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Abstract

The local conformational (¢, v, y) preferences of amino acid residues remain an active research
area, which are important for the development of protein force fields. In this perspective article,
we first summarize spectroscopic studies of alanine-based short peptides in aqueous solution.
While most studies indicate a preference for Pj; conformation in unfolded state over o and
B conformations, significant variations are also observed. A statistical analysis from various coil
libraries of high-resolution protein structures is then summarized, which gives a more coherent
view of the local conformational features. The @, w, y distributions of the 20 amino acids have
been obtained from a protein coil library, considering both backbone and side-chain
conformational preferences. The intrinsic side-chain y; rotamer preference and y;-dependent
Ramachandran plot can be generally understood by combining the interaction of side-chain
Cy/Oy atom with two neighboring backbone peptide groups. Current all-atom force fields such
as AMBER ff99sb-ILDN, ff03 and OPLS-AA/L do not reproduce these distributions well. A
method has been developed by combining the @, y plot of alanine with the influence of
side-chain 7 rotamers to derive the local conformational features of various amino acids. It has
been further applied to improve the OPLS-AA force field. The modified force field
(OPLS-AA/C) reproduces experimental J coupling constants for various short peptides quite
well. It also better reproduces the temperature-dependence of the helix-coil transition for
alanine-based peptides. The new force field can fold a series of peptides and proteins with
various secondary structures to their experimental structures. MD simulations of several
globular proteins using the improved force field give significantly less deviation (RMSD) to
experimental structures. The results indicate that the local conformational features from coil

libraries are valuable for the development of balanced protein force fields.
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1. Introduction

The marginal stability of proteins, the function-related protein dynamics,'” and the recent
discovery of intrinsically disordered proteins6'12 all imply a delicate balance between different
protein conformations. One important factor for both folded and unfolded states of proteins is
the intrinsic preference of the backbone to adopt certain ¢,  dihedral angles (Scheme 1)

without the influence of other residues. Although it has been long realized based on both

13,14

statistical analysis of protein crystal structures and guest-host studies of peptides in aqueous

15-20

solution that the common 20 amino acids can have different secondary structure

propensities, the study of intrinsic local conformational preferences is mostly a recent effort.
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Scheme 1. The dipeptide model and the definition of ¢, v, y; dihedral angles.
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Recently, with an increasing interest in the protein unfolded state,
spectroscopic studies (including CD, NMR, IR) of short peptides in aqueous solution tried to
resolve the intrinsic ¢, y preference of amino acids.”>** Most studies agree that the unfolded

short peptides of Ala and some other amino acids mainly exist in the polyproline II (Py)
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conformation. This is different from the distributions observed in folded proteins, in which the
conformations related to secondary structures (a-helix, B-sheet, B-turn) can be stabilized by
inter-residue backbone hydrogen bonds (H-bonds).

In 1995, Swindells et al. derived the ¢, y preferences of various amino acids based on
statistical analysis of coil residues (outside regular secondary structures) in protein crystal
structures.”> Since then, a number of statistical analyses of protein coil libraries have been
published.46'60 The statistical results from the PDB coil library not only correlate with
secondary structure propensities of different amino acids,”® but also agree well with the NMR
experiments of unfolded peptides/proteins in solution.***" Especially, the J-coupling constants
of amino acid residues calculated based on coil library statistics agree very well with those
measured from dipeptides in water.”’ The statistical potentials of the ¢, w distributions from coil
libraries have been used in knowledge-based simulations of the denatured or intrinsically

disordered proteins.®**’
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Figure 1. Five major backbone conformational basins in the Ramachandran (4, ) plot of Ala
residue from protein coil library. Contours are drawn every RT free energy difference (i.e.
natural logarithmic scale for probability densities). The same scale is used throughout this work.
The representative structures are from QM calculations at MP2/6-31+G** level 68 with
CPCM®” implicit solvent model of water. The key attractive interaction for each conformer is
labeled and the methyl hydrogen atoms are omitted for clarity. Green, dark blue, and red are for

carbon, nitrogen, and oxygen atoms, respectively.

From the coil library ¢, y plot of alanine (Ala) residue,” five major backbone conformers can
be identified (Fig. 1). They can also be located from high-level quantum mechanics (QM)
calculations”' using Ala dipeptide with the solvent effect of water. The most extended B
conformer is also referred to as the Cs conformer, due to its five-member-ring H...O hydrogen
bond (H-bond). The Py (polyproline 1) conformer is also extended, but without intra-molecular
H-bonding. C; conformer, also referred to as y-turn, has seven-member-ring H-bond. The ar and
ar conformers are related to helical structures with opposite rotation directions. They are
stabilized by N ... H electrostatic attraction between two neighboring peptide groups,’* and also
involved in various types of P-turns.’> Noticeably, the ar basin has a diagonal shape and
asymmetric (skewed) density probability distribution. The average a-helix conformation (¢ ~
-62°, y~ -42°) is close to the steep edge of ar basin. From Fig. 1, the relative abundances of the
five conformers are in the order Py > B ~ ag > C; > a. This preference has recently been
supported by special QM/MM simulations which can treat the alanine dipeptide at the MP2

level.” The differences between their probabilities are quite large, indicating backbone
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conformational behaviors may differ from a pure random coil model.

To study the dynamics of peptides and proteins in various states, molecular dynamics (MD)
simulations using physics-based force fields are more generally applicable than
knowledge-based scoring functions.”*”’® In most force fields, the backbone torsional ¢
parameters are optimized for small model systems (often Ala and Gly dipeptides) by
reproducing their ¢, w preferences from ab initio quantum mechanics (QM) calculations in gas
phase.””"* However, recent simulations of various systems in aqueous solution identified
secondary structure biases in various force fields.*'? Recent QM methodology development
made it possible to carry out highly accurate calculations on biomolecules including short
peptides, which agree well with gas-phase experiments.®'*""'>! However, protein force fields
are usually used with aqueous environment. The force fields optimized for the gas-phase
energetics may not capture well the strong solvent effect of water. Since modeling the solvent
effect in QM calculations with high accuracy is still challenging, force field improvement using
condensed-phase experimental data have becomes a practical approach.

Recently, fine-tunings of the backbone ¢, i parameters have been reported to achieve a better

104-111 112-114

balance among various secondary structures , and a better agreement with NMR data.

The recent efforts to improve protein force fields have not directly taken into account the
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available experimental data on ¢  preferences. In addition, the difference in the intrinsic
conformational features of alanine and other amino acids were not considered. Recently, we
have develop a new force field named PACE (Protein in Atomistic details coupled with

Coarse-grained Environment)''>''®

, which is used with the coarse-grained water model of
Marrink et al.'"” The torsion potentials in the PACE force field were mainly parameterized by
comparing dipeptide simulations with the coil library statistics. This force field can achieve a
good balance between a-helix and [-sheet secondary structures in folding simulations of various
peptides. We therefore try to address whether it is possible to apply the accumulated knowledge
about intrinsic local conformational features from protein coil library to improve all-atom
biomolecular force fields.

Here, we first analyze the local conformational preference of Ala from two different sources:

the solution spectroscopy of unfolded peptides, and the statistical analysis of protein crystal
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structures. Then, other amino acids with side-chain rotamers are considered. We discuss some
important conformational features of amino acids with y; side-chain rotamers, focusing on the
interactions between side-chain y-atom and backbone peptide groups. The y; rotamers (g+/t/g-)
distributions from the coil library were then compared with results from current force fields. To
support the statistical rotamer-dependent ¢, w plots using ab intio QM calculations, we
introduce the ¢, y decomposition scheme to reduce the dimensionality of the conformational
space. We then apply a similar strategy to the all-atom force field OPLS-AA. We demonstrate
that excellent agreement with the coil library results can be achieved for the ¢, y distributions of
Ala and other amino acids. Finally, we show that the new force field performs better than the

original one in several different aspects.

2. Spectroscopic Experiments of Unfolded Peptides

Solution spectroscopic studies of the intrinsic backbone ¢, w preference are mostly focused
on alanine-based short peptides. Some early studies tried to fit the experimental observations by
assuming only one single conformation for each residue. Most of these studies yielded ¢ values
between -60° ~ -105° and w values between 125° ~ 170°, which coincide with the Py
conformation.”?® As previously reviewed by Kallenbach et al,''* growing evidence has

19 that Py is the dominant

supported the hypothesis, first proposed more than 40 years ago,
conformation for unfolded peptides and proteins. Of course, this information is not sufficient for

force field parameterization.

Table 1. Conformational preferences of the Ala residue in short peptides from reported

spectroscopic experiments in aqueous solution.

System source year Pp% B% oar% Ci(y)% ref.
Ala dipeptide amide III 2008 60 29 11 7
Ala dipeptide Rama skeletal 2008 76 6 18 27
Ala; (tri-alanine)  CD 2003 ~50 ~50 2
Ala; 2D amide I 2002 ~80 ~20 »
Alas J-coupling 2007 92 8 30
Alas amide I, J-coupling 2009 84 8 4 4 .
Alas CD, J-coupling 2010 ~55 ~45 3
Ala; UVRR amide Il 2010 ~92° >
Alay (tetra-alanine) UVRR amide 11 2010 ~91° 3
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Alay amide I’, CD 2004 >78 >
Alay amide I’, J-coupling 2007 70 15 15 3
AAKA amide I', J-coupling 2007 60 19 20 3
GAG amide [, J~-coupling 2010 79 6 5 5 36
Ac-GGAGG-NH, J-coupling 2005 82 18 3
AAAAAW amide I’, J-coupling 2010 73 10 10 5 3%
see note” NMR SRE* 2007 79 18 3 39
XAO peptide® J, NOE, CD 2002 ~90 ~10 40
XAO peptide’ amide I’ 2007 ~50 ~23 4

*including 2.5, helix.

b O,TP3AP3A0O, and O,TP;A40,, O is ornithine.
¢ spin relaxation enhancement.

d Ac-XXA700-NH,, X is diaminobutyric acid.

Besides Py, there are other backbone (¢, ) conformations relevant to various secondary
structures (a-helix, B-sheet, B-turn, y-turn). It is also important to obtain information on the
population of the less preferred conformations. Table 1 gives a summary of recent experiments
reporting the local conformational preferences of Ala residues. Most studies in Table 1 did not
report the percentages of all four major conformations (P, B, or, C7), so some spaces in Table 1
are leaved empty. Considering all of these results together, it is clear that Py is dominant in Ala
residue but that other conformations are also populated. The population of the P;; conformation
is between 50% ~ 92%, the population of B is below 50% with large variations, and the
percentage of o is close to or below 20%. Most studies indicate that the B conformation is
favored over the o conformation. However, some previous °C NMR* and Raman optical
activity (ROA)** spectra studies of Ala dipeptide preferred the o conformation over the B
conformation, which is supported by recent QM/MM simulations of Ala dipeptide.”

As shown in Table 1, there are large uncertainties for the reported percentages of major
conformations. For NMR measurements such as J-coupling, NOE, and chemical shift, the
results are averaged over accessible conformational states. Resolving the experimental spectra
crucially relies on (1) the assumption of the ¢, i distributions of certain conformations (such as
Pu, B, o) (2) the relationship between a given set of @, w and its corresponding spectroscopic
measurement. For example, the NMR 3J(Hxn,He) coupling constant is related to backbone ¢

torsion by the Karplus relationship,'**"'**

a cosine function where ¢ = -160° and ¢ = -80° give
the same value. Thus, some highly extended 3 conformations might be mistakenly resolved as
Pi.'** Especially, a number of studies assumed ¢ around -120° for the  conformation based on

average [-sheet structures, which differs from the bottom of 8 basin (¢ ~ -150°) in Fig. 1. Also,
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or and Pj have similar ¢ values (around -70°) and 3J(HN,HOJ coupling constants. Thus, ogr
conformations might also be mistakenly resolved as Py;.

Vibrational spectra can probe structures in a much shorter time period, but still on a large
number of molecules in solution. Due to significant overlap, information about the position,
relative intensity, and shape of the active bands for certain conformer is needed to decompose
the observed spectra into contributions from major conformers. The interpretation may require

125 - 130 Gaigeot recently reported DFT-based molecular

extensive computational studies.
dynamics simulations of the Ala dipeptide in the gas-phase and in aqueous solution."*'"** The
comparison with experimental IR spectra favors P;/f conformations towards or. However, it is
still difficult to precisely resolve experimental vibrational spectra due to the structural
heterogeneity and interaction with solvent. Due to large uncertainties, these reported
conformational preferences still can not be used reliably for calibrating a molecular force field.
Besides these experimental studies, ab initio QM calculations of the Ala dipeptide and its
analogue were carried out in both the gas-phase'** and with implicit solvent models."*>"*” In
the gas-phase, the global energy minimum for Ala dipeptide is the C; conformation (¢, y ~ -80°,

138 QM calculations also indicate that the Py

+80°), which was confirmed by rotational spectra.
conformation is unstable in the gas-phase and less polar solvents, but is an energy minimum in
water. Experimental studies also indicate the Py preference is promoted by the polar/aqueous
environment.'*%'% Pappu et al. used molecular simulations to show that the P;; conformation
has minimal intra-peptide steric repulsion while the water screens the local electrostatic
interactions that favor other conformations.'*""'*> The preference for the P; conformation might
also benefit from the n -> n* orbital interaction between the backbone oxygen and the carbonyl

carbon on the adjacent residue.'**'** Recent ab initio QM/MM indicate that PII conformation

has favorable interactions with solvent water molecules’

3. Coil Library from Protein Crystal Structures

3.1 Alanine

Current spectroscopic experiments give only very limited information on the local
conformational preferences. On the other hand, statistical analysis of PDB coil libraries can give
much more detailed ¢ y distributions for various amino acids. Although all coil libraries
excluded the a-helix and (B-sheet structures to avoid the bias due to backbone H-bonding, some

of them have further restrictions. As shown in Table 2, six different coil libraries were
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constructed with increasingly stringent criteria from the same protein crystal structure database
(6178 PDB structures with resolution <2.0 A and R factor < 0.2 and 50% sequence identity
cutoff). Here, we use the same definitions of Py, 3, o, o and C; conformational regions in the
Ramachandran plot as our previous work (see Fig. 1).% Briefly, all regions except ar have
values of ¢ < -30°. Both Py and B conformations have values of > 100° or y < -160°, with ¢ <
-100° for B region. The C; region has 40° < < 100° and the or region has -70° < w < 40°. ar
region is within 30° < ¢ < 100° and -20° < y < 80°. Besides, oy (-60°, -40°) and ar (-90°, 0°)
conformations within the or region are related to different secondary structures: o-helix and
B-turn, so their probabilities are sampled separately here with a Gaussian kernel of 6 = 10°. The
similarity coefficient S between two distributions {x;} and {y;} is defined as in our previous

work®:

Sxy = z S

SRR v

Table 2. Conformational preferences of Ala residues from coil libraries of various restrictions.

Entry Description Nies. Pu% B% or% % C7% oy% or%
Coil-1 outside helices/sheets 34617 40.6 12.1 37.0 3.7 53 8.8 6.6
Coil-2 Coil-1 without pre-Pro residues 3121538.211.340.7 3.9 44 9.7 173
Coil-3 Coil-2 without turn residues 20761 50.717.0 21.8 2.5 6.3 54 2.8

Coil-4 Coil-3 without secondary structure neighbors 7638 42.420.127.2 2.1 62 7.5 3.2
Coil-5 Coil-4 without 15% most exposed residues 6650 43.022.2242 2.1 6.3 6.1 3.0
Coil-6 Coil-5 without neighboring to SDNVITFYHW 1668 45.9 23.1 21.0 2.0 6.1 5.5 1.7
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Figure 2. Ramachandran plots of Ala obtained from whole protein structures (a), the protein coil

library (b, Coil-3) and the highly restricted coil library (c, Coil-6).

It is well known that the residues preceding proline (pre-Pro) show a distinct ¢,
distribution.”*'* Therefore, they should be excluded from the coil library (from Coil-1 to
Coil-2). The residues in B-turns mostly occupy both the right-handed or and left-handed o
helical region. In a recent statistical analysis of ¢,  distributions by Dunbrack et al., the agr
content from turn residues (42.4%) is significantly higher than from coil residues (17.1%).14
Removing turn residues will significantly decrease or% as shown in Table 2 (Coil-2 to Coil-3),
which leads to a better agreement with recent spectroscopic experiments of short peptides. To
remove [(-turn residues is reasonable because they are stabilized by i <« i+3 backbone
H-bonding. Noticeably, although B-turn residues were excluded in a very early coil library by

46 . . 51,5255
Serrano, they were not excluded in some later studies.” >~

In a recent coil library by Jha et al, removing residues adjacent to secondary structure
elements (a-helix, B-sheet, various H-bonded turns) slightly decreased the population of the Py
and increased the population of or and B.°°® They also found that most exposed residues
especially favor ar against 3, and excluded them from their restricted coil library. Besides,
residues with short polar side-chains (Asp, Asn, Ser, Thr) can form H-bonds with the

neighboring backbone amide groups,147»148

and B-branched or aromatic residues might increase
the B-propensity of neighboring residues.*’”*'* For the most stringent coil library, Coil-6 in
Table 2, residues adjacent to these amino acids were all removed to minimize the nearest
neighbor effect. The percentages of Py, B and or conformations obtained from Coil-6 are 46%,
23% and 21%, respectively. These are very similar to the populations of Py, B and ar reported

from previous restricted coil library by Jha et al.: 48%, 25% and 24%.

10
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As shown in Fig. 2, the ¢,  distribution of Ala from the whole sequence (i.e. all secondary
structures) is significantly different (S = 0.44) from coil library results. From the studies by Jha
et. al., only 17.1% of all Ala residues in protein crystal structures are in the Py; conformation,’®
which is very different from spectroscopic experiments of unfolded peptide. On the other hand,
the ¢, w distributions from different coil libraries Coil-3 and Coil-6 are very similar (S = 0.99),
even though the size of the coil library decreases to less than 1/10 from Coil-3 to Coil-6. The
invariance indicates the effects of neighboring residues either may not be very strong or can be
statistically averaged out. Also, the coil library ¢, w plot from database containing only
mainly-o proteins is also very similar (S = 0.986) to that from only mainly-f3 proteins. The
comparison supports that coil libraries do reflect the intrinsic conformational preferences of

amino acid residues.

Compared with most spectroscopic studies of short peptides, coil library indicates a slightly
lower population of the Py; conformation. A few possible reasons may account for this: (1) The
terminal effects in peptides can promote Py conformation and reduce o content,'® such that Alas
shows more Pj; and less o contents than Ala dipeptide. Gnanakaran and Garcia reported higher
Py propensity for Alaz (~80%) than for Ala dipeptide (~59%) based on their modified AMBER

. . 150
force field simulations.

(2) Some studies assuming a value for ¢ around -120° for the
conformation but the actual conformation in the [ region can be much more extended (¢ ~
-160°). This can mistakenly assign [ structures as Py, as discussed before. (3) The Py
conformation is stabilized by solvation in water, but residues in protein coil region may not be

fully solvated, which can lead to the decrease of Py preference.
3.2 Consideration of Side-chain rotamers

Most amino acids can be regarded as derivatives of Ala with different substitutions at the
B-carbon (Cg) site. As we discussed earlier,” they can be divided into five types according to
different local conformational features: (1) ordinary amino acids, (2) Ser, (3) Asp and Asn, (4)
Val and Ile, (5) Thr. The type-1 (ordinary, Ord for short) amino acids have single non-polar
(aliphatic or aromatic) carbon attached to Cg, which have very similar local conformational
features from recent studies.””’ As shown in Fig. 3, there is a strong coupling between the

60152 \which is different for different

side-chain y; distributions and backbone conformations,
types of amino acids. From Fig. 3, the y; distribution can be sensitive to small change in
backbone conformation. Significant difference between aa and o' are observed, both of which
are belong to the ar conformational basin (Fig. 1). On the other hand, all these different y;

11
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distributions are related to the rotation around Csp3-Csp3 bond, resulting discrete conformers

called rotamers (Scheme 2).

0.20 Gln g\ 5 0.20 Ser

015 i 015

0.10 010

360 0 60 120 180 240 300 360

Asp " Val

015 +
010

0.05

— 0.00
0 60 120 1800 240 300 360 0

Figure 3. The y; probability distributions for four representative amino acids in four different ¢,
w regions. The a, region defined in our previous work is related to a-helix conformation

(similar to the ay), and o' is the remaining region of the ay basin.

H
ﬁ g+ t H gty ~ -60°
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N
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Scheme 2. Definition of side-chain y; rotamers based on the relative orientation of y atom(s),
illustrated by Newman projections down the Cg—C,, bond for single-B-substituted (upper left)

and B-branched (bottom) amino acids. The y; distribution of lysine is also given as example.

Therefore, the rotamer-dependent ¢,  plots p(¢,ly1) can be a good representation of the
conformational features of amino acid residues. Indeed, p(@,ly;) distributions have been used

to develop a new backbone-dependent rotamer library very recently.'>®

As shown in Fig. 4, the
Ramachandran plots of the three rotamers of an amino acid can have significantly greater

differences than those between different amino acids under the same rotamer. Our previous work

12
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also showed that the a-helix, B-sheet, and type-I B-turn preferences of different rotamers of
various amino acid types can be captured by their intrinsic ¢, w, y preferences from our coil
library. Therefore, it is important to incorporate the intrinsic side chain rotamer preferences in

future development of protein force fields.
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Figure 4. ¢, w plots of y, rotamers (g'/t/ g') of various residue types from protein coil library
(Coil-3). The leftmost column is for the ordinary amino acids, which have single non-polar
(aliphatic or aromatic) y carbon atom attached to Cp atom. The unfavorable regions due to
Cy/backbone repulsions are marked with vertical (¢ regions) or horizontal (i regions) lines. The

especially preferred conformations of ¢ rotamer of Asx are indicated.

As show in Scheme 2, for the single-B-substituted amino acids, the y atom in g rotamer only
directly interacts with the N-terminal peptide group (¢-pep for short), and the y atom in ¢
rotamers only directly interacts with the C-terminal peptide group (w-pep for short). In g
rotamer, the y-atom interacts with both ¢ and y~ peptide groups. Comparing p(¢, ¥l y1) plots of
ordinary amino acids in Fig. 4 with the @, w plot of Ala in Fig. 2, regions around some ¢ or
values are disfavored due to the repulsions from Cy. These repulsions mainly involve atoms
separated by four bonds (1-5 interactions), as suggested by Dunbrack and Karplus."** From Fig.

4, Asp and Asn have special ¢, y preferences of their ¢ rotamers, with C;-like and oy, conformers
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significantly favored. The two structures optimized by ab initio QM method have short Os;...C
and O...Cy distances (~3.1A), respectively (Fig. 5). In addition to electrostatic attraction
between opposite charges, there may be stabilization from n — 7* interaction between the long

pair of oxygen and anti-bond & orbital of C=0 group.155

Figure 5. Structures of special conforms of # rotamer of Asp indicated in Fig. 4.

S DG B, I

1 1 1 ]

CONH OCHN CONH OCHN

- ‘EH/:CONH OCHN;\‘EE - ‘EH/:CONH OCHN;\‘EE
Cy Cy Oy Oy

E(Cy...y-pep) > E(Cy...¢-pep) > 0> E(Oy... y-pep) > E(Oy...¢-pep)

Scheme 3. The total effects of y-atom/backbone interactions for understanding side-chain
rotamer preferences. £ > 0 indicates repulsive interactions and £ < 0 indicates attractive

interactions.

The different y; preferences can also be understand by the interactions between the y atom(s)
and backbone peptide groups, based on the assumed average energetics shown in Scheme 3. In
general, non-polar C, atom is more likely to have repulsive interactions with polar backbone
peptide group than with polar O, atom. Besides the steric repulsion of C, atom, the screening of
strong interactions between backbone peptide group and water can also contribute to the
unfavorable effective interaction energy.'*” On the other hand, O, atom can form favorable
interactions with both backbone carbonyl C atom and amide H atom. The interaction of C, with
w-pep is more repulsive than with ¢pep, which can be understood by the 1-4 interaction with
larger backbone C atom for y-pep compared with N atom for ¢-pep. Beside, 1-5 interactions are

also contributed to the preference. From Fig. 4, Cy interactions with y-pep atoms resulted in

14
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significantly unfavorable or even disallowed i regions, while interactions with ¢-pep atoms
only decrease the probabilities of related regions. The more attractive interaction of O, with
¢-pep can be understood by 1-5 interactions with positively-charged carbonyl C and amide H
atoms attached to backbone N atom. For amino acids with single y atom, the observed g'% >
1% >g% for Ord and g% > g % > % for Ser can easily can obtained from the assumed

energetics.

Among -branched amino acids, Val and Ile have two C, atoms, and Thr has one O, atom and
one C, atom. Therefore, the features of their each rotamer can be understood by combining those
of two rotamers of Ord or Ser. For example, g' rotamer of Val (g'-Val for short) has the features
of g"-Ord and #-Ord. Similarly, the conformational features of g-Thr are the mix of g-Ser and
g'-Ord. Based on the interactions in Scheme 3, g'% > g% > 1% for Val&Ile and g% > g'% >

t% for Thr can also be understood.
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Figure 6. Side-chain 7y; rotamer distributions of the 17 amino acids obtained by dipeptide
simulations against coil library statistics. The force fields include (a)AMBER-ff99sb-ildn (b)
AMBER-ff03, and (c) OPLS-AA/L. Plus sign (+) is for g' rotamers; horizontal bar (-) is for g
rotamers; and open diamond is for ¢ rotamers. Amino acids with large deviations are labeled.

Previous NMR studies of the side-chain rotamer populations in unfolded peptides and
proteins showed close agreements with the statistical results from protein coil residues.'”*"*®
The y; distributions are also consistent among various coil libraries. We have shown that
excluding the residues adjacent to Ser, Asx, and B-branched and aromatic amino acids from the
restricted coil library did not change (S = 0.997) the obtained g'/t/g” percentages. The results

also correlate very well with those from an extremely restricted coil library in which the residues
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can only be adjacent to Gly or Ala.%’ Therefore, the coil library can give reliable intrinsic

conformational preferences without significant influence of the NN effect.

On the other hand, commonly used force fields such as OPLS-AA/L and AMBER-ff03 can
not reproduce the observed side-chain j, rotamer distributions of some amino acids.”
Lindorft-Larsen et. al. also noticed that AMBER-99sb simulations give side-chain rotamer
distributions for Ile, Leu, Asp, and Asn significantly differ from PDB distributions, and they
refitted the side-chain torsional parameters according to the gas phase QM calculations.'”
Interestingly, as shown in Fig. 6, this improved AMBER-ff99sb-ildn force field'®® still can not
fully reproduce the rotamer distributions from the PDB coil library. The problem is most serious
for residues with short polar side chains (D, N, S), for aromatic residues (Y, F, W), and for
B-branched residues (V, I, T). This suggests the need for further improvement of these force

fields.

4. Force Fields Developments
4.1 ¢, y Decomposition and QM Calculations

Unlike Ala dipeptide, it has been difficult for dipeptides with Cg-substitution to carry out
systematic conformational studies because the coupling of ¢  potentials with y; and
sometimes y» results in a higher dimensionality of the conformational space and significantly
increase the number of grid points. Although there are previous QM studies trying to locate
minima on the ¢, w, y energy hyper-surface of dipeptides or their analogues,'®"'® full scans of
the potential energy surface have only been reported for Ala and Gly dipeptides. One way to
overcome the problem is to decompose the effect of the substituent group(s) on the backbone ¢
and w torsions, as shown in Scheme 4. The idea of separating ¢ and y was previously used by

Dunbrack and Cohen to obtain the distributions for the Bayesian statistics.' *®

R
0 X H o CHs gy R CHs CHs H
Rex o] o
H@*N%N‘cm = Hac)l\rff‘)‘T(N‘CHs + (Hac)‘\f%EH J\Q\ ) + ( ;EW HJ>‘7‘//N‘CH3)
Hoo H O M o}
G (1. .v) =  Gu(dy) g AGy .y, (29) + AGy o (Z:¥)

Scheme 4. Separation of the effects of side-chain CP substituent on the backbone conformation

into ¢ part and y part, illustrated using the dipeptide models and monopeptide models. Here y
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belongs to the three y; rotamers (g'/t/ g).
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Figure 7. Ramachandran plots of g+, ¢, g- rotamers of model dipeptides with R = -CH3 (left)
and R = -OH (right) calculated at the MP2/6-31+G** level with CPCM solvent model for water.

Based on this strategy, we carried out ab initio QM calculations in water with the CPCM
solvent model on the ¢ and w mono-peptide models. The obtained effective energies AEx a1(7,
@) and AEx an(y, w) in water, which approximate the correspond hypothetic free energies
AGxa(y, @) and AGx.a(y, w) describing the side-chain substitution effect on the ¢ and
peptide groups, were used to reconstruct the y;-dependent Ramachandran plots based on

Boltzmann relationship.

AE'X-Ala (Za ¢) + AEx.Ala (Za ‘//)
RT

Px (X @:¥) = Pai(9:¥) -exp[—- I @

where pai(@, w) is the statistical ¢, y distribution of Ala.
Comparing Fig. 7 with Fig. 4, the calculations reproduce the statistical y;-dependent ¢, y plots
very well (S = 0.90 ~ 0.96). For ordinary amino acids, their ¢ rotamers prefer P;; conformation

and g- rotamers prefer B conformation. On the other hand, similar preferences for Py and 3
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conformations are observed for both # and g- rotamers of Ser. Our MP2/6-31+G** calculations
well reproduce these features. The calculations also reproduce the different side-chain rotamer
preferences between ordinary amino acids (g+% > % > g-%) and Ser (g-% > g+% > t%). The
very similar local conformational behaviors of Gln, Glu, Lys, Arg and Met are mainly
contributed from the 7y-carbon of their side-chains. These studies support the
rotamer-dependent ¢, i plots from protein coil libraries for evaluating and improving protein
force fields. These studies indicate that the effects of the side-chain on backbone ¢ torsion and y
torsion can be roughly independent. This can be very useful for theoretical studies on the local
effect of different side-chains.

Besides, the idea of separating the difference between two Ramachandran plots into
¢-component and y~component can be very useful for force field parameterization. Under the
forms of current standard force fields, we can not use different backbone potentials under
different side-chain rotamers. However, we can still use the free energy decomposition scheme
introduced here to separate the difference between current and target 2D ¢, w free energy
surfaces into corrections on individual ¢ or  potentials.

For a given type of amino acid, to achieve a good match between its ¢, y plot from MD
simulations (pmp) with its @, y plot from a coil library (pcoil), we decompose the difference

between the two free energy surfaces into ¢-component and y~component:

AV, ($)+ AV, () = —RT In[ L -V 3)
pMD (¢5 l//)
Here, AVy and AV, are the correction needed on the current ¢ and y torsional potentials. The
fitting of parameters is done iteratively until two free energy surfaces match very well. This
procedure did not change the fact that the fitting is to match between free energies, but can
significantly speed up the parameterization for all amino acids. This can significantly speed up

the parameterization, and the detailed procedure will be described elsewhere.

4.2 Alanine

REMD'® simulations with temperature range between 273K ~ 418K were carried out for the

Ala dipeptide solvated with ~320 waters, using common biomolecular force fields and our
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recently developed ones. The results shown in Table 3 are from the 297 K replica. All
simulations presented in this work were carried out using the Gromacs molecular simulation
software.'®® All force fields in Table 3 except PACE and OPLS-AA/C were parameterized
based on QM calculations. They can give out quite different conformational distributions. In
general, the order of similarities to the coil library distributions is: AMBER-99sb > OPLS-AA/L
~ AMBER-96 > AMBER-03 ~ CHARMM-27 > GROMOS-53A6 > AMBER-94 ~ AMBER-99.

Table 3. Conformational preferences of Ala dipeptide from molecular dynamics simulations

with various force fields, together with similarity coefficients (S) with our coil library results.

Force field water model Pp% B% or% % C:% oan% ar% S

AMBER-{f94 TIP3P 8 3 8 04 1 124 94 0.32
AMBER-{f96 TIP3P 39 46 7 00 4 1.3 0.1 0.83
AMBER-{f99 TIP3P 14 4 8 06 2 42 4.6 0.20
AMBER-ff99sb  TIP3P 37 29 27 3 2 24 3.8 0.88
AMBER-{{03 TIP3P 33 21 42 0.1 1 4.8 5.6 0.81
CHARMM-27“  TIP3P 19 14 34 6 2 62 3.9 0.80
OPLSAA/L TIP3P 40 19 34 05 5 21 5.0 0.82
OPLSAA/L TIP4P/Ew 43 18 31 06 6 1.9 4.8 0.83
GROMOS 53A6 SPC 26 38 11 07 15 13 0.2 0.28
PACE Marrink 40 26 27 16 4 29 4.8 0.87
OPLS-AA/C TIP4P/Ew 48 23 20 12 6 39 24 0.98

“with C-MAP correction

It is well known that the early AMBER force fields ff94 and ff99 significantly favor the or
conformation.® On the other hand, both ff96 and ff99sb force fields give much higher
similarities (S > 0.8) with the coil library results. The ff96 and ff99sb force fields are improved
versions of ff94 and ff99 force fields for their backbone ¢ and i torsional parameters. Although
the ff96 parameter set has a known bias towards 3-sheet conformations when used with explicit

85,87,97,169
water, " "

it can correctly fold both a- and B- peptides with certain generalized-Born
implicit solvent model, achieving a balanced secondary structure preference.'”® Consistent with
the high similarity (0.88) to the coil library results, ff99sb force field and its improved version
ff99sb-ILDN'® are recently reported to correctly fold both o- and B- peptides and miniproteins
including all-a villin headpiece subdomain and all-p WW domain.”'”" The AMBER ff99sb is

also reported to better reproduce experimental NMR data than several other force fields.'”>'"

The AMBER-03 and CHARMM-27 force field with lower S to coil library 4,  plot
over-stabilizes the a-helix structure. The AMBER ff03 force field predicted melting temperature
(Tw) of Ac-Alay;-Nme as high as ~ 380 K.'”* The CHARMM-27 force field without CMAP
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gives significantly higher a% and less p% and also a quite different ¢, v plot.”* Even with the
C-MAP correction, CHARMM still gives out too little P;; population and low % value
compared with high or% and ay%, which relate to its significant bias towards o-helical
structure.”” The OPLS-AA/L gives an S value (0.82) comparable to CHARMM-27 and
AMBER-ff03, but slightly lower than ff99sb and other improved AMBER variants. It can be
seen from Table 3 that changing water model from TIP3P to TIP4P/Ew'” does not change the

distribution significantly.

The united-atom GROMOS 53A6 force field is known to destabilize the a-helical
conformations, in agreement with the low value of ay%. It also gives inadequate P;;% and an
unrealistic global minimum around ¢ ~ -145° and w ~ 120°. All these factors account for the
obtained low similarity coefficients of S = 0.28. As shown in Table 3, our recently developed
coarse-grained PACE force field gives similarity coefficient comparable to current all-atom
force fields. This is because PACE was parameterized against the ¢, y plot from the coil library
statistics®® through dipeptide simulations.'"> The PACE force field can achieve a good balance

between o-helix and B-sheet secondary structures in folding simulations of various peptides.''®

Using a strategy similar to the one used in the development of the PACE force field, we
reparameterized the ¢, w, y potentials in the original OPLS-AA force field to maximize the
similarity with the coil library statistics. The new force field is named OPLS-AA/C, where C
means both Coil library statistics and Condensed phase simulations. The manual adjustment of
local L-J parameters was partly inspired by a previous study on the Ramachandran plot of the
Ala residue.'’® The new OPLS-AA/C parameter set gives much better agreement (S = 0.98)
with the coil library statistics than the parent OPLS-AA/L force field. Among various force
fields, the new force field gives out highest Py content (48%) for the Ala dipeptide, in good
agreement with the solution spectroscopic experiments. The OPLS-AA/L force field gives
lowest ap%:ar% ratio, while the results from OPLS-AA/C simulations give significantly

improved ay%:or% ratio.

Table 4. J-coupling constants of Ala; cation from experiment and REMD simulations.
J(HyHy) JHNC) U(HLC) JN.Co) *JN,Co)

Experiment™ 5.68 1.13 1.84 11.34 8.45
AMBER-99sb 7.1 1.1 2.1 11.4 8.2
AMBER-03 6.7 1.2 1.9 11.3 8.2
CHARMM-27* 6.4 1.6 2.0 10.9 7.8
OPLS-AA/L 7.3 0.8 2.0 11.1 8.1
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OPLS-AA/C 6.2 1.3 1.7 11.3 8.3
“with C-MAP correction.

To allow a direct comparison between results from simulations and from experiments on the
same system, we used the trialanine cation (Alas) with known experimental NMR J-coupling
constants™’. The J-coupling constants were calculated from simulated ¢, y distributions based on

empirical Karplus relationship'*'"'**

and compared with the experimental data. In Table 4, the
first three columns of J-coupling constants are related to ¢ torsion and the last two are related to
w torsion. Among them, *J(Hy,H,) is the most widely used in the studies of unfolded peptides
and proteins. Some force fields, such as AMBER-99sb and OPLS-AA/L, give much higher
3J(Hn,H,) values than the experimental results. Also, OPLS-AA/C gives a 2J(N,C,) value closer
to the experimental value than other force fields (Table 4), in agreement with its lower ogr
content. The new OPLS-AA/C parameter set gives better agreement with the experimental

J-coupling values, suggesting that the approach of using ¢, y distributions from PDB coil

libraries as reference data may improve current force fields.

4.3 Other amino acids

For different types of amino acids, common force fields can not consistently give high
similarities with coil library ¢, y distributions (Table 5). Among common force fields, the
AMBER-99sb with recently improvement'’ gives generally best similarity coefficients. This
agrees with its good performance. Still AMBER-99sb gives lower similarity for Val. Although
OPLS-AA/L seems better than AMBER and CHARMM force field in Gln and Val, it can not
well reproduce the coil library results for some special amino acids (Ser, Asp, Gly). The ¢, v
plot of Gly generated by the original OPLS-AA/L force field is very different from the coil

library results (S = 0.35), agreeing with recent studies.'”’

Table 5. Similarity coefficients (S) between coil library ¢, w distributions and simulated results

using various force fields, for different amino acid types.

Gln Tyr Val Ser Asp Gly
AMBER-99sb 092 091 0.77 093 0.82 0.91
AMBER-03 0.84 0.62 0.75 0.71 0.82 0.93
CHARMM-27 0.80 0.80 0.75 0.82 0.86 0.62
OPLS-AA/L 094 0.74 0.83 0.62 0.61 0.35
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In OPLS-AA/C, all ¢, w, y torsional parameters were optimized to achieve as good as

possible the agreements between dipeptide simulations and the coil library results of all other

amino acids. Results for some amino acids are given in Table 5. Compared with OPLS-AA/L,

much better agreements with coil library are achieved by the new force field parameters. In

addition to the refitted ¢, i potentials, to better account for the coupling with side-chain

conformations, a few local (1-5/1-6) Lennard-Jones (L-J) interactions were modified in the new

OPLS-AA/C force field. For Ala-derived amino acids, it is important to consider the intrinsic y;

rotamer preferences. In our new OPLS-AA/C force field, an excellent agreement with coil

library data can be easily achieved (Fig. 8) by adjusting a few parameters of the related torsion

potentials.
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Figure 8. Side-chain y; rotamer distributions from OPLS-AA/C simulations of the 17 amino

acids obtained by dipeptide simulations plotted against the coil library statistics. The symbols

have the same meaning as in Fig. 6.

Table 6. *J(HN,Ho) coupling constants of some amino acids in dipeptide model, comparison

between experiments and MD simulations.

Ala GIn Lys Tyr Val RMSD

Experiment’’ 6.06 7.14 6.83 7.13 7.30
AMBER-ff99sb-ildn 74 79 7.7 78 83 093
AMBER-ff03 68 76 66 67 718 049
CHARMM-27/CMAP 7.0 73 73 78 72  0.56
OPLS-AA/L 74 78 78 80 79 0095
OPLS-AA/C 65 74 73 75 79 047
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To further validate the new force field, the *J(HN,Ho.) coupling constants were calculated and
compared with the results from other force fields. As shown in Table 5, experimental J-coupling
constants are in the order Ala < Lys < GIn ~ Tyr < Val, roughly agree with their [3-sheet
propensities. Experimental J-coupling constants for Gln and Tyr are more than 1.0 Hz higher
than for Ala, which is correctly reproduced by OPLS-AA/C. Other force fields all give smaller
differences between the coupling constants for Ala and Gln/Lys/Tyr. They can not well
reproduce the relative differences between amino acids from experiments. Although AMBER-03
and CHARMM-27 give out mean deviations (RMSD) as small as that of OPLS-AA/C, this
results from their over-stabilization of o conformation, which gives relatively lower 3J(HN,Ha)
values similar to Py.. We also simulated the cationic tripeptides using the new OPLS-AA/C force
field. Going from Ala; to Vals, the calculated 3J(HN,Hoc) coupling constant increases from 6.1
Hz to 8.1 Hz, in good agreement with the experimentally observed change from 5.7 Hz to 7.9

Hz.

S. Applications of the new force field

Current standard force fields gave out very different o-helix content of polyAla-based
peptides, except for those tuned for better helix-coil balance.'” Indeed, the cooperatively in
a-helix formation can significantly multiply small inaccuracy (<lkJ/mol) in ¢, y energetics of a
single residue. Also, current force fields usually give insufficient temperature-dependence of
folding/unfolding equilibrium of a-helical peptides.”g’179 We evaluated the performance of the
new OPLS-AA/C force field by carrying out REMD simulations of o-helical peptides:
Ac-Ala;s-Nme (A14) and Ac-(AAKAA)sGY-Nme (AK17). TIP4P/Ew water model was used for
both OPLS-AA/L and OPLS-AA/C force fields, while TIP3P water was used for other force
fields. To increase the sampling efficiency, the mass of oxygen atom in the TIP4P/Ew model
was reduced from 16 amu to 2 amu without changing the thermodynamics.'® As shown in Fig.
9, AMBER-03 and CHARMM-27 gave too high helical propensity, while AMBER-99sb gave
very low helical contents. The coil library-based OPLS-AA/C force field gave much better
helicities. The new OPLS-AA/C force field predicts stronger 7-dependency than the original
OPLS-AA/L force field, closer to the experimental results. Nevertheless, the OPLS-AA/C force
field slightly overestimates the o-helicity of these peptides. Further improvement of the force

field may be achieved by adding very small ¢/ correction, as proposed by Best et al.'®

23


http://dx.doi.org/10.1039/c2cp43633g

Downloaded by University Town Library of Shenzhen on 17 January 2013
Published on 12 December 2012 on http://pubs.rsc.org | doi:10.1039/C2CP43633G

Physical Chemistry Chemical Physics

Page 24 of 35

View Article Online

1.0 556000
53 - ok a — AGADIR(exp.)
. —— AMBER-99sb
08 - —=— AMBER-03
Ko —¢ CHARMM-27
B 07 A ~— OPLA-AA/L
= —— OPLS-AA/C
3 0.6 A
Gy
o 0.5
g
2 04 A
Q
£ 03
0.2 -
0.1 4
0.0 A== e e T :
270 290 310 330 350 370 390 410 430 450
temperature/K
0.8
0.7 - b — CD exp.
;:,S —+— OPLS-AA/C
2 0.6 —— OPLS-AA/L
3 05 -
k)
2 04 1
.8
b5 0.3 1
<
& 0.2
0.1 A
0.0 T T T T T T T T

270 290 310 330 350 370 390 410 430 450
temperature/K

181,182

Figure 9. The melting curves of a-helical peptides from experiments and various force

fields. (a) Ac-Alaj4-Nme (A14), (b) Ac-(AAKAA)sGY-Nme (AK17).

A stringent test of the overall performance of a protein force field is through the folding
simulations of peptides/proteins, starting from their unfolded structures. We carried out folding

simulations of CLN025 (a mutant of chignolin)'® and Trpzip2'**

peptides, both of which are
B-hairpins with protein-like cooperative folding behaviors, and also the Trp-cage '™
mini-protein, which contains an a-helix, a 3j¢-helix, and a Py segment. We also chose two
fastest folding natively-occurring domains: the Nle/Nle double mutant of the villin headpiece
subdomain'**'*” and the GTT variant of the Fip35 WW domain'®®. The native structures of
former and later consist of three a-helices and three -strands, respectively. All of them have

attracted significant attention in protein folding studies.'™ ">

As shown in Fig. 10, REMD simulations using the OPLS-AA/L force field can only fold the
two smallest B-hairpin peptides to their native structures. On the other hand, the representative
structures from folding simulations using improved OPLS-AA/C force field can be aligned very
well with the experimental structures (Coo RMSD ~ 1 A) for all the five peptides and proteins.

Interestingly, the structures from OPLS-AA/L simulation of villin-HP indeed mainly contain
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a-helix structures while simulation of WW domain mainly gives B-sheet structures. Therefore,
the problem of OPLS-AA/L may not be the biased secondary structure preference, as people
noticed for many force fields. Instead, OPLS-AA/L can not well reproduce the intrinsic
conformational features of some special amino acids, and also for the side-chain rotamer
preferences. This indicates that only achieving balance between different secondary structures

may not be enough for accurate force fields.

CLNO025 Trpzip-2 Trpcage Villin-HP WW domain

OPLS-AA/L

0.7 A

U

0.8 A 0.7 A
(1.0 A)

13 A
(12 A)
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Published on 12 December 2012 on http://pubs.rsc.org | doi:10.1039/C2CP43633G

Figure 10. Predicted structure (magenta) from REMD simulation superposed with experimental
structures (green). Predicted structure is the representative structure of largest cluster from
replica of lowest temperature. Coo RMSD is also given below each structure. The values in

parentheses are from recent work'°> of Lindorff-Larsen et al. for comparison.

Especially, the original OPLS-AA/L can not stabilize the native structure of Trpcage
mini-protein, from REMD simulation initiated from PDB structure (1L2Y). This may partly due
to its inaccurate description of ¢, w preferences of Gly and Ser residues in the loop connecting
packed a-helix and Py-helix. The backbone ¢ distribution of Gly from OPLS-AA/L force field is
mainly around £120°, which may lead to a significant destabilization of -turn conformations.
Interestingly, AMBER-99sb force field, which gives quite low a-helicity for Ala-based peptides,
can fold Trpcage quite well in a recent study.'”> This agrees with the fact that AMBER-99sb
reproduces the coil library ¢, w distributions of Ser and Gly much better than OPLS-AA/L

25
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(Table 5).

Table 7. Comparison between the averaged backbone RMSD (A) from the experimental
structures for the three proteins simulated with OPLS-AA/L and OPLS-AA/C force fields.

OPLS-AA/L OPLS-AA/C

IP7E (56°, 1-55") 2.12 0.96
5PTI (58¢, 1-55%) 1.97 0.67
1UBQ (76, 1-71%) 1.20 0.75

“The total number of residues.
’The residues involved in RMSD calculation.

Another way to validate force field improvement is through the long time normal MD
simulations of globular proteins initiated from their native structures. Here the simulations of B3
domain of Protein G, bovine pancreatic trypsin inhibitor, and the ubiquitin were carried out from
PDB entries 1P7E, 5PTI, and 1UBQ solvated in octahedron boxes containing ~2500 TIP4P/Ew
water molecules. A 0.8 us trajectory was generated for each protein at temperature of 300K and
1 atm pressure. The last 0.6 ps of the trajectory was used to calculate the deviation (backbone
RMSD) from native structures, as shown in Table 7. Compared with original OPLS-AA/L, the
simulated structures from the re-parameterized OPLS-AA/C force field were closer to the native

structures for all three proteins, with backbone RMSD values < 1 A.

6. Summary

Considering all solution experimental results from different sources, these studies gave large
uncertainty in the percentages of different conformations (P, f and o). On the other hand, ¢, w
distributions from a statistical analysis of the restricted PDB coil library are much more
invariant, regardless of different restrictions, and hence can provide more detail information.
From the statistical side-chain-dependent ¢, y plots of various amino acid types, strong coupling
between side-chain and backbone conformational preferences can be found. These intrinsic
conformational features can be understood by the interaction between y atom(s) and adjacent
backbone peptide groups. AMBER ff99sb, ff03 and OPLS-AA/L force fields are unable to
reproduce the intrinsic side-chain rotamer preferences obtained from statistical analysis of

protein coil library well, indicating further improvements might be needed.

We also found that the effect of the side-chain in certain rotameric states (g+/t/g-) on
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backbone ¢ torsion and i torsion are additive. Based on this, the reported y;-dependent ¢,
plots from protein coil library can be well reproduced by MP2/6-31+G** calculations with
solvent effect of water. This ¢, y decomposition scheme can also be very useful for force field
parameterization. Most of current all-atom force fields reproduce the ¢  distribution of Ala
residue from coil library reasonably well (similarity S ~ 0.80 - 0.91). Among the standard force
fields, the results from AMBER-99sb agree best with the coil library statistics, in line with their

good performances as reported recently.

The OPLS-AA force field was optimized to achieve an excellent match (S = 0.98) with the
coil library ¢, y distributions of Ala residue, and good agreement with the y-dependent ¢, v
plots for other amino acids. The improved performances achieved by the new OPLS-AA/C force
field were demonstrated on (1) J-coupling constants of Alas and dipeptides of Ala and other
amino acids, (2) temperature dependence of the a-helicities of Ala-based peptides, (3) predicting
the native structures of five sequences with various secondary structure contents, and (4)
stabilization of the native structures of globular proteins from long time MD simulations. The
results indicate that a statistical analysis of the PDB coil library may be able to provide a good

reference data set for force field parameterization.
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