Journal of Computational Chemistry

Journal of

CHEMISTRY

A systematic study of minima in alanine dipeptide

Vladimir Mironov,'* Yuri Alexeev,**, Vikram Khipple Mulligan®, and Dmitri G. Fedorov*
Correspondence to: Yuri Alexeev (E-mail: yuri@anl.gov) and Dmitri G. Fedorov (d.g.fedorov@aist.go.jp)
*-contributed equally

.............. C-CHEM.ORG FULL PAPER

Y Viadimir Mironov

Department of Chemistry, Lomonosov Moscow State University, Leninskie gory 1/3, Moscow, Russia, 119991

% Yuri Alexeev

Argonne National Laboratory, Computational Science Division, Argonne, IL, USA, 60439

® Vikram K. Mulligan

University of Washington, Institute for Protein Design, Department of Biochemistry, Seattle, WA, USA, 98195

* Dmitri G. Fedorov

CD-FMat, National Institute of Advanced Industrial Science and Technology, Central 2, Umezono 1-1-1, Tsukuba,
Japan, 305-8568

ABSTRACT

The alanine dipeptide is a standard system to model dihedral angles in proteins. It is shown that
obtaining the Ramachandran plot accurately is a hard problem because of many local minima;
depending on the details of geometry optimizations, different Ramachandran plots can be obtained.
To locate all energy minima, starting from geometries from MD simulations, 250,000 geometry
optimizations were performed at the level of RHF/6-31G*, followed by re-optimizations of the located
827 minima at the level of MP2/6-311++G**, yielding 30 unique minima, most of which were not
previously reported in the literature. Both in vacuo and solvated structures are discussed. The minima
are systematically categorized based on 4 backbone dihedral angles. The Gibbs energies are evaluated

and the structural factors determining the relative stabilities of conformers are discussed.

Introduction

Force fields (FF) ™ are often used in molecular
dynamic simulations and other molecular
modelling approaches” to describe protein
folding, ligand docking, and in many other
applications. Many  force fields are
parametrized using quantum-mechanical (QM)
methods™* or experimental data®. Although
QM methods are general and accurate, their
computational cost is also high'®. For this
reason, it is often more practical to use QM
methods to parameterize fast methods,
although there is an ongoing effort to use QM in
molecular dynamics (MD) on-the-fly!”.
Inevitably, force fields are parametrized or
“trained” on certain structures, usually those
most representative for a given system. As a
result, it is quite common that parametrized
methods reproduce very well the results for the
type of structures used for the parametrization,
but may have worse accuracy when applied to
other structures; for instance, force fields may
favor a certain type of conformer and

underestimate the stability of other types®.. On
the other hand, ab initio QM methods are not
biased toward certain types of conformers, and
can be used for an accurate comparative study.
The quality of a force field can be established by
looking at its ability to reproduce experimental
chemical structures and properties. For proteins,
one of these characteristics is the distribution of
amino-acid conformations in experimentally-
observed polypeptide chains. These
conformations can be represented as a 2D map
of energy or, equivalently —log(probability of
conformation) as a function of the two
rotatable peptide backbone dihedral angles,
called a Ramachandran plot®®*”. These plots can
be used to visualize energetically allowed
regions of the backbone dihedral angles ® and
W of amino acid residues in polypeptides.
N-acetyl-L-alanine-N’-methylamide (Fig. 1) is
typically used as a benchmark molecule for the
force field calibration ™. This molecule is often
called by its non-systematic name “alanine
dipeptide” (AD), which should not be confused
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with dialanine molecule (N-L-alanyl-L-alanine).
A Ramachandran plot is obtained by a
systematic scanning of @ (C1-N1-Ca-C2) and ¥
(N1-Ca-C2-N2) dihedral angles (Fig. 1) from -180
to 180° and optimization of geometries with
these two angles fixed. In addition, the cis/trans
configuration of the peptide bonds can be
described by the backbone dihedral angles Q;
(Cwl-C1-N1-C,) and Q, (C4-C2-N2-Cy,2) shown in
Fig. 1. To the best of our knowledge, these two
angles Q; and Q, have not been previously used
to systematically characterize minima in the AD
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molecule. The rotational barriers of peptide
bonds are relatively high due to the conjugation
between the C=0 double bond and the lone
electron pair of the peptide nitrogen[lz]. Thus,
peptide bonds are typically observed only in
two conformations in which the peptide
dihedral angle (Q; or Q,)is close to either 0°
(cis-peptide) or 180° (trans-peptide). In this
work, it is shown that multiple minima exist for
a given set of ® and W, which can be
differentiated with Q4, and Q,.

Table 1. Dihedral angles ® and W (in degrees) for the known alanine dipeptide conformers computed by different QM methods.

Level of theory Angle CTeq C5 C7ax B2 QR o1 B a dp
HF/4-21G ™ [0) -846  -1657 746 -1342 919 60.8 - -161.7 -
Y 73.0 167.3 -62.0  38.1 5.5 40.6 - -55.4 -
HF/DzP B ) -859  -156.0 75.8 - - 65.9 - - -
y 79.1 161.0 -58.9 - - 335 - - -
HF/3-21G B ® -85.8 -193.0 744 - - - - - -
W 69.0 190.6  -58.2 - - - - - -
HF/3-21G B¢ ) -85.8  -167.1 75.0 - - - - - -
y 69.0 169.2 -58.0 - - - - - -
HF/6-31G** 8 o) -86.1 -157.1 75.0 - - - - - -
W 78.8 159.8 -554 - - - - - -
HF/6-31G** B} ) -858 -1572 76.0 -1309 -60.7 670 -57.6 - -
y 79.0 159.8 -55.4 223  -40.7 302 1344 - -
HF/6-31G** o) -858 -1579 758 -1286 - 66.9 - -166.4 -
Y 785 160.3 -56.6  23.2 - 29.7 - -40.1 -
B3LYP/6-31G* B ® -81.9 -157.3 738 -1359 - 68.2 - -169.4 57.31
Y 72.3 165.3  -60.0 23.4 - 24.7 - -37.8  -133.5"
B3LYP/6-31+G** 14! o) -83.0 -155.0 73.0 -114.0 - 73.0 - -165.0 -
y 75.0 159.0 -55.0 14.0 - 16.0 - -44.0 -
LC-wPBE/6-311++G** 1 ® -851  -157.9 749 -113.0 - 68.9 - -165.8 -
y 74.3 163.8 -58.5 15.6 - 23.3 - -44.7 -
B97-D/6-311++G** 11l ) -831  -157.7 735 4 - - - -163.8 -
y 77.4 1556  -58.2 y - - - -48.1 -
wB97X-D/6-311++G** 1] ® 833 -157.9 739 -104.2 - 68.2 - -165.9 -
W 741 165.7 -57.3 10.0 - 24.2 - -45.0 -
MO06-2X/6-311++G** 111 ) -838  -1614 751 - 2 65.8 - -168.0 -
y 745 168.1 -57.5 - - 27.3 - -40.2 -
B2PLYP-D/6-311++G** *"! o) -826  -159.2 740 -98.3 2 66.2 - -165.4 -
W 77.7 158.6  -59.3 47 - 26.6 - 429 -
mPW2PLYP-D/6-311++G** 11 ) -828 -159.0 74.0 -100.4 ~ 66.7 - -165.8 -
y 772 160.2  -58.1 5.6 - 26.3 - -42.4 -
PBE/PW 14 ) -81.7 -161.8 728 -1227 - 69.1 - - -
W 67.5 166.1 -555  20.5 - 19.1 - - -
BLYP/TZVP+ ) -838 -1550 70.8 -119.6 - 68.7 - -161.8 -
y 75.1 158.8  -56.6 15.3 - 23.3 - -47.6 -
MP2/aug-cc-pvVDZ > -826 -161.1 737 -823 - 63.8 - -164.7 -
y 75.8 1555 -53.7 95 - 30.2 - -38.3 -
MP2/6-31G* 14 ® -831  -1584 744 -137.9 - 63.5 - -166.1 -
y 77.8 161.3 -642 229 - 34.8 - -37.2 -
MP2/6-311++G** 143 ) -819 -1585 743 -90.7 - 63.7 - - -
y 81.6 1515 -57.3 7.8 - 33.6 - - -

[a] ap angles are fixed to the values from Ref ©. Why they were fixed for these particular angles, is not clear.

The majority of peptide bonds in natural
proteins are in the trans-conformation.
However, a small percentage can be found in
the cis-conformation. Typically, they are
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observed in peptide pairs with proline as the
second amino acid™* ™. Much less frequent are
non-proline cis-peptide bonds™. Despite their
rare occurrence in natural peptides (=0.03% in

WWW.CHEMISTRYVEWSCOM  », ChemistryViews™
'I. ..

John Wiley & Sons, Inc.




oNOYTULT D WN =

Journal of Computational Chemistry

Journal of

CHEMISTRY

folded peptides, x0.15% in non-folded peptides),
non-proline cis-peptide bonds are important in
protein dynamics and have a major impact on
the folding rate of the proteins in which they
occur™® Because the process of cis-trans
isomerization of the peptide bonds is rather
slow™ 22 it can be observed in molecular
dynamics simulation at physiological
temperature only at very long timescales or
when enhanced sampling techniques are
applied[23'24]. This is one reason that predicting
protein structure using only molecular dynamics
can be difficult. Usually, protein modeling
algorithms have to handle cis-peptide bonds
explicitly®?®. Thus, it is very important to know
the relative stability of  cis-peptide
conformations to be able to predict protein
structure correctly.

In the Ramachandran plot, several regions are
usually distinguished, which are directly related
to specific types of the secondary structure of
proteins. Within these regions, nine stable
conformations (C7q, C5, C74, B2, g, oy, B, o,
and ap) of the AD molecule have been
previously identified by QM calculations (Table
1). Out of these conformations, only C7.,, C5,
and C7, are found at all levels of theory,
whereas five conformations C7.y, C5, C7,, B2,
and a; have been found at the highest level of
theory (MP2/6-311++G**). As shown in this
work, the number of minima is much larger and
each of the above types such as C5 is not a
single minimum, but a group of minima
distinguishable by Q, and Q, values.

A summary of the relative energies of different
conformers from the literature is shown in
Table 2. There is a good agreement between all
four levels of theory, with the same order of
minima and a minor difference of about
1 kcal/mol depending on the method.

There are many approaches to locate minima.
They include computing (“scanning”) the energy
by varying selected degrees of freedom, using
Monte Carlo (MC) methods, simulated
annealing using molecular dynamics, or similar
methods. Each of these methods has
advantages and disadvantages. The scanning is
not practical when the number of degrees of
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freedom is large. For example, the backbone in
AD has 6 dihedral angles. If one decides to
sample all possible conformations with the step
of 10° then the number of conformations to
sample is huge: (360/10)°, or approximately 2.2
billion conformations, which is not practical
using QM methods. One might reduce the
sampling difficulty by combining scanning with
energy minimization at each scanned grid point,
but this method has the disadvantage of
requiring the calculations of energy gradients.
MC is capable of sampling large conformational
spaces, but it also suffers from the astronomical
complexity of most biologically interesting
conformational regions. MC has the advantage
of not requiring energy gradients, which are
usually more expensive than the energy
calculation. The most serious disadvantage of
MC is that it may miss some important minima
because it is stochastic. For simulated annealing
approaches coupled with molecular dynamics,
the search for minima is guided and potentially
fewer steps are needed to find minima, but the
gradient calculations are often required.
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Figure 1. Top: structure of the N-acetyl-alanyl-
N’-methylamide (alanine dipeptide). Backbone
dihedral angles ®©, W, Q;, and Q, are shown with
arrows. Bottom: atomic labels are shown.

In this paper, systematic scanning and
simulated annealing using ab initio QM
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molecular dynamics are employed. This hybrid
approach ensures that sampling covers the
entire space of interest without being
prohibitively expensive.

Methodology

Geometry optimizations

A general way to locate a stationary point,
whether it is a minimum or a saddle point, is to
make a guess of the initial structure and use a
search engine that relies on the gradient, and in
many cases, the Hessian, to step through the
conformational space until the gradient falls
below a threshold. Some algorithms such as the
steepest descent method have a tendency to
find only the nearest stationary points. Other
approaches such as the Gauss-Newton method,
and quasi-Newtonian approximations 272301 can
overcome minor barriers and shallow wells, but
eventually they stop at a stationary point.

QM methods are usually iterative and have a
finite accuracy, which means that the Hessian
may have small negative eigenvalues for
translational and rotational modes arising from
the inaccuracy of the calculations (due to
convergence thresholds, or, sometimes,
because some terms are neglected in the
program).

WWW.C-CHEM.ORG

Table 2. Relative energies of conformers in kcal/mol.
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= =
C7¢ 0.00 0.00 0.00 0.0
C5 1.16 1.39 1.66 1.91
C7ax 2.46 2.48 2.33 2.28
B2 2.78 3.05 2.83 3.1
aL 5.81 4.23 4.05 4.50
a 6.67 5.62 - 6.51

A search for stationary points may give very
different results, depending on the search
engine and the initial structure used, for a
potential surface with multiple minima. Thus,
different sets of minima may be obtained at the
same QM level. This work aims to resolve this
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ambiguity by doing a systematic search of
minima for a fixed theory and basis set.

All calculations in this work (geometry
optimizations, ab initio dynamics, and Hessian
matrix) have been done using the QM package
GAMESSP!#,

Ramachandran map calculations

As a first step, the “classical” Ramachandran
plot of the alanine dipeptide was calculated
using the restrained optimization protocoIB”,
which we implemented in GAMESS. In this
algorithm, a restraining harmonic penalty
potential Vis added to the energy,

V(6) = k(6 — 6p)?, (1)
where @ is an internal coordinate and 8, is its
target value; k is the force constant. At each
optimization step, the derivative of V in atomic
Cartesian coordinates is computed and added
to the energy gradient. This method is widely
used in molecular modeling software because it
is very robust and simple. The value of 8 in the
optimized structure is slightly different from 6;
by using an appropriate value of the force
constant value, it is possible to achieve a small
deviation of optimized 8 from the target value
(<0.01 A for bonds, <0.1 degrees for valence
and dihedral angles) while maintaining a small
artificial contribution of V to the total energy
(<0.01 kcal/mol). The force constant of
500 kcal/mol/radian® was used for all
constrained optimizations.

To compute the Ramachandran plot, ® and W
angles were varied from -180° to 180° with a
step of 10°. At each step, the structure was
optimized at the closed-shell restricted Hartree-
Fock (RHF) level of theory and 6-31G basis set
using the developed restrained optimization
algorithm. The default thresholds for geometry
optimizations (10® hartree/bohr) integral
screening (10™°) and self-consistent field (SCF)
procedure convergence (10 for density matrix)
were used at this step. The initial geometry was
taken from the global minimum, then W was set
to 180° and @ to -180°. Two ways of obtaining
the plot both starting at the point of W =180°
and @®=-180° were explored: (1) scanning
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vertically by first fixing ® and scanning W from - of freedom other than the two being scanned;
180° to 180°, and then incrementing ® (see Fig. thus, the minimum search can stop at different
2a) and (2) scanning horizontally by first fixing local minima because the initial structure for
W and scanning ® from -180° to 180°, and then each point on the Ramachandran plot in the
incrementing W (see Fig. 2b). The difference is two approaches may be different. It is clear
shown in Fig. 2c. from Fig. 2 that the results differ because of the
The difference between these two methods trapping in local minima.

arises because for each subsequent point in the
scan, the optimized geometry of the previous
point is used as the starting point for all degrees

(a)
|

(b) | (c)

49n
104

120

60

-180 T T T I-
-180 -120 -60 o] 60 120 180-180 -120 -60 0 60 120 180-180 -120 -60 0 60 120 180
] @ (]

Figure 2. Ramachandran plot of the alanine dipeptide computed with RHF/6-31G beginning from {)=180°
and ®=-180° by proceeding (a) vertically, by first fixing ® and scanning Y from -180 to 180 degrees, then
incrementing @, or (b) horizontally, by first fixing ¢ and scanning ® from -180 to 180 degrees, then
incrementing . The difference between (a) and (b) is shown in (c).

0

Systematic search stricter convergence criteria. The ratio between
To find all minima, the following protocol was the number of starting points and the number
employed using ab initio QM molecular of unique minima suggests that the amount of
dynamics as a first step to generate geometries sampling is likely sufficient.

for geometry optimizations. Starting from the In the refinement of structures, it is very
five minima C7.,, C5, C74 a,, and ag known important to improve the calculation accuracy
from literature, five NVT ab initio molecular by changing all relevant calculation thresholds.
dynamics simulations at 3,000 K (=5.96 kcal/mol In the following steps, these parameters were
average kinetic energy) were performed with used: (a) the convergence threshold (maximum
RHF/6-31G* (Nose-Hoover thermostat chain, gradient value) for geometry optimizations was
0.5fs MD step). The length of each MD set to 10° hartree/bohr; (b) the two-electron
trajectory was 25 ns. The Cartesian coordinates integral screening threshold was set to 107 a.u.
were saved each 500 fs yielding 50,000 starting (c) SCF density convergence threshold was set
geometries per simulation. The total number of to 107; (d) the threshold to retain integrals in
starting geometries from five simulations is the transformation from atomic to molecular
250,000. These geometries were then orbitals set was set to 10 a.u.

optimized using the same level of theory and Setting the geometry convergence threshold to
basis set as in ab initio MD. This procedure 10° hartree/bohr is necessary to prune out
yielded total 827 unique minima. In the next shallow minima on the potential energy surface
step, these geometries were re-optimized with and to improve the accuracy of the Hessian; the

John Wiley & Sons, Inc.
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other two parameters were changed to improve
the accuracy of the gradient calculations. As a
result of using stricter convergence criteria, out
of 827 original minima only 27 unique minima
were found. Many shallow rotational minima,
which are not relevant for understanding the
nature of dihedral conformational space, are
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thought to have been overcome via small
barriers to deeper minima. In the last step,
these structures we re-optimized with the
Mogller-Plesset second order perturbation
theory (MP2) method using the 6-311++G**
basis set. The set of 27 structures shrank to 25
unique minima.

180 C5 B a | @
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Figure 3. Ramachandran plot of alanine dipeptide obtained with MP2/6-311++G** in vacuo. C and T
stand for cis and trans, respectively; for example, CT means a cis Q; and a trans ,, see Fig. 1. The

energies (in kcal/mol) are relative to C7.

There are four different cis/trans combinations
of Q. and Q,: trans-trans (TT), cis-trans (CT),
trans-cis (TC), and cis-cis (CC). Thus, there may
be up to four such minima for each identified
region in the Ramachandran plot. However, not
all of the four necessarily exist as distinct
minima. To make sure that less stable minima
were not missed, the values of the Q; and Q,
peptide dihedral angles were manually flipped
to force the system into a new possible
minimum and the structure was re-optimized.

As a result, 5 extra cis/trans minima were found.

The final set of 30 unique minima found in
vacuo is shown in Fig. 3. Hessians were
computed for all geometries to confirm minima,
calculate zero-point energy (ZPE) corrections

Gournal of Computational Chemistry

and estimate Gibbs energies of the found
stationary points.

Next, the effects of aqueous solvation were
studied using the polarizable continuum model
(PCM) with the following settings: conductor-
like PCM with dispersion and cavitation
energies, scheme 2 of charge renormalization,
960 tesserae per sphere, the FIXPVA
tessellation with van-der-Waals radii. All in
vacuo minima were re-optimized using the
same level of theory (MP2/6-311++G**) and
PCM to describe water.

Results and discussion
The summary of results is given in Fig. 3 and
Tables 3-4. 30 minima were located, belonging
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to 8 major regions of the Ramachandran plot:
C7eq C5, C74, B, oy, ag, ap, and a’. o (TT) has
been referred as the ninth region B, in some
studies.?****! The minima found with RHF and
DFT are located in the top-left quarter of the
Ramachandran plot, corresponding to extended
B-sheet peptide turns conformations “®. But at
the higher level of theory MP2, minima shift to
the bottom-left corner (see Table 1) of the
Ramachandran plot which mostly belongs to
the helical protein region, in particular the
right-handed a-helix. Indeed, the
Ramachandran angles (-90.6°,-7.8°) of the
corresponding TT minimum (o (TT) in Fig. 3 and
in Tables 3-4), although they do not perfectly
match the ® and W angles, most commonly
observed in protein a-helices, correspond to a
twist angle of 98.4° per residue in a polypeptide
chain. Such a chain is an a-helix with 3.7
residues per turn on the average™*!. The
deviation from observed backbone torsion
angles is likely due to a combination of
solvation effects (vide infra) and geometric
effects of an extended chain interacting with
itself. Therefore, B, is assigned to the az region.
Among the 30 found stationary points, 7 have a
trans-trans (TT) conformation, 7 are cis-trans
(CT), 10 are trans-cis (TC), and 6 are cis-cis (CC).
All 4 possible combinations are found only for
C5, o', ag, a;, and op. For other regions (C7,,
C7.x B) fewer minima exist, as confirmed by the

manual flipping and re-optimization (see above).

First, in vacuo results are discussed (Table 3).
Consistent with the predominance of trans-
peptide bonds in natural protein structures, TT
minima tend to have the lowest energy in their
regions and CC conformations the highest. All
TT minima have an energy lower than
6 kcal/mol (hereafter, all energies are given
relative to the global minimum C7, (TT)) and
mostly below 4 kcal/mol. Energies of the CT and
TC conformations are typically not very high:
some of them have energies below 4 kcal/mol.
Such low-energy configurations are likely to be
relevant to proteins, and therefore they ought
to be considered in protein conformation
analysis and during the development of protein
force fields. Energies of all CC minima are above
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9 kcal/mol, which indicates that their
contribution to the configuration space is likely
to be negligible.

The regions on the Ramachandran plot can be
ordered by the lowest energy of the minima in
the region as follows: C7.4 < C5 < C7x < 0g < ap <
B < a. < a. It is consistent with the order
reported in the previous studies3+3>3743,4448]
The energy ordering of these regions may seem
somewhat unexpected, because the most
stable secondary structures of natural
polypeptides are a-helices and B-strands™*®. In
this study, the ai, C5 and B regions (Fig. 3) are
higher in energy than C7.,. One reason may be
that in polypeptides, these conformations are
stabilized by hydrogen bonds with other
residues, and these favorable inter-residue
interactions can increase the optimality of
conformations that are not necessarily the most
favorable for the AD molecule in isolation,
which can only form intramolecular hydrogen
bonds. The most stable conformer observed for
the AD molecule (C7.,) and its mirror image on
the Ramachandran plot (C7.) both have
intramolecular hydrogen bonds. However, they
correspond to the very tight polypepdide
hydrogen bonding pattern between i and (i+1)
residues. This pattern may be the most
favorable possible for the AD molecule, but it is
rarely observed in natural proteins, being much
less favorable than the longer-range patterns
that emerge in the context of larger
molecules . In the case of helical structures
there can be bonds between residue i and (a)
residue i+3 (319 helix) or (b) residue i+4 (a-helix),
each of which can create new, deeper minima
in the ag region owing to the more favorable

geometries of the longer-range hydrogen bonds.

The third possibility, an i to i+5 hydrogen
bonding pattern giving rise to a m-helix, is rarely
seen in proteins, except as a single-turn bulge in
an a-helix, since the loose coil of the m-helix
otherwise creates a cavity that must either
contain vacuum or an ordered solvent, either of
which is energetically unfavorable®®. In B-
sheets, hydrogen bonding occurs between
sequentially more distant residues. Neither
helical nor sheet-like hydrogen bonding

John Wiley & Sons, Inc.
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patterns can be reproduced in the alanine environment, C7,, and C7., are more stable
dipeptide because it contains only two peptide than other possible conformations.

bonds; thus, in the absence of a broader protein

Table 3. Dihedral angles @, ¥, Q4, and Q, and energies of alanine dipeptide conformers in vacuo.
Conformation™ [0} Yy Q Q, Relative ener%y (kcal/mol)
Name Q;Q, (degrees) (degrees) (degrees) (degrees) Thiswork™ Ref*™@ Ref™ P +7pEY  AGws™
C7¢q TT -81.9 81.6 -172.4 164.8 0.00 0.00 0.00 0.00 0.00
CT - - - - - - - - -
TC -130.5 75.6 171.9 7.1 5.38 - - 5.36 5.33
CcC - - - - - - - - -
C5 TT -158.4 151.6 178.3 169.9 1.66 1.66 1.91 1.12 0.18
CT -156.9 137.6 -5.6 169.0 6.38 - - 6.05 5.90
TC -154.6 158.7 -176.9 6.1 3.96 - - 3.79 3.56
CcC -152.5 152.6 -0.4 5.2 9.05 - - 8.84 9.01
C7ax TT 743 -57.4 176.5 -179.2 2.33 2.33 2.28 2.34 1.92
CT - - - - - - - - -
TC 116.2 -53.3 -178.5 -3.8 11.39 - - 11.57 11.91
CcC - - - - - - - - -
ORr TT -90.6 -7.8 169.8 -168.6 2.83 2.83 3.1 247 1.41
CT -84.9 -18.3 -10.2 -174.2 3.93 - - 3.58 3.31
TC -57.0 -43.0 171.8 -9.8 9.52 - - 9.22 9.28
CcC -56.5 -34.7 5.8 24 9.41 - - 9.63 10.49
dp TT 51.9 -131.0 159.8 -158.1 3.91 - - 4.03 4.35
CT 51.3 -153.4 23.2 179.3 10.40 - - 10.22 10.46
TC 54.1 -130.4 -166.8 344 10.24 - - 10.75 11.60
TC 65.6 175.0 161.4 -1.3 11.05 - - 11.06 11.31
TC 67.6 168.6 164.5 6.7 11.23 - - 11.32 11.77
CcC 60.5 154.9 -9.9 7.2 13.55 - - 13.80 14.61
B TT - - - - - - - - -
CT -69.8 137.4 -22.8 172.9 6.56 - - 6.25 5.94
TC -65.2 137.7 -156.5 6.8 3.97 - - 4.09 4.20
CcC -68.1 150.7 -22.2 -9.6 9.28 - - 9.14 9.39
oL TT 63.7 33.6 -168.7 164.7 4.05 4.05 4.50 3.94 4.21
CT 73.4 32.0 10.5 170.1 6.36 - - 6.27 6.47
CT 69.7 36.4 -27.8 -177.6 6.34 - - 6.26 6.56
TC 48.8 54.2 -170.5 11.8 9.57 - - 9.28 9.58
CcC 42.7 48.9 -4.6 -1.6 10.76 - - 11.01 12.02
o TT -164.5 -39.7 -160.0 162.1 5.94 - 6.51 5.68 5.45
CT -162.3 -37.8 14.9 165.7 9.44 - - 9.39 9.77
TC -158.3 -44.5 -161.6 5.8 10.31 - - 10.36 10.56
CcC -155.2 -46.0 -18.0 -27.7 13.89 - - 14.10 14.86
[a] Labeled by T (trans) and C (cis). [b] MP2/6-311++G** [c] MP2/aug-cc-pVDZ. [d] The MP2 value in this work plus ZPE. [e] The
Gibbs free energy at 298 K from this work (including the MP2 energy).

Some comment should be made about the

When analyzing the Ramachandran plot of the planarity of peptide bonds as seen from the Q;
alanine dipeptide, it is important to know that and Q, angles. Substantial deviations from
there is an approximate inversion symmetry planarity are found (Table 3): for cis, the angles
with respect to C, (see Fig. 1)®  which differ from 0 by as much as 34.4°, for trans, the
specifically means that the regions of W,® are deviations from 180° as large as 21.9°. As a
approximately symmetric to the regions of -O,- general trend, the C-family of conformers tends
W. The chirality of the substitutions on the C, to be more planar than the a and B-families,
atom, which presents a small hydrogen atom presumably due to the twisting in them .

and a bulky methyl group, breaks this symmetry

somewhat. The following Ramachandran plot C7.4 conformation

regions are related under this quasi-symmetry: The C7., region contains only two minima,
ag and ay, C7.4 and C7,, B and the lower part of which are relatively distant from each other on
ap, o’ and the upper part of ap. the Ramachandran plot (Fig. 3).

&ournal of Computational Chemistry WWW.CHEMISTRYVIEWS.COM Cbe'r;:iﬂ.rwiéws'f

John Wiley & Sons, Inc.



oNOYTULT D WN =

Journal of Computational Chemistry

Journal of

CHEMISTRY

<]

CT7e (TT) C7¢4 (TC)

Figure 4. C7,; minima of the AD molecule
obtained with MP2/6-311++G**.

C5(TC) Cc5(cc)

Figure 5. C5 minima of the AD molecule
obtained with MP2/6-311++G**.

C7. (TT) C7. (TC)

Figure 6. C7,, minima of the AD molecule
obtained with MP2/6-311++G**.

These two structures (Fig. 4) have similar W
angles, but their ® angles differ substantially
(Table 3). In some studies they are even
assigned to different regions®". They are so
distant on the Ramachandran map because of
the steric interaction of the terminal C,2 methyl
group (Fig. 1) with O1 peptide oxygen from the
opposite side of the molecule. The steric
hindrance is especially high for the CC
configuration, which is why it does not exist as a
minimum. For the same reason, C7.4 (CT) is not
observed as a minimum, and the conformation
falls to B (CT).

C7¢q (TT) has the lowest energy, based on our in
vacuo QM calculations, on the Ramachandran

WWW.C-CHEM.ORG FULL PAPER

plot. This structure is stabilized by the
interaction between the hydrogen atom HN2 of
one peptide bond and the carbonyl oxygen O1
of another. The name of this structure reflects
the fact that a hydrogen bond completes a
seven-membered ring of atoms C,, C2, N2, HN2,
01, C1, and N1, while the Cg atom (methyl
group) is in the equatorial position to this ring.
This conformation corresponds to the inverse
y’-turns of a polypeptide chain!*.

C5 conformation

The C5 region contains four points in the top-
left corner of the Ramachandran plot. This
region corresponds to p-sheets in natural
proteins. The name “C5” comes from the fact
that in this conformation atoms C,, C2, 02, HN1,
and N1 form a five-membered ring.

In conformation C5, ® and W angles are wide-
open and steric interaction between the C,1
and C,2 sides is minimal. For this reason, it was
easy to find structures for all possible cis/trans
configurations of peptide bonds (Fig. 5).
Moreover, minima with one or both peptide
bonds in the cis-configuration have a relatively
low energy. C5(CC) has the lowest energy
among all CC-minima (9.05 kcal/mol). The
energy of C5 (TC) is 3.96 kcal/mol, smaller than
the energy of some TT minima for other regions.
Despite the minimal interaction between the
two sides of the molecule, the C5 (CT) energy is
relatively high: it is 2.4 kcal/mol higher than
C5(TC). In these conformations the methyl
group which belongs to the side with a cis-
peptide bond is rotated to avoid steric repulsion
with  H,. This results in the eclipsed
conformation of either the HN2 hydrogen atom
and the C,2 methyl group (TC and CC
conformations), or the O1 carbonyl oxygen
atom and the C,1 methyl group (CT and CC
conformations). Because carbonyl oxygen is
larger than amino hydrogen, the steric
repulsion is stronger for the former, so that the
energy of the CT conformer is higher than the
energy of TC.

John Wiley & Sons, Inc.

Page 8 of 19



Page 9 of 19

oNOYTULT D WN =

Journal of Computational Chemistry

FULL PAPER

C7.. conformation

The C7, region is a mirror image of the C7.
region with respect to the point (0,0) on the
Ramachandran plot. The origin of the “C7.”
name is similar to that of C7., region, except
that Cz atom (the methyl group) is in the axial
(ax) position to the seven-membered ring. Like
C7¢q, this region comprises two minima, in the
TT and TC configurations.

The hydrogen bond HN2...01 in C7., (TT) makes
this minimum relatively stable: it is only
2.33 kcal/mol higher in energy than C7., (TT).
C7.x (TT) is less stable than C7., (TT), because
the former has the H, hydrogen in the eclipsed
conformation with atoms HN1 and 02, and
there is a steric repulsion of the Cg methyl
group with the C7 “ring” (Fig. 6).

In  natural proteins this conformation
corresponds to y-turns. This secondary
structure motif is very rarely observed in
natural polypeptides®>>* but it is more
common in small cyclic peptides®?. The
discrepancy between its predicted favorability
from our in vacuo calculations, and its observed
unfavourability based on protein
conformational statistics’>**, may be explained
by solvation effects (vide infra) and by the
stabilization of other conformations compatible
with secondary structures through long-range
hydrogen bonding.

The C7, (TC) structure is very unfavorable
(11.39 kcal/mol). In this structure the hydrogen
bond is broken and C,2 methyl group comes
too close to the 01 carbonyl oxygen on the
other side of the molecule. Consistent with our
calculations, this conformation is rarely
observed in proteins.

ar conformation

or minima have dihedral angles ® and W equal
to about -90° and 0°, respectively. The side of
the molecule which is associated with the ©
angle is almost orthogonal to the N1-C,-C2
plane (see Fig. 1). Therefore, the cis-trans
isomerization of the corresponding peptide
bond (Q; angle) does not lead to a steric
repulsion between the methyl groups in the
molecule (see Fig. 7). Indeed, the relative
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energy of the ag (CT) minimum is 3.93 kcal/mol,
which is smaller than the energy of some other
TT minima, o’ (TT) and a, (TT). In contrast, the
isomerization of another peptide bond (Q,
angle) is not favorable. In this case the C,2
methyl group comes too close to the opposite
side of the molecule. As a result, the energies of
the TC and CC minima in this region are
relatively high (=9.5 kcal/mol).

It was mentioned above that the oy region
corresponds to the a-helix secondary structure
motif, though ® and W value of natural a-
helices are not centered precisely on the ag (TT)
minimum for the AD molecule, but rather in the
area of ® =-60°, W =-40° to maintain the long-
range i to (i+4) hydrogen bond pattern of an a-
helix. Such bonds are absent in the AD molecule.
Thus, it is also not surprising that relative
energies of oy structures are somewhat high
(2.83 kcal/mol for ag (TT) minimum), and that
the ag (TT), although one of the lower-energy
conformations observed, was not the lowest
based on the in vacuo calculation of the AD
molecule alone.

op conformation

The ap region corresponds to a large and flat
high-energy basin on the Ramachandran plot.
In this region, the Cs methyl group tends to be
unfavorably close to either the C,2 methyl
group (all TC and CC conformations), to the C,1
methyl group (CT conformation), or to the O1
atom (TT conformation). Due to the high energy
of these structures, the most common residue
found in this part of Ramachandran plot is
glycine, which lacks the Cg carbon atom!*®*",
There are 6 minima inside the o, region (Fig. 8).
They can be divided into two sub-regions. In
one, the W angle is nearly 180° (op (TC2),
ap (TC3), and ap (CC) in Fig. 8). In the second
subregion, W substantially differs from *180°
(ap (TT), ap (CT), and ap (TC1)). These two sub-
regions are located respectively on the top and
bottom sides of a; region of the Ramachandran
plot (Fig. 3). The energies in the first sub-region
are higher than in the second.
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Q.

or (TC) or (CC)

Figure 7. ag minima of the AD molecule
obtained with MP2/6-311++G**.

B (cC)

Figure 9. B minima of the AD molecule obtained
with MP2/6-311++G**,

ap (TC3) o (CC)

Figure 8. ap minima of the AD molecule
obtained with MP2/6-311++G**.

No minima with the trans-configuration of the
Q, peptide bond were found in the first sub-
region. Two TC minima in this sub-region,
op (TC2) and ap (TC3), differ only by the relative
orientation of the terminal methyl group on the
cis-peptide bond and Cg methyl group. The
energy difference between these two minima is
less than 0.5 kcal/mol.

o, (CC)

Figure 10. a; minima of the AD molecule
obtained with MP2/6-311++G**,

The only low-energy conformation in the ap
region is ap (TT), which is located in the second
sub-region. Flipping of any peptide bond to the
cis-conformation leads to a considerable energy
increase. The energy of other stationary points
of the ap region is higher than 10 kcal/mol.

John Wiley & Sons, Inc.
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B conformation

No TT minimum in the B region was found (Fig.
9). On the Ramachandran plot (Fig. 3) this
region is very close to the C7.4 and C5 regions.
All attempts to locate a TT minimum resulted in
optimization trajectories reaching either
C7¢q (TT) or C5 (TT).

Despite the fact that B-region lacks a TT
minimum, it is not the highest energy region. In
it, the two sides of the molecule do not
significantly overlap, even if they are in the cis-
conformation. In particular, the B (CT) minimum
energy value is 3.97 kcal/mol. This value is
rather low and such conformation is quite
probable. Generally, energies of the minima in
the B region are very similar to their analogs in
the C5 region.

o, conformation

The o, region is a mirror image of the oy region
on the Ramachandran plot (Fig. 3) and
represents a left-handed a-helix. Thus, it is not
surprising, that o, structures share similar
properties to the mirrored structures in the ay
region. There is some difference though
because the symmetry is not perfect. Firstly, in
the a, structures, there is a repulsion between
the O2 peptide oxygen and the Cg methyl group
(Fig.10).  Therefore, all  structures are
energetically less favorable than their
counterparts in the az region, which is a major
reason that left-handed a-helices are generally
not observed in natural proteins. Secondly,
there is steric repulsion between both sides of
the AD molecule in all conformations except
o (TT). Thus, all of these structures have
relatively high energies (>6kcal/mol). In
contrast, there is no such hindrance in
analogous structures in mirror regions. One
example is ag (CT), which has a low energy
(<4 kcal/mol).

Two very similar CT minima exist. They only
differ in the rotation of the C,1 methyl group
and the energy difference between these two
minima is negligible (0.02 kcal/mol).
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o (TC)

o (CC)

Figure 11. a’ minima of the AD molecule
obtained with MP2/6-311++G**,

o’ conformation

The a’ region is notable for its very unstable TT
configuration (5.94 kcal/mol). It is even higher
in energy than some minima with one peptide
bond in the cis-conformation. The combination
of ® and W angles observed in the o’ region
implies that HN1 and HN2 hydrogen atoms of
both peptide bonds sterically repel each other
(Fig. 11). Another point is that the O1 and 02
atoms substantially overlap with H, hydrogen
atom and the Cgmethyl group. The high energy
values of all minima in the o’ region are a result
of all these factors acting together. The high
energy of this conformation is consistent with
the fact that it is almost never observed in
natural proteins.

Zero-point and Gibbs free energies

Adding the zero point energy (ZPE) correction
slightly changes relative energies of AD minima.
For most of the found structures, their relative
energy decreases (Table 3). However, even
these small energy variations change the
relative order of the stationary point on
energetic scale. For example, o, (TT) becomes
more stable than ap(TT) with the ZPE
correction. The largest energy change (-
0.54 kcal/mol) was observed for C5(TT). The
new relative energy value is only 1.12 kcal/mol
higher than the energy of the most stable
C7¢q (TT) structure. Another point is that some
structures with cis-peptide bonds become more
accessible. For example, ZPE-corrected relative
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energies of C5(TC) and oR(CT) (3.79 and
3.58 kcal/mol, respectively) are substantially
less than energies of some TT minima.

Both ZPE and, especially, Gibbs free energy are
affected by anharmonicity, whose effects were
not treated in this work. However, for such
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small molecule as alanine dipeptide, vibrational
frequencies are not small and anharmonic
effects only slightly effect the values, whereas
for proteins anharmonic effects and rotational-
vibrational coupling may be much more
important.

Table 4. Solvent effects on the dihedral angles ®, ¥, Q4, and Q, and energies of alanine dipeptide conformers.
Conformation® [0} W Q4 Q, Relative energy (kcal/mol) Dipole moment
Name 0, Q, (degrees) (degrees) (degrees) (degrees) in vacuo™ in water™ (Debye)
C7¢q TT -85.8 74.9 -173.8 -173.2 0.00 0.15 3.85
CT -144.6 17.0 17.8 177.2 - 3.44 1.95
TC -132.6 69.7 -174.1 -9.3 5.38 3.91 4.07
ccC -144.7 73.2 9.1 1.1 - 6.19 6.05
C5 TT -159.2 146.7 -176.5 175.4 1.66 0.49 3.84
CT -150.7 145.2 4.9 177.9 6.38 2.63 9.98
TC -160.4 155.1 -178.3 -11.0 3.96 2.27 3.97
cC -150.8 153.3 24 -9.1 9.05 4.58 10.41
C74x TT 75.1 -54.1 173.2 179.8 2.33 1.64 4.84
CT - - - - - - -
TC 116.5 -47.7 170.0 -1.9 11.39 9.09 4.36
cC 116.7 -46.2 -5.8 -6.7 - 14.36 4.94
OR TT -77.9 -21.1 -169.5 -178.6 2.83 0.00 8.89
CT -82.7 -15.2 7.3 -178.3 3.93 2.09 2.29
TC -59.1 -39.1 178.2 2.3 9.52 4.34 9.84
cC -60.4 -37.7 -15.3 -8.7 9.41 6.35 4.27
Op TT 52.3 -141.8 -173.5 -179.6 3.91 2.62 5.24
CT 55.4 -152.3 12.9 -177.5 10.40 5.93 10.14
TC 53.5 -126.5 -178.8 30.0 10.24 8.48 4.81
TC 69.5 166.7 -169.0 -5.2 11.05 7.21 8.31
TC 7.7 161.7 -169.7 -20.4 11.23 7.44 8.77
ccC 69.1 153.1 16.0 -16.2 13.55 8.62 10.20
B TT -58.3 138.98 173.3 175.8 - 0.79 4.97
CT -72.7 136.7 -17.6 175.1 6.56 2.97 9.61
TC -64.3 145.3 172.4 -13.7 3.97 2.56 4.61
ccC -70.2 145.7 -18.5 -4.9 9.28 4.69 10.03
oL TT 61.6 37.6 170.5 179.7 4.05 1.74 8.80
CT 71.0 28.5 -13.8 -179.9 6.36 4.78 2.68
CT 61.3 401 -18.4 -177.2 6.34 4.52 3.64
TC 51.1 52.1 175.2 4.1 9.57 4.90 9.69
cC 49.3 50.0 18.4 8.8 10.76 7.59 4.75
o TT -158.7 -52.6 177.4 -174.5 5.94 3.74 8.24
CT -161.6 -43.5 -14.0 -174.1 9.44 6.72 4.73
TC -154.5 -55.7 175.4 -17.7 10.31 7.63 8.47
CcC -154.1 -56.4 -10.9 -16.1 13.89 10.47 6.03
[a] Labeled by T (trans) and C (cis). [b] The same MP2/6-311++G** values as in Table 3.” [c] C-PCM.

The Gibbs free energies (Table 3) indicate that
the C7¢4 (TT) minimum is the most favorable.
However, the relative energy of the C5(TT)
minimum is only 0.18 kcal/mol higher. The
og (TT) structure becomes the third most
favorable minimum (1.41 kcal/mol), shifting
C7.« (TT) to the fourth position (1.92 kcal/mol).
The energies of some conformations with cis-
peptide bonds become also notably smaller
after applying the thermal correction (o (CT):
393 — 3.31kcal/mol, C5(TC): 3.96 —
3.56 kcal/mol). Thus, they are likely to be

accessible in peptides. Overall, the thermal
correction may alter the relative energy of
conformers by more than 1 kcal/mol. Thus, its
contribution can be significant and has to be
accounted when estimating the relative stability
of AD conformers.

Effects of solvation

The effect of aqueous solvation was modeled
using the polarizable continuum model (PCM).
In PCM, the solvent is represented as a
dielectric medium with the dielectric constant
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of bulk water at room temperature (¢ = 78.39).
The solute is placed into the cavity in the
solvent. Solute and solvent mutually polarize
each other. The electrostatic interaction with
water stabilizes polar solutes to the extent that
can be understood from the dipole moment as
a simple measure, although clearly, the solvent
stabilization in QM methods is not determined
solely by the dipole moment, but rather by the
actual distribution of the electron density as
well as by the non-electrostatic factors, such as
solute-solvent  dispersion and cavitation
energies. It has been shown®™ that the larger
solute surface of the extended form of deca-
alanine increases the solute-solvent dispersion
interaction and considerably reduces the
electrostatic stability advantage of the a-helix.
Another important solvent effect is that the
stability of gas phase structures is strongly
affected by the formation of hydrogen bonds;
on the other hand, in solution, when two
groups in a molecule do not form a hydrogen
bond with each other, they may be free to be
stabilized by the solvent, which may be a
continuum analog of solvent-solute hydrogen
bonding. Therefore, the solvent stabilization is
determined by the electrostatics (simplifying,
dipole moment) and solute surface area, thus
the geometric shape of isomers has a direct
effect on the relative stabilities. Solvation can
also restrict rotations and add new minima.

The results in solution are shown in Table 4.
Many structures with cis-cis configuration of
peptide bonds lower their energy up to
5 kcal/mol because they have a large dipole
moment. Two of them, namely C5 (CC) and
B (CC) have energies of about 4.5 kcal/mol
making them likely accessible in simulations.

C7¢ (TT) is not the most stable conformer in
aqueous solution. The lowest-energy structure
is o (TT) (the right-handed a-helix). This can be
rationalized by the small dipole moment in C7,,
(TT) of about 3.85 Debye compared to 8.89
Debye in ag (TT). C7¢ (TT) (the y-turn region)
and C5 (TT) (which lies in the broad B-strand
region of the Ramachandran space) are the
second (0.15 kcal/mol) and the third
(0.49 kcal/mol) most stable conformations
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respectively. The stabilization of oz and C5 is
consistent with experimental observations that
B-sheets (C5 region) and a-helices (ay region)
are the most common secondary structures
seen in natural proteins, even without
considering the additional stabilizing effects of
long-range hydrogen bonds in these secondary
structures.

Experiments on short peptides in water
solutions®® and theoretical studies'®**® show
that the dominating conformation in solution
corresponds to the B region and the next most
popular conformations are oz and C5. We did
not find any B (TT) minimum in the gas phase.
However, such minimum exists at the MP2/PCM
level. It is not the lowest energy minimum; but,
its energy is only 0.79 kcal/mol higher than the
energy of az (TT).

B (TT) was not the only minimum which does
not exists in vacuo but becomes a relevant
minimum within solvent environment. The
attempts to find missing minima in solvent
reveal two CC stationary points: C7.4 (CC) and
C7.« (CC) (Table 4). The latter has a high energy
(14.36 kcal/mol). In these structures the distant
parts of AD molecule (the C,1 and C,2 methyl
groups) clash making the structure unfavorable
in vacuo. Solvation stabilizes steered structures
like C7¢q (CC) and C7, (CC).

The relative order of Ramachandran plot
regions at the MP2/PCM level is as follows: ag <
C7eq < C5< B <C7x<a<ap<a’. The relative
energy of all structures, except C7. (TT), is
lowered in solution, which may be understood
by the small dipole moment of C7.4 (TT) with its
hydrogen bond, binding two groups to each
other rather than to solvent.

The difference between structures optimized
with  MP2 and MP2/PCM is not very
pronounced. Thus, the Ramachandran plot
computed with MP2/PCM (not shown) is very
similar to those depicted in Fig. 3. Most changes
of Ramachandran angles @ and W are within
1+10°. A notable change is observed for the
0 (TT) minimum, in which @ and W angles in
solution (-78°,-21°) more closely resemble their
respective values in an ideal a-helix (-60°,-40°).
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Conclusions

The functional diversity of proteins is attributed
to their structural flexibility. Dihedral peptide
angles are a very useful measure to
systematically analyze structural flexibility.
These angles can be conveniently studied for
the alanine dipeptide as a prototypical system
representing proteins. In this work, we have
proposed to use cis/trans conformation of
peptide bonds to label the energy minima, in
addition to the two standard ® and W angles.

It has been shown that different Ramachandran
plots can be obtained at the same level of
theory (Fig. 2], only because the optimization
algorithm stops at different local minima. The
solution to this problem has been a systematic
search for stationary points, which we have
accomplished by taking initial geometries from
MD simulations, and running 250,000 QM-
based geometry optimizations. Such large scale
simulations have become possible because of
the advances in computational software and
hardware. In a second stage, 827 unique
minima have been subject to geometry re-
optimizations at a higher level of QM theory.
Although transition states (saddle points) were
also located at the preliminary stage (at the
RHF/6-31G* level), because this study focuses
on minima, a refinement of the saddle points
was not performed. Nevertheless, the
algorithms employed in this work can be used
to find both minima and saddle points. The
energy barrier heights determine kinetics of
specific conformational changes, affecting the
overall dynamics of the macromolecule and
leading to kinetic trapping in some minima and
easy conversion between others.

In this study, the energetics of the
systematically located minima has been
evaluated and compared to the data from other
studies (Table 3]. The in vacuo energetics may
seem somewhat academic, but there are
experiments describing proteins in vacuo (for
instance, ion mobility spectrometry, in which
ionized proteins flow in rarefied gas'®®. Proteins
in the gas phase or in vacuum deform relative
to solution, and the present study can be used
to understand the conformational space
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available to proteins in the gas phase or in
vacuum. Moreover, the conformational
preferences of polypeptide chains in apolar
environments — a cell membrane, for example,
a fat globule, or even within the core layers of a
folded protein — can be elucidated by our in
vacuo calculations.

However, in a majority of cases, the folding
behavior of proteins in aqueous solvent is of
primary interest. Therefore, the structure and
energetics of the alanine dipeptide have been
studied in water as well (Table 4). The solvent
adds several kcal/mol of stabilization to all but
the most stable internally hydrogen-bonded
conformation (C7.q (TT)), completely changing
the relative stability of the minima, which are
separated by 0-15 kcal/mol in vacuo. Water, as
a polar solvent, tends to stabilize conformations
with a larger dipole moment. Clearly, the
stability of in vacuo structures is greatly
affected by the formation of intramolecular
solute hydrogen bonds. On the other hand, in
solution, solvent can stabilize two polar groups
not forming a hydrogen bond. Thus, the
presence of solvent can compensate for the loss
of intramolecular hydrogen bonding, accounting
for the destabilization of C7.4(TT) relative to
other conformations. In solution, the minima
are separated by 0-10 kcal/mol, less than in
vacuo and especially the a-helical conformer ay
is stabilized. This is consistent with the well-
accepted principle that the primary driver of
protein folding is solvation effects”® 7.

An analysis of energetics based on Gibbs
energies has also been conducted for each
minimum, based on MP2 Hessians and
statistical thermodynamics (Table 3). It has
previously  been  pointed out”™  that
temperature reduces the 0K gap between
isomers of deca-alanine. In particular, the
extended form gains more energy because of its
smaller vibrational frequencies, because it has
been shown™ that smaller frequencies
contribute more to the statistical partial sums
and thus free energy. Although the present
study does not include anharmonic effects, but
it is important for small frequencies and it can
be expected that this effect is moderately small
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because AD is small and the frequencies are not
as small as in proteins. We found that adding
ZPE has an effect of 0.5 kcal/mol or less, and
the temperature correction is also about
1 kcal/mol or less (Table 3). Among various
contributions to the free energy, the
translational energy is the same for each isomer,
while vibrational and rotational terms
contribute differently.

To summarize, the main factors that affect the
stability of AD conformers are: the dipole
moment and solvation effects correlated with it,
intramolecular hydrogen bonding and steric
hindrance, and vibrational energy (in particular,
the contribution of low frequencies to the free
energy and high frequencies to ZPE).

As for the transferability of the results obtained
for the alanine dipeptide to proteins[75], the
small AD molecule with its approximate
symmetry imitating two consequent alanine
residues has limitations as a test system. The
effects of side-chains and residue-residue
interactions are not the same as in proteins, so
that AD cannot account for the stabilizing effect
of long-range hydrogen bonding in secondary
structures such as 3,9 helices, a-helices, or B-
sheets.

Moreover, the low vibrational frequencies,
which contribute to the conformational free
energy, have a strong tendency to couple and
delocalize over the whole protein; thus, the
larger the system, the smaller the low
frequencies tend to get and therefore the
anharmonic effects increase in importance. As a
result, the free energy contribution of the low
harmonic vibrational frequencies of individual
residues and pairs cannot be used for an
accurate prediction of their contributions in a
protein.

Nevertheless, in order to understand such
complex systems as proteins, it is very useful to
understand the geometric and energetic
features of prototypical systems like alanine
dipeptide used in this study, which has been
studied at a reasonably high level of QM theory
with a systematic search to find all relevant
minima. The predictions made in this study
correlate well with the experimentally-observed

16irnal of Computational Chemistry
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conformational preferences in proteins. This
work represents the most systematic study to
locate all important minima in alanine dipeptide
to this date. The presented results can be used
in the development and calibration of accurate
molecular force fields."
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GRAPHICAL ABSTRACT

A systematic study of minima in
alanine dipeptide

Vladimir Mironov, Yuri Alexeev, Vikram
Khipple Mulligan, Dmitri G. Fedorov

Using molecular dynamics to obtain starting
geometries for geometry optimizations, minima
on the energy surface of alanine dipeptide as a
function of two dihedral angles are
systematically located, and their energetics is
analyzed both in vacuo and in aqueous solution.
It is found that two other dihedral angles are
useful to label the minima. The proposed
approach can be used to locate stationary
points in other systems.
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