2X/aug-cc-pvtz level [38, 39].
Although the reliability of M06 2X functional has been ex-
amined in several studies, we also investigated its perfor-
mance by comparing to MP2. A smaller basis set (aug-cc-
pvdz) was employed when comparing M06 2X and MP2.
Solvation effect was modeled by the integral equation formal-
ism variant of the PCM (IEFPCM) [40, 41] in both the
optimization and single point calculations. The dielectric con-
stant of the solvent was set to 80 and default radii of solute
atoms were utilized [41]. Employing solvation effect in the
structure optimization is very important, without which the
conformations with any of the intramolecular main chain
hydrogen bonds, especially the five-membered ring (C5), will
be overpopulated. The free energy of AD can be written as

EQM ¼ Eint þ GPCM ¼< ρ fð Þ Hj jρ fð Þ > þ

< ρ fð Þ V
.
2

���
���ρ fð Þ >; ð1Þ

in which H is the Hamiltonian of AD in gas phase, V is the
solute-solvent interaction, ρ( f ) is the eigenfunction of
Hamiltonian H+V, and <ρ( f )|V/2|ρ( f )> is the solvation free
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Fig. 1 Main chain torsions in alanine dipeptide
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energy. All the quantum mechanical calculations were carried
out by Gaussian 09 [42].

Onmolecular mechanical (MM) level, the free energy of AD
is decomposed into various bonded and nonbonded terms as

EMM ¼ Ebond þ Eangle þ Edihedral þ Evdw þ Eele þ GGB; ð2Þ
where Ebond, Eangle, Edihedral, Evdw and Eele are respectively the
bond stretching, angle bending, torsion, van der Waals and
Coulomb interaction energies. GGB is the solvation free energy
by employing the Hawkins, Cramer, Truhlar pairwise general-
ized Born model (GB1) [43]. Nonpolar contribution was in-
cluded in both PCM andGB free energies.We can rewrite Eq. 2
as

EMM ¼ Emct þ Eoth þ GGB; ð3Þ
in which Emct and Eoth are the main chain torsion related energy
terms and other internal contributions respectively. By equaliz-
ing the MM and QM energies, the main chain torsion term can
be calculated as

Emct ¼ Eint−Eoth þ α GPCM−GGBð Þ; ð4Þ
whereα can be either 0 or 1 to exclude or include the difference
of solvation free energies. Including solvation effect in param-
eter fitting has also been conducted by Cao et al. [44]. Because
the PCM and GB descriptions of solvation effect are based on
different formalisms, the difference in solvation energies might
be nonnegligible. To save computational expense, QM and
MM calculations were carried out only on 24×24 grid points
with 15∘ interval. We further refined the resolution of this
potential energy surface by 2-dimensional spline interpolation
with periodic boundary conditions [45].

Another discrepancy between QM and MM calculations
was that the QM optimized structures with certain main
chain torsions were not necessarily the lowest energy con-
formations under MM potential. For some energetically
unfavorable conformations (e.g., {ϕ,y}={−180.0°,0.0°}),
the QM optimized structures had the four atoms around
amide bond (H-N-C-O in the atom nomenclature of
Protein Data Bank) deviated from plane by about 20∘.
These conformations exerted a strong stress on this torsion
under MM potential, and they are scarcely observed in
molecular dynamics (MD) simulations. In other words, the
quantum mechanically (molecular mechanically) optimized
structures were not fully relaxed under the Hamiltonian of
molecular mechanics (quantum mechanics). And this dis-
crepancy may have profound impact on the fitted 2D tor-
sional potential.

2D torsion terms

In a general practice of additive force field, the potential energy
is decomposed into bond, angle, torsion, electrostatic and van

der Waals terms as in Eq. 2. The torsion energy in AMBER
force field is expressed as a series of Fourier expansions as

Etorsion ¼
X

dihedral

V n=2ð Þ 1þ cos nθ−δ½ �ð Þ; ð5Þ

in which Vn, n and δ are the depth of the potential energy well,
periodicity and the phase angle respectively. Usually, these
expansions are truncated to 3 or 4 terms, which leads to
insufficient parameters that can give an accurate description
all over the main chain torsion space. It is practical to focus
more on the low energy conformations. Toward this end, during
the fitting of the parameters for torsion energy in AMBER03
force field [1], unequal weights were used for different (ϕ,y),
the lower the potential energy the larger the weight. Therefore,
this expansion does not give an equally accurate description of
potential energies everywhere in the (ϕ, y) map, which may
cast uncertainty in the study of conformation change.

A more precise way is to discretize the main chain torsion
energy map with a double Fourier series, and the expansion
coefficients can be shown in matrix form as

C m; nð Þ ¼ 1

4π2

Zπ

−π

dϕ
Zπ

−π

dψE ϕ;ψð Þeimϕeinψ; ð6Þ

in which E(ϕ,y) are the potential energy map ascribed to main
chain torsions. The integral is calculated on a grid with (ϕ,y)
in the range of [−π,π) in radian using the trapezoidal rule. All
grid points are equally weighted, which is different from the
fitting of AMBER03 force field parameters [1]. And for any
(ϕ,y) occurred during the MD simulation, the potential ener-
gy and the force over atom k can be calculated respectively as

E ϕ;yð Þ ¼
XNϕ

m¼−Nϕ

XNy

n¼−Ny

C m; nð Þe−imϕe−iny ; ð7Þ

and

Fk ϕ;yð Þ ¼ −
∂E ϕ;yð Þ

∂Rk

¼ −
∂E ϕ;yð Þ

∂ϕ
∂ϕ
∂Rk

−
∂E ϕ;yð Þ

∂y
∂y
∂Rk

: ð8Þ

The original code for the calculation of the first derivative
of E with respect to the atomic coordinates in sander module
of AMBER11 utilizes the chain rule through torsion angle
cosine, in which the calculation of ∂ϕ/∂cosϕ is required. It
might encounter mathematical difficulty when the four
atoms determining ϕ or y are in the same plane. Also, it
requires that the phase angles δ in Eq. 5 must be either 0 or π
in radian. Therefore, in AMBER force field extra torsions
related to ϕ and y must be defined to mimic the shift of the
minima (see below). To avoid the possible singularity in
calculating the force as in Eq. 8, we used the approach
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developed by Blondel and Karplus [46], which is based on
derivatives of the torsion angle itself.

It can be easily found from Fig. 1 that there are some
dihedrals highly correlated to ϕ and y . We denote them as ϕ
′ for torsions (C−N−Cα−Cβ), y ′ for torsions (Cβ−Cα−C−
N), ϕ ′ ′ for other torsions around N−Cα bond, and y ′ ′ for
other torsions around Cα−C bond. These dihedral angles are
very similar to ϕ and y , but with a phase shift of 1π/3 or
2π/3. We removed these terms from the original AMBER
force fields, and their contributions were merged into 2D
torsion terms. This new force field has been implemented
into sander and pmemd modules in AMBER 11.

Molecular dynamics simulations

In order to accelerate the sampling in the phase space, replica
exchange molecular dynamics [47] simulations were carried
out for ALA dipeptide (ACE-ALA-NME). The initial struc-
tures were generated by LEaP module in AmberTools 1.5
from sequence command. Generalized Born models (denoted
as GB1 [43], GB5 [48] and GB7 [49] in AMBER suite
package) and TIP3P water model [50] were utilized to mimic
the solvation effect. Therefore the dependence on the solvent
models can be investigated. Integral time step was set to 1 fs.
Temperature was regulated using Langevin dynamics with the
collision frequency of 1 ps−1. Swaps were attempted every
0.25 ps. MD simulations were extended to 240 ns for each
replica in implicit solvent models and to 80 ns in TIP3P water
box, which were long enough to show convergence.
Snapshots were saved every 0.25 ps in implicit solvent models
and every 5 ps in explicit solvent. Only REMD simulations in
explicit water model were carried out for ALA pentapeptide
(ACE-(ALA)4-NME). All the MD simulations were carried
out by AMBER11 with some in-house modifications. Free
energy was calculated by Weighted Histogram Analysis
Method (WHAM) [51, 52] using density of state estimated by

Ωmk ¼ Hmk

XL
l¼1

NklΔUexp f l−βlUm½ �
: ð9Þ

Results and discussion

Proof of method

In order to verify the validity of this representation of main
chain torsion terms, we fitted C(m,n) in Eq. 6 to the total
potential of 12 main chain torsion terms in AMBER99SB
force field on 36×36 meshes. The results are depicted in
Fig. 2. The potential was expanded up to Nϕ=Ny=11, and
the root mean square deviation (RMSD) between the

AMBER99SB energy and the fitted term was only 1.71×
10−2 kcal mol−1. Due to this high consistency, the calculated
distributions of main chain torsions were quite close to each
other and show only negligible differences. So, the 2D
expansions of main chain torsional terms are applicable to
the molecular dynamics simulations provided that the cor-
rect potential energy surface (PES) is available.

Total potential energy surface

Quantum mechanical calculation of the total potential energy
surface was the most CPU intensive part in this work. High
level ab initio methods such as MP2 and CCSD(T) with mod-
erate to large basis set in condensed phase are generally too
expensive to be utilized for the generation of total PES. More
efficient methods such as density functional theory are more
practical choices, so long as the accuracy is guaranteed by
proper parameterization. Although the reliability of M06 2X
functional had been studied in several works, we also investi-
gated its performance by calculating the PES and comparing it
with that from MP2 with the same basis set. The calculations
were carried out on 24×24 meshes, and the structures on all the
grid points were optimized with only {ϕ,y} fixed. PCM was
utilized to mimic the solvation effect, and the basis set was
reduced to aug-cc-pvdz for both M06 2X and MP2, due to the
large expenses of MP2 calculation. Here we chose a relatively
small basis set and we just assumed that their behaviors were
consistent across double-ζ, triple-ζ and even complete basis
sets. The calculated solvent energies are shown in Fig. 3. At a
first glance, these two potential energy maps were quite close.
To be quantitative, we calculated their RMSD by

R ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
i; j

EM062X i; jð Þ−EMP2 i; jð Þ½ �2
X
i; j

1

vuuuuut ; ð10Þ

which was only 0.32 kcal mol−1. It indicated that M06 2X was
accurate enough for the calculation of the total PES.

With M06 2X/aug-cc-pvtz PES, we fitted the main chain
torsion terms with expansions up to Nϕ=Ny=11 (See Eq. 7).
Due to the symmetry of matrix C, there were 265 complex
parameters, which leads to RMSD of the fitted PES from the
M06 2X one on the order of 0.01 kcal mol−1 and the largest
deviation below 1 kcal mol−1. This is remarkable, as com-
pared to 1.9 kcal mol−1, the unweighted RMSD of AMBER03
force field [1]. And we anticipate that this new potential gives
a more accurate description of fully solvated peptides (without
any buried residues) than AMBER force fields do.

3650 J Mol Model (2013) 19:3647–3657



Tuning of the main chain torsion potential energy map

As mentioned above, the QM optimized structures are not
necessarily the minimums under MM Hamiltonian. This
may cause inconsistency between the parameterization pro-
cedure and the follow-up simulations. In an ideal situation,
the energies in full (3 N-6)-dimension space of the model
system are consistent between QM and MM, but this is
impossible due to the limited number of parameters in MM
potential. There are various ways to (partially) surmount this
difficulty, e.g., re-parameterizing some of the potential energy
terms or further optimizing the structures at MM level with
main chain dihedral angles fixed before the calculation of the
main chain torsion PES. Here we chose the latter one. The
calculated main chain torsion PES without and with MM
optimization are depicted in Fig. 4, from which we can read
that after optimization the main chain torsion energy around
(ϕ,y)=(−180°,0°) was raised up by about 2 kcal mol−1, and

that around (ϕ,y)=(−75°,120°) was lowered by approx-
imate 1 kcal mol−1. These variations may cause signif-
icant shift in the distributions of main chain torsions at ambient
condition.

The polarizable continuum model (PCM) has been widely
used in the quantum mechanical calculation of small mole-
cules. In computational biology community, solvation effect is
often implemented implicitly by Poisson-Boltzmann (PB) or
generalized Born (GB) model to save us from intensive sam-
pling in the phase space of water molecules. In this work, we
utilized GB model. However, PCM and GB models are for-
mulated in different forms with different parameters. They
might give different solvation free energies for the same solute
structure. The solvation free energies from PCM and GB
solvation models are shown in Fig. 5. It shows that regardless
of whether the conformations were further optimized on MM
level, there were large differences in the solvation free ener-
gies from PCM and GB models, which ranged from −3 to

Fig. 2 Main chain torsion maps of alanine dipeptide in kcal mol−1

from AMBER99SB (top left) and from 2D expansions fitted to
AMBER99SB (top right), and the free energy maps in kcal mol−1

generated in REMD simulations with AMBER99SB force field (bot-
tom left) and AMBER99SB force field with main chain torsions
replaced by 2D energy terms (bottom right)

J Mol Model (2013) 19:3647–3657 3651



2 kcal mol−1. And important differences are on (ϕ,y)=
(−180°,0°) and the right-handed helix domain.

Molecular dynamics simulation of ALA di-
and penta-peptide

Assessing the reliability of this representation of main chain
torsion energy, especially the balance between various struc-
tured and random conformations, is indispensable before it
can be widely used in the computational biology communi-
ty. Alanine dipeptide, which serves as a paradigm of protein
backbone, has invoked extensive studies by various exper-
imental means, such as two-dimensional (2D) infrared (IR)
[53], vibrational spectroscopy [54], Raman [55, 56], circular
dichroism [56], and NMR [56, 57] in aqueous solution.

There are still discrepancies in the exact population of
various conformations among these studies, due to different
models and parameters for the interpretation of signals.
Besides, post Hartree-Fock quantum mechanical calcula-
tions and semi empirical methods have also been carried
out to study the relative energies of some highly populated
conformations [24, 58] and the whole potential or free
energy surface [32, 59–65]. However, these studies relied
highly on the specific QM level and MM parameters.
Comparison among experiment measurements, QM calcu-
lation and MM study also assess the quality of force fields
[31, 32, 58, 62, 63, 66–68]. However, although consensus
on the exact distribution of conformations has not been
reached so far, there is still some generally accepted view
that extended structures including PPII and β conformations

Fig. 3 Total potential energy surface map in kcal mol−1 from (left) M06 2X/aug-cc-pvdz and (right) MP2/aug-cc-pvdz calculations

Fig. 4 Main chain torsion potential energy maps in kcal mol−1 generated by Eq. 4 with α=0. Left: The structures were not further optimized under
MM Hamiltonian. Right: The structures were further optimized under AMBER03 force field

3652 J Mol Model (2013) 19:3647–3657



are dominant, where α helical conformation occupies only a
small portion.

With the original AMBER force fields and the main
chain torsion energy surfaces calculated above, we studied
the distribution of main chain torsions for ALA dipeptide
using replica exchange molecular dynamics. The calculated
free energy landscapes are shown in Fig. 6. It can be easily
found that the distribution of main chain torsions under
original AMBER99SB (Fig. 6a) and AMBER03 (Fig. 6b)
are qualitatively consistent. The most sampled structures are
β, PPII and right-handed α -helical conformations.
Elaborative investigation of these two free energy land-
scapes finds that under AMBER03 the population of ex-
tended structures, i.e., β and PPII conformations, are less
than that under AMBER99SB, and the left-handed helix
under AMBER99SB is more populated than that under
AMBER03 force field. The formal observation is consistent
with existing knowledge that AMBER03 biases helical con-
formation, while AMBER99SB underestimates the helix
propensity. To make a quantitative comparison, we split
the main chain torsion space into “α+” (−160∘<ϕ<−20∘

and −120∘<y<50∘), “αh” with a more stringent definition
(−100∘<ϕ<−30∘ and −67∘<y <−7ϕ), “β” (−180∘<ϕ<−
90∘ and 50∘<y <240∘; or 160∘<ϕ<180∘ and 110∘<y<
180∘), “PPII” (−90∘<ϕ<−20∘ and 50∘<y<240∘), and
others, in the same way as that used by Best [20]. The result
is shown in Table 1. It clearly indicates that the AMBER03
force field is more helical than AMBER99SB with αh

population about 13 % higher (26.5 % vs 13.4%).
Experimental studies already showed that the most observed
conformations were β and PPII, and helix occupied only a
small portion (below 20 %). Therefore, AMBER99SB gives
a more quantitative depiction of the conformation distribu-
tion than AMBER03 does, at least for AD model system.

Then we replaced the original uncorrelated main chain
torsion energy term in AMBER force fields with 2D expan-
sions. In Fig. 6c and Fig. 6d, we utilized AMBER99SB and
AMBER03 force field parameters, respectively, for energy
terms other than the main chain torsions. The main chain
torsion energies were directly fitted from QM calculations
without any optimization on MM level nor the contribution
of solvation energy. Because the force fields we used in the
parameterization procedure of 2D main chain torsions and
the REMD simulations follow-up were consistent, the final
result was only weakly dependent on the specific force field
utilized, but highly relied on the quantum mechanical po-
tential energy surface and parameterization procedure. We
found an abnormally deep well in both of the free energy
maps near (ϕ,y)=(−180°,0°). This erroneous distribution
was due to the mismatch between QM and MM PES that
the optimized structures under QM Hamiltonian were not
necessarily the minimums under MM potential, as we have
mentioned above. Therefore we optimized the structures of
the model peptide under AMBER03 potential before fitting
the 2D main chain torsion potential according to Eq. 4 with
α=0, and the corresponding free energy landscape with this
new 2D potential is shown in Fig. 6e. It shows that the
population near (ϕ,y)=(−180°,0°) was notably reduced,
but it was still distinctly overpopulated than those form the
original AMBER force fields. Further, we set α in Eq. 4 to 1
to account for the difference of solvation free energy, and
the population near (−180∘, 0∘) flowed to the right-handed
α helix region (See Fig. 6f). The population of left-handed
helix was also reduced. Comparing this free energy land-
scape to that under AMBER99SB force field, the difference
was mainly on the region with ϕ around −70∘ and y
between 50∘ and 100∘. This region is usually denoted as
C7, named after the 7-membered ring adopted by the ALA

Fig. 5 Difference maps of generalized Born solvation model and polarized continuum model (in kcal mol−1). Left: The structures were not further
optimized under MM Hamiltonian. Right: The structures were further optimized under AMBER03 force field
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Fig. 6 Free energy landscapes of ALA dipeptide at 300 K from
REMD simulations employing (a) AMBER99SB force field, (b)
AMBER03 force field and (subfigures c-f) AMBER force field with
2D main chain torsions. c AMBER99SB force field was utilized for
other terms. The structures were not further optimized and α=0 during
parameterization. d AMBER03 force field was utilized for other terms.

The structures were not further optimized and α=0 during parameter-
ization. e AMBER03 force field was utilized for other terms. The
structures were further optimized and α=0 during parameterization. f
AMBER03 force field was utilized for other terms. The structures were
further optimized and α=1 during parameterization
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dipeptide with a hydrogen bond formed between the acetyl
and N-methylamine groups. Statistical investigation of the
structures deposited in Protein Data Bank also shows nota-
ble population in this region [7], indicating that proteins
have some tendency in forming this 7-membered ring
through a hydrogen bond. When fully exposed in aqueous
solvent as AD in this work, this hydrogen bond might be
disrupted by single water molecule that hydrogen-bonded to
both ACE and NME groups. Unfortunately, implicit solva-
tion models have difficulties in describing discrete solvent
molecules. Therefore the reliability of this observation needs
further investigation in explicit solvation. However, prohib-
itively expensive sampling of solvents’ degrees of freedom
(DoF) in QM calculations impedes the application of this
idea. The percentage of PPII is about 5% lower than that
from original AMBER99SB force field, while the β confor-
mation is more frequently sampled under 2D potential,
sacrificing part of the α+ conformation. The population of
αh is between those from AMBER99SB and AMBER03
force fields. Since AMBER03 force field is thought to be
helical biasing and AMBER99SB underestimates the helical
propensity, this result is quite encouraging.

Although GB1 model was utilized during the parameter-
ization of the main chain torsions, it is also of interest to see
the dependence of the conformation distribution on solva-
tion models. We carried out REMD simulations in various
GB solvation models and TIP3P water box, and the results
are shown in Table 2. The dependence on solvation models
are nonnegligible. GB5 is the most helix-biasing model, and
GB7 is the least one. All the GB models, especially GB7,
bias the β conformation and disfavor the PPII conformation

when compared with the TIP3P water model. 3J(HN,Hα)
coupling is very sensitive to the conformation distribution.
In Table 3, the computed J coupling based on the trajectories
in explicit water box and the experimental measurement by
Avbelj et al. [69] are listed. Both of the parameters from Hu
[70] and Case [71] were utilized. The results show that
employing these coupled main chain torsion potentials im-
proved the agreement between the simulations and the ex-
periment by 0.3 to 1.4 Hz.

Employing the 2D main chain torsion potential fitted
with conformations further optimized at MM level and α=
1 in Eq. 4, we studied ALA pentapeptide (ACE-(ALA)4-
NME) in TIP3P water box. This is the smallest model that
can form main chain hydrogen bonds with helical confor-
mation. In Table 4, we list the populations of α+, αh, β, and
PPII conformations for ALA pentapeptide under AMBER03
and AMBER99SB with coupled main chain torsions. Unlike
alanine dipeptide, we find moderate differences in the con-
formation distributions of ALA pentapeptide between 2D
AMBER99SB and 2D AMBER03 force fields, especially
for the α and β conformations. This difference results from
the terminal effect during the parameterization process, and
it adds more difficulties to the force field development. The
population of αh and PPII regions increased by about 5 %
and 2 % as compared to ALA dipeptide. While the popula-
tion in β region decreased by about 5 %.

Conclusions

Although high level quantum mechanical methods have been
widely used in the study of small-sized molecules, its appli-
cation in macromolecules such as proteins is still quite limited.
Parameterization of the quantum mechanical calculations into
molecular mechanics relevant terms and applying them in the
simulation of macromolecules is more practical nowadays.
However, it is generally accepted that fitting molecular

Table 1 Percent population of conformations at 300 K from replica
exchange molecular dynamics simulations of ALA dipeptide
employing GB1 solvation model

Force field α+ αh β PPII

AMBER03 43.8 26.5 33.5 22.0

AMBER99SB 31.3 13.4 40.8 26.2

2D AMBER03 27.5 17.7 49.3 21.5

2D AMBER99SB 29.1 18.0 48.3 21.3

Table 2 Dependence of the percent population of conformations at
300 K on the solvation models from replica exchange molecular
dynamics simulations of ALA dipeptide employing 2D AMBER03
force field

Conformation GB1 GB5 GB7 TIP3P

α+ 27.5 30.2 22.1 29.5

αh 17.7 19.9 12.9 18.3

β 49.3 46.0 55.9 39.6

PPII 21.5 21.8 20.3 27.8

Table 3 3J(HN,Hα) Coupling (Hz) from the simulations in explicit
water box in this work and the experimental measurement

Parameter AMBER03 2D AMBER03 AMBER99SB 2D AMBER99SB Exp
[69].

Hu [70] 6.81 6.50 7.42 6.53 6.06
DFT2 [71] 7.20 6.51 7.90 6.52

Table 4 Percent population of conformations at 300 K from replica
exchange molecular dynamics simulations in TIP3P water box of ALA
pentapeptide

Force field α+ αh β PPII

2D AMBER03 33.1 24.2 33.6 30.5

2D AMBER99SB 29.8 20.0 38.1 29.9

J Mol Model (2013) 19:3647–3657 3655



mechanical parameters merely from quantum mechanics is
not a good choice, due to some discrepancies between QM
and MM calculations. In this work, we implemented 2-
dimensional main chain torsions into AMBER force field
and studied the distribution of conformations of ALA
oligopeptides. Inconsistencies between QM and MM made
this parameterization procedure less straightforward.

Elaborative investigation of the potential energy maps,
solvation free energy maps and free energy landscapes of
ALA dipeptide indicated that possible deviation from “true”
main chain torsions originates from the discrepancies of
solvation models used in QM and MM calculations and of
the relaxed structures under QM and MM Hamiltonians. A
rigorous model utilizing explicit water models and lengthy
sampling of water coordinates in QM and MM is still not
feasible today and also in the foreseeable future. In this
work, the solvation effect was considered by utilizing po-
larizable continuum model in QM calculation, while gener-
alized Born model was invoked in MM modeling. Different
parameters were employed in these two approaches. For the
majority of proteins other than ALA oligopeptides, only a
small portion of residues are fully solvated in water. More
accurate QM calculations should be carried out in the envi-
ronment mimicking the protein interior. For example, set the
dielectric constant to between 2 and 4 as was in the
AMBER03 force field parameterization, or to 1 with polar-
ization effect turned on. For some energetically unfavorable
conformations (e.g., {ϕ,y}={−180.0°,0.0°}), the QM opti-
mized structures had the amide bond (H-N-C-O in the atom
nomenclature of Protein Data Bank) deviated from plane by
about 20°. These conformations exerted a strong stress on
this torsion under MM potential energy surface, and they are
rarely observed in MD simulations. In other words, the
quantum mechanically optimized structures were not fully
relaxed from the view of molecular mechanics. Here we
simply optimized the model peptide further at MM level
before the parameterization procedure, and made the result
more reasonable. Another solution for this discrepancy is to
soften the off-plane distortion term and reparameterize some
of the van der Waals terms in MM.

With this new main chain torsions, we studied the distri-
butions of the main chain dihedrals of ALA dipeptide and
pentapeptide. The latter is the minimal system that can
possess a main chain hydrogen bond in helical conforma-
tion. The helical propensities by 2D potential were between
those from AMBER03 and AMBER99SB force field, which
was quite encouraging. The computed 3J(HN,Hα) coupling
is also improved under this new force field. This work
serves as an implication for the necessity of new functional
forms for main chain torsions in order to trade efficiency for
accuracy. It also poses a challenge to the development of
quantum mechanical methods, especially the quantum me-
chanical solvation models. Further examinations of its

performance in molecular dynamics such as protein folding,
which are out of the scope of this work, are in progress.
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