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The diabatic energy surfaces of terminally-blocked amino-acid residues (modeling the bulk of backbone-
local interaction patterns in proteins:trans-N-acetyl-glycyl-trans-N′-methylamide,trans-N-acetyl-glycyl-
N,N′-dimethylamide,trans-N-acetyl-L-alanyl-trans-N′-methylamide,trans-N-acetyl-L-alanyl-N,N′-dimethy-
lamide,trans-N-acetyl-L-prolyl-trans-N′-methylamide, andtrans-N-acetyl-L-prolyl-N,N′-dimethylamide) were
calculated at the Møller-Plesset (MP2) ab initio level of theory with the 6-31G(d,p) basis set. The dihedral
angles for rotation of the peptide groups about the CR-CR virtual-bond axes (λ(1) and λ(2)) were used as
variables; for the proline-derived peptide, onlyλ(2) was variable, because of the presence of the pyrrolidine-
ring constraint. The resulting energy maps were compared with those obtained with the ECEPP/3 force field.
On the basis of the MP2/6-31G(d,p) energy surfaces of terminally blocked single residues, the torsional
potentials of mean force for rotation about the CR-CR virtual-bond axes and the double-torsional potentials
of mean force for rotations about two consecutive virtual bond axes of all pairs and triplets of the prototypes
of L-trans-amino acid residues were determined by numerical integration, fitted to one- and two-dimensional
Fourier series in the virtual-bond-dihedral anglesγ of the CR trace of a polypeptide chain, and implemented
in the united-residue force field.

1. Introduction

Local interactions within the polypeptide backbone are one
of the determinants of protein architecture,1-3 because they are
essential for determining the formation of protein secondary
structure, which in turn leads to well-defined regular architec-
tures consisting of interacting segments ofR-helical andâ-sheet
structure. A good theoretical description of these interactions
is, therefore, necessary for theoretical simulation of protein
folding and energy-based prediction of protein structure. Basic
backbone-local interactions are encoded in the energy surfaces
of terminally-blocked amino-acid residues sometimes referred
to as Ramachandran maps,4 although the original Ramachandran
surfaces were constructed based only on steric considerations.
This nomenclature will also be used for brevity in the current
article.

The Ramachandran surfaces are usually expressed in terms
of backbone dihedral anglesφ and ψ, because the other
backbone degrees of freedom, namely the dihedral anglesω as
well as bond lengths and bond angles, are subject to only small
variations from the equilibrium values. They have been char-
acterized in detail at the empirical force field level.2,5-8

However, studies at higher level of theory, viz., quantum-
mechanical ab initio and density functional theory (DFT), were
usually limited to optimizing the geometry and computing the

energies of selected conformations;9-23 detailed maps at the
Hartree-Fock and post-Hartree-Fock level have been con-
structed only for theformylpeptidyl amides.24-26 Only recently
was a DFT study reported27 for the Ramachandran surface of
Ac-Ala-NHMe and, in an earlier paper,20 the energy profiles
were calculated for this molecule with the semiempirical AM1
and PM328 methods.

Protein conformations can be modeled both at the atomic-
detailed (all-atom) or coarse-grained (united-residue) level. In
both cases, empirical force fields, rather than first-principle
energy calculations, must be implemented for tractability of the
systems under consideration. All-atom force fields are param-
etrized to reproduce the energy relations between characteristic
conformations (minima on the Ramachandran maps) of model
peptides (usually terminally blocked glycine and terminally
blocked alanine residues) obtained from state-of-the-art ab initio
calculations.6-30 While this treatment ignores the detailed
structure of the whole energy surfaces, it seems to be sufficient
for practical purposes; the Ramachandran maps calculated with
commonly used empirical force fields qualitatively reproduce
those obtained with ab initio calculations. A single artifact that
should raise some concern is the presence of the A (right-
handed-R-helical;Rr) conformation2 as a stable minimum in the
Ramachandran maps calculated with the ECEPP,31 AM-
BER,6,29,30or CHARMM5 empirical force fields, as opposed to
the results of ab initio calculations of formyl peptidyl amides.24,25

However, the terminal formyl blocking group used in these
calculations24,25 does not model the environment of a residue
within a polypeptide chain exactly. A weak minimum close to
the Rr conformation was obtained in the restricted Hartree-
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Fock (RHF) ab initio study of Iwaoka et al.26 that included the
polarizable-continuum model (PCM and I-PCM)32,33of solvation
on formyl-blocked glycine and alanine residues.

The case of united-residue (UNRES) force fields is more
complex. Most of them do not specify an explicit polypeptide
backbone, but only the CR trace geometry.34-46 Therefore, the
Ramachandran maps are hidden in such force fields in the
“torsional” and “multi-torsional” potentials for rotational varia-
tion of the virtual-bond dihedral angles.34,38,45,46These potentials
can be determined as knowledge-based potentials from the
distribution functions of virtual-bond dihedral angles,37,38,45

calculated from the Protein Data Bank (PDB),47 or by averaging
an appropriate all-atom energy function over the degrees of
freedom that vanish when passing from the all-atom to a united-
residue representation.34,40,46

In the last 10 years, we have started to develop the UNRES
force field40,45,46,48-51 for the physics-based prediction of protein
structurebased solely on the amino-acid sequencewithout
ancillary information from structural databases. This force field
performed reasonably well in two consecutive Community Wide
Experiments on the Critical Assessment of Techniques for
Protein Structure Prediction, CASP352,53 and CASP4.54 The
UNRES force field is a restricted free energy (RFE) function
for a polypeptide chain corresponding to averaging of the atomic
detailed energy function over the secondary degrees of freedom.
Recently,46 we presented a general theory for the construction
of the components of coarse-grained energy functions by
factorization of the total RFE of the system under consideration,
with the factors corresponding to the smaller parts of the system.
Within the framework of this formalism, the virtual-torsional
potentials arise naturally by integrating over the Ramachandran
maps of consecutive amino-acid residues, given a UNRES
configuration; they correspond to second-order correlation terms
between the local interactions within consecutive amino acid
residues.46 In that work, we calculated the virtual-bond torsional
potentials preliminarily by using the Ramachandran maps
calculated with the ECEPP/3 force field.31 The aim of the present
work was to use ab initio quantum mechanical methods to
calculate high-quality Ramachandran maps of model peptides
in order to revise the torsional potentials in the UNRES force
field. Moreover, we also determined double-torsional potentials
that, so far, have not been used in UNRES. For this purpose,
energy maps were calculated for terminally blocked glycine,
L-alanine, andL-proline residues, withL-alanine serving as a
prototype of all amino acids except glycine and proline, as in
our earlier work.40,45,46 We also compared the computed
Ramachandran maps with those obtained with the empirical
force fields and with earlier quantum mechanical calcula-
tions.24,25

2. Methods

2.1. The UNRES Force Field.In the UNRES model,48,50,51,55

a polypeptide chain is represented as a sequence ofR-carbon
(CR) atoms linked by virtual bonds with attached united side
chains (SC) and united peptide groups (p). Each united peptide
group is located in the middle of two consecutiveR-carbons.
Only these united peptide groups and the united side chains
serve as interaction sites; theR-carbons serve only to define
the chain geometry (Figure 1). All virtual bond lengths (i.e.
CR-CR and CR-SC) are fixed; the distance between neighboring
CR's is 3.8 Å, corresponding totranspeptide groups, while the

side-chain angles (Ri andâi), virtual-bond (θ), and dihedral (γ)
angles can vary. The energy of the virtual-bond chain is
expressed by eq 1.

The term USCiSCj represents the mean free energy of the
hydrophobic (hydrophilic) interactions between the side chains,
which implicitly contains the contributions from the interactions
of the side chain with the solvent. The termUSCipj denotes the
excluded-volume potential of the side-chain-peptide-group
interactions. The peptide-group interaction potential(Upipj)
accounts mainly for the electrostatic interactions (i.e., the
tendency to form backbone hydrogen bonds) between peptide
groups pi and pj. Utor, Ub, and Urot represent the energies of
virtual-dihedral angle torsions, virtual-bond angle bending, and
side-chain rotamers; these terms account for the local propensi-
ties of the polypeptide chain. Details of the parametrization of
all of these terms are provided in earlier publications.45,48Finally,
the terms U corr

m , m ) 1,2,... Ncorr are the correlation or
multibody contributions from a cumulant expansion46 of the
RFE, and thew’s are the weights of the energy terms. The
multibody terms are indispensable for reproduction of regular
R-helical andâ-sheet structures. The UNRES force field has
been derived as an RFE function of an all-atom polypeptide
chain plus the surrounding solvent, where the all-atom energy
function is averaged over the degrees of freedom that are lost
when passing from the all-atom to the simplified system [i.e.,
the degrees of freedom of the solvent, the dihedral angles (ø)
for rotation about the bonds in the side chains, and the torsional

Figure 1. The UNRES model of polypeptide chains. The interaction
sites are side-chain centroids of different sizes (SC) and the peptide-
bond centers (p) are indicated by shaded circles, whereas the N˜ -carbon
atoms (small empty circles) are introduced only to assist in defining
the geometry. The virtual CR-CR bonds have a fixed length of 3.8 Å,
corresponding to a trans peptide group; the virtual-bond (θ) and dihedral
(γ) angles are variable. Each side chain is attached to the corresponding
Ñ-carbon with a fixed “bond length”,bi , variable “bond angle”,Ri,
formed by SCi and the bisector of the angle defined by CR

i-1; CR
i, and

CR
i+1, and with a variable “dihedral angle”âi of counterclockwise

rotation about the bisector, starting from the right side of the CR
i-1;

CR
i, CR

i+1 frame.

U ) ∑
i<j

USCiSCj
+ wSCp ∑

i*j

USCipj
+ wel ∑

i<j-1

Upipj
+

wtor ∑
i

Utor(γi) + wb ∑
i

Ub(θi) + wrot ∑
i

Urot(Ri, âi) +

∑
m)1

Ncorr

wcorr
m Ucorr

m (1)
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angles (λ) for rotation of the peptide groups about the CR-CR

virtual bonds (theλ's are defined in the next section)]. This
enabled us to derive the multibody termsU corr

m , m ) l, 2,...,
Ncorr by a generalized cumulant expansion of the RFE developed
by Kubo.56 The internal parameters of the individualU's were
derived by fitting the resulting analytical expressions to the RFE
surfaces of model systems46 or by fitting the calculated
distribution functions45 to those determined from the PDB,47

while thew's (the weights of the energy terms) were calculated
by Z-score optimization of the training proteins.45,46,57-59 The
force field is now able to predict the structures of proteins
containing botha-helical andâ-sheet structures with reasonable
accuracy, as assessed by tests on model proteins50,52,54,55as well
as in the CASP352,53and CASP454 blind prediction experiments.

The torsional terms,Utor are very important, because they
define the local conformational preferences of the polypeptide
chain (e.g., the energetic preference for right-handed helices over
left-handed helices). These potentials originate from the coupling
between the local interactions within the neighboring peptide
units.46,55Until now, we determined these potentials by averag-
ing the all-atom energy calculated with the use of the ECEPP/3
force field.31 However, as mentioned in the Introduction, better
quality of the all-atom energy surfaces is necessary to reproduce
the energetics of local interactions correctly.

2.2. Definition and Calculation of the Ramachandran
Surfaces.Because our goal is to obtain energy terms in the
UNRES force field by averaging the all-atom energy surface
over the secondary degrees of freedom with conservation of
the UNRES geometry, the dihedral anglesφ andψ commonly
used as variables in the description of the Ramachandran
surfaces are not appropriate; their variation changes the shape
of the polypeptide chain. Therefore, the anglesλi

(1) andλi
(2) for

rotation of the peptide groups about the CR
i-1-CR

i and CR
i-

CR
i+1 virtual-bond axes of a peptide unit centered at CR

i,
introduced by Nishikawa et al.60 (Figure 2), are more appropri-
ate. These angles are close toφ and ψ in values, except in
regions near (λ(1) ) -90°, λ(2) ) 90°) and (λ(1) ) 90°, λ(2) )
-90°);60 they would be exactly equal toφ andψ for a “linear”
peptide group with the C′ and N atoms lying on the CR-CR

lines. Variation ofλ(1) andλ(2) by rotation about the virtual bonds
leaves the virtual-bond dihedral angles (γ) and, thereby, the
shape of the virtual-bond chain, unchanged. It should be noted
that, in the case of proline,λ(1) is determined byλ(2), because
of the constraint imposed by the presence of a rigid pyrrolidine
ring, and the Ramachandran map is therefore a function ofλ(2)

alone.
The energy maps inλ(1) andλ(2) were calculated by using an

ab initio method with the 6-31G(d,p) basis set for the following
model systems: trans-N-acetyl-glycyl-trans-N′-methylamide
(Ac-Gly-NHMe), trans-N-acetyl-glycyl-N,N′-dimethylamide

(Ac-Gly-NMe2), trans-N-acetyl-L-alanyl-trans-N′-methyla-
mide (Ac-Ala-NHMe), trans-N-acetyl-L-alanyl-N,N′-di-
methylamide (Ac-Ala-NMe2), trans-N-acetyl-L-prolyl-trans-
N′-methylamide (Ac-Pro-NHMe), andtrans-N-acetyl-L-pro-
lyl-N,N′-dimethylamide (Ac-Pro-NMe2). The NHMe-blocked
systems represent cases in which the next peptide residue in
the chain is not a proline, while the NMe2-blocked systems
represent cases in which the next residue is a proline. First, initial
geometries of all systems were prepared by using the standard
ECEPP/3 amino acid-residue geometry from the ECEPP/3
database.31 The grid in the (λ(1), λ(2)) space was 15° (a total of
576 points, which were then used to derive the torsional
potentials). As mentioned above, for proline,λ(2) was the only
variable, whileλ(1) was calculated for eachλ(2) to satisfy the
constraints arising from the presence of the pyrrolidine ring as
in our earlier work.61 For all structures, constrained energy
optimization was carried out at the RHF level, with the angles
λ(1) andλ(2) constrained to those from the respective grid point.
For optimized geometries, single-point second-order Møller-
Plesset perturbation (MP2) calculations were carried out to
account for electron correlation. For comparison, the energy
surfaces of the Ac-Pro-NHMe system were also calculated
by using the above optimization procedure with the semiem-
pirical AMl and PM3 methods included in the MOPAC
package,28 without, however, the MP2 procedure, which is not
applicable to semiempirical methods. All ab initio calculations
were carried out with the program GAMESS.62

2.3. Calculation of the Torsional and Double-Torsional
Potentials. The torsional and double-torsional potentials can
be calculated from the Ramachandran maps of the terminally-
blocked single residues as the second- and the third-order RFE
factors, respectively.46 Let us consider model terminally-blocked
di- and tripeptides sketched in Figure 3, parts a and b, respec-
tively. We compute the contributions of backbone local interac-
tions to their RFE surfaces by averaging the Ramachandran
surfaces over the anglesλ for rotation of the peptide groups
about the CR-CR virtual-bond axes subject to fixed virtual-bond
dihedral angles (γ). Let us define the anglesλi, i ) 1,2,.. .n,
wheren is the number of residues in a chain by eqs 2 and 3.46

Figure 2. Definition of the dihedral anglesλ(1) andλ(2)) for rotation
of the peptide groups about the CR-CR virtual bonds (dashed) of a
peptide unit.

Figure 3. Illustration of the model terminally blocked dipeptides (a)
and tripeptides (b) constructed to compute the integrals of eqs 7 and 8.
X, Y,andZ denote Ala, Gly, or Pro.

λi ) λi+1
(1) i ) 1, 2,‚‚‚, n - 2 (2)

λn-1 ) λn-1
(2) (3)
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Making use of eq 10 of ref 60, and of our definition of the
virtual-bond dihedral angles(γ) (Figure 1), we obtain

Following ref 46, we define the energy,Eloc;i, of backbone
local interactions of the amino acid residue centered at Ci

R as
the energy of all interactions at the all-atom level, between all
backbone atoms starting at Ci-1

R and ending at Ci+
R

1. For an
alanine-type residue, we additionally include the Ci

â and the
Hi

R atoms in the interaction list; for a glycine-type residue, we
include Hi

R1 and Hi
R2; for a proline-type residue, we include all

atoms of the pyrrolidine ring. Thus,Eloc;i (hereafter referred to
aseX, X being the type of residuei (Gly, Ala, or Pro)) can be
calculated effectively as the Ramachandran surface of residue
X. Following the general theory presented in ref 46, the torsional
potentials for rotation about the CR-CR virtual bonds between
residue types X and Y (Figure 3a), where X, Y) Gly, Ala, or
Pro (with Ala representing all residue types except glycine and
proline) are defined by eq 7.

where eX and eY are the Ramachandran surfaces for the
terminally-blocked residues of type X and Y, respectively,R
is the gas constant,T is the absolute temperature, and use
was made of eqs 2-6. When Y ) Pro, the Ramachandran
map of Ac-X-NMe2 is used; otherwise, that of Ac-X-NHMe
is entered into the expression. It should be noted that the last
two double integrals over the Ramachandran surfaces of
residues X and Y are constants independent ofγ; therefore, they
do not actually contribute to the expression for UNRES
energy (eq 1), which has the sense of a relative energy
only. The temperature was set atT ) 298 K in all calcula-
tions.

The definition of torsional potentials given by eq 7 is different
from that of the pioneering work on UNRES force fields by
Levitt34 and from our earlier UNRES force field.40 In our earlier
paper,40 the energy surfaces of thewhole terminally-blocked
dipeptides were calculated and averaged over theλ angles
explicitly; Levitt34 did the averaging by varying the dihedral
anglesφ andψ with constraints imposed on the angleγ. Then,
all nonlocal contributions arising from the interactions between
peptide groups 0 and 2, as well as between the side chains X
and Y, were subtracted to obtain the torsional potentials. This
results in torsional potentials that contain part of the correlation
contributions arising from the coupling between the Ramachan-
dran surfaces and the electrostatic interactions between peptide
groups p0 and p2, which are now accounted for by explicit
correlation contributions in UNRES. A consequence of this fact

is that those earlier torsionals contain a minimum corresponding
to a right-handedR-helical conformation, while the torsionals
defined by eq 7 do not; this minimum appears only when the
third-order correlation contribution, describing the coupling
between backbone local and backbone-electrostatic interactions
of a terminally-blocked Ala-Ala dipeptide, is added to the
torsional potentials defined by eq 7. Thus, eq 7 provides the
“pure” contributions arising from the coupling between the
Ramachandran surfaces of consecutive residues alone. It should
also be noted that this newer method for computing the torsional
potentials is much less expensive than calculating the energy
surfaces ofwhole terminally-blocked dipeptides; all that is
needed are the Ramachandran surfaces of single terminally-
blocked amino acid residues.

Similarly, in this work, we introduce the double-torsional
potentials for rotation about two consecutive CR-CR axes,
between residue types X and Y, and Y and Z (Figure 3b),
expressed by eq 8.

It should be noted that, because the single-torsional potent-
ials UXY and UYZ are subtracted from the RFE of the term-
inally-blocked tripeptide,UXYZ contains only that part of the
free energy for rotation about the CR-CR virtual-bond angles
that cannot be accounted for by the single-torsional contribu-
tions.

The integrals in eqs 7 and 8 were calculated by a numerical
quadrature by summing the values of the integrand over the
nodes of a multidimensional grid in the anglesλ. The grid size
was the same as that with which the corresponding Ramachan-
dran surfaces were obtained. The presence of a proline residue
reduced the dimensions of a grid by one, because theλ(1) angle
of the proline residue is determined by the requirement to obey
the constraints accruing from the presence of the pyrrolidine
ring. The presence of proline residues also made it necessary
to interpolate linearly between the closest points of the original
grid to estimate the energy values for residues preceding proline;
otherwise, all energies were taken directly from the ab initio
values computed at grid points. This was caused by the fact
thatλ(1) of a proline residue is a function ofλ(2), and it is related
to it by a nonlinear relationship.61 Thus, even ifλ(2) is on the
grid, λ(1) need not be, in this case. The angleλ(1) is, in turn,
related by eq 5 toλ(2) of the preceding residue; therefore, the
last angle also, generally, takes values outside the grid points.
Clearly, in other cases whenλ(1) is unrestricted and if, as
implemented, the virtual-bond dihedral anglesγ are from a grid
of the same spacing as the anglesλ, then, by eq 5, all points
taken to evaluate the integrals that occur in eq 7 and eq 8 are
on the grid.

For use in UNRES, we express the torsional and double-
torisonal potentials as one- and two-dimensional Fourier

λi
(1) ) λi-1 (4)

λi
(2) ) γi+2 - π - λi i ) 1, 2,‚‚‚, n - 2 (5)

λn-1
(2) ) λn-1 (6)

UXY(γ) ) -RT ln{ 1

(2π)3 ∫-π

π ∫-π

π ∫-π

π

exp[- 1
RT

[eX(λ1, γ - π - λ2) + eY(λ2, λ3)]]dλ1dλ2dλ3} +

RT ln{ 1

(2π)3 ∫-π

π ∫-π

π
exp[- 1

RT
eX(λ1, λ2)]dλ1dλ2} +

RT ln{ 1

(2π)3 ∫-π

π ∫-π

π
exp[- 1

RT
eX(λ2, λ3)]dλ2dλ3} (7)

UXYZ ) - RT ln{ 1

(2π)4 ∫-π

π ∫-π

π ∫-π

π ∫-π

π

exp[- 1
RT

[eX(λ1, γ1 - π - λ2) + eY(λ2, γ2 - π - λ3) +

eZ(λ3, λ4)]]dλ1dλ2dλ3dλ4} - [UXY(γ1) + UYZ(γ2)] +

RT ln{ 1

(2π)2 ∫-π

π ∫-π

π
exp[- 1

RT
eX(λ1, λ2)]dλ1dλ2} +

RT ln{ 1

(2π)2 ∫-π

π ∫-π

π
exp[- 1

RT
eY(λ2, λ3)]dλ2dλ3} +

RT ln{ 1

(2π)2 ∫-π

π ∫-π

π
exp[- 1

RT
eZ(λ3, λ4)]dλ3dλ4} (8)
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series, respectively (eqs 9 and 10).

whereai - hij are coefficients andn1 andn2 are the orders of
the expression; we usedn1 ) 10 andn2 ) 8.

The coefficients in eqs 9 and 10 were calculated by fitting
theUXY andUXYZ surfaces (obtained by numerical integration)
to eqs 9 and 10, respectively. The target function consisted of
the sum of the squares of the errors over the grid points inγ or
γ1 and γ2 and an entropy-like or smoothing term preventing
too large a variation of the fitted functional expression between
the points of the grid (eq 11).

whereUi
numdenotes the value of a torsional or a double-torsional

potential at grid pointi, obtained by numerical integration of
the Ramachandran surfaces (eq 7 or 8),Ui(X) denotes the value
of U calculated by using the Fourier series (eq 9 or 10),∆U(γ)
is the difference between theU expressed by eq 9 or 10 and
the value at that point obtained by linear interpolation between
the grid points, anda is the weight of the “entropy” term; we
used R ) 0.2. The value ofa was set after several trial
calculations to provide both smooth potentials and good fit to
numerically calculated RFE values.

The target function of eq 11 was minimized with respect to
the coefficientsa0 - b10 (for single-torsional potentials; eq 9)
or c0 - h8,8 (for double-torsional potentials; eq 10) by using
the SUMSL procedure.63 The “entropy” term (the last term in
eq 11) prevents the fitted functions from oscillating between
grid points, and therefore, enables one to obtain quite smooth
functions despite using a large number of Fourier terms. It takes
a zero value when the function is linear between the grid points
and increases considerably if the function oscillates between
the grid points. In our earlier work,45,46we introduced hyperbolic
terms45 or Lorentz-like terms46 in addition to the Fourier-terms
to the expressions for the torsional potentials in order to fit the
torsional curves of X-Pro and Pro-X pairs, where the range
of the values of the torsional potentials is considerably larger
compared to systems not containing proline, to prevent the fitted
potentials from oscillating between grid points and to ensure
reasonable fits. This is no longer necessary when the maximum-
entropy term is included in eq 11.

Figure 4. The Ramachandran maps of Ac-Gly-NHMe (a and b) and Ac-Ala-NHMe (c and d) obtained with the MP2/6-31G(d,p) ab initio
method (a and c) and the ECEPP/3 force field (b and d) drawn with a 15° grid. Energies (kcal/mol) are expressed as relative values with respect
to the global minimum of the surface, which corresponds to theCeq

7 conformation with (λ(1) ) -60°, λ(2) ) 60°).

UXY(γ) ) a0 + ∑
i)1

n1

ai cos(iγ) + bi sin(iγ) (9)

UXYZ(γ1, γ2) ) c0 + ∑
i)1

n2

ci
(1) cos(iγ1) + di

(1) sin(iγ1) +

∑
i)1

n2

ci
(2) cos(iγ2) + di

(2) sin(iγ2) + ∑
i)1

n2

∑
j)1

i-1

eij cos[jγ1 +

(i - j)γ2] + fij cos[jγ1 - (i - j)γ2] + gij sin[jγ1 +
(i - j)γ2] + hij sin[jγ1 - (i - j)γ2] (10)

F ) ∑
i)1

N

[Ui
num - Ui(X)] 2 + R ∫γ

∆U(γ) exp(∆U(γ))dγ

(11)
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3. Results and Discussion

3.1. Ramachandran Maps.Because the parameters of the
torsional potentials were derived previously46 from the Ram-
achandran maps calculated with the ECEPP/3 force field, we
compare the Ramachandran maps obtained from the ab initio
treatment in this study with those calculated previously with
the ECEPP/3 force field. The Ramachandran maps of Ac-Gly-
NHMe and Ac-Ala-NHMe (expressed as functions of the
anglesλ(1) andλ(2)) calculated with the MP2/6-31G(d,p) ab initio
method are shown in Figure 4, parts a and c, while the
corresponding maps calculated with the ECEPP/3 force field
are shown in Figure 4, parts b and d. It can be seen that the
Ramachandran maps obtained for the Ac-Gly-NHMe and

Ac-Ala-NHMe systems with the ab initio method share some
features with the maps obtained with the ECEPP/3 force field.
The first shared feature is the presence of a low-energy region
in the upper left corner for Ac-Ala-NHMe and two such
regions in the upper left and lower right corners for Ac-Gly-
NHMe. In the notation of Zimmerman et al.,2 these regions
correspond to the C and E regions of the conformational space
of terminally-blocked alanine and to the C, E, C*, and E*
regions of the conformational space of terminally-blocked
glycine. The minimum centered at (λ(1) ) -60°, λ(2) ) 60°) or
(φ ) -84°, ψ ) 80°) for Ac-Ala-NHMe corresponds to the
Ceq

7 conformation; this is the global minimum of the energy
surface for this molecule. The second minimum in the C+ E
region (with (λ(1) ) -135°, λ(2) ) 135°) or (φ ) -156°, ψ )
154°)) corresponds to the C5 or extended conformation. For the
Ac-Gly-NHMe surface, these minima have their counterparts
with opposite signs of the angles.

There are a number of important differences between the
MP2/6-31G(d,p) and ECEPP/3 Ramachandran surfaces. First,
the ab initio surfaces of Ac-Gly-NHMe have no energy
minima corresponding to theRR and RL conformations, in
contrast to the ECEPP/3 surfaces, on which theRR and theRL

minima appear at (λ(1) ) (85°, λ(2) ) (45°) or (φ ) (74°, ψ
) (32°), with the “-” sign pertaining to theRR and the “+”
sign to theRL conformation. The ab initio Ramachandran
map of Ac-Ala-NHMe contains a shallow minimum corre-
sponding to theRL conformation with (λ(1) ) 70°, λ(2) ) 55°)
or (φ ) 56°, ψ ) 44°) (see Figure 4c) but no minimum

Figure 5. The Ramachandran maps of Ac-Gly-NMe2 (a) and Ac-
Ala-NMe2 (b) obtained with the MP2/6-31G(d,p) ab initio method
drawn with a 15° grid. Energies (kcal/mol) are expressed as relative
values with respect to the global minimum of the surface, which
corresponds to the E conformation with (λ(1) ) -150°, λ(2) ) 150°)
for Ac-Ala-NHMe and (λ(1) ) -180°, λ(2) ) 180°) for Ac-Gly-
NHMe.

Figure 6. (a) Relative energy profiles (kcal/mol) of Ac-Pro-NHMe
in theλ(2) angle, calculated with the MP2/6-31G(d,p) ab initio (squares),
ECEPP/3 (circles), AM1 (triangles), and PM3 (diamonds) methods.
(b) Relative energy profiles (kcal/mol) of Ac-Pro-NMe2 in the λ(2)

angle calculated with the MP2/6-31G(d,p) ab initio method.
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corresponding to theRR conformation. The same was observed
by other workers for maps of formyl-blocked peptides.24,25,27It
should be noted that theRR conformation also appears as an
energy minimum in the Ac-Ala-NHMe map calculated with
the AMBER or CHARMM force fields when the distance-
dependent dielectric constant or the dielectric constantε ) 4 is
used.8 However, this minimum disappears forε ) l (see Figures
2 and 7 in ref 8). TheRR andRL minima also appeared on the
Ramachandran surfaces of formyl-blocked glycine and alanine
in the ab initio RHF study of Iwaoka et al.26 that included
solvation at the mean-field PCM and I-PCM level; they were
not present when solvation was not included. Becauseε > l
accounts partially for the effect of environment at the most
rudimentary bulk-dielectric level, this effect can be attributed
to the favorable electrostatic interactions of the peptide in the
RR or theRL conformation with the solvent; in fact, theRR and
RL conformations have the largest dipole moment.

Recently Vargas et al.27 reported an extensive study of the
conformational space of Ac-Ala-NHMe carried out at various
levels of theory. They constructed the energy map using the
DFT method at the BLYP/TZVP+ level, and subsequently, they
carried out energy minimization at the MP2/aug-cc-pVDZ level
for the minima found in the DFT-generated Ramachandran map;
they also carried out single-point energy calculations at an even
higher level of theory. Their Ramachandran map obtained by
the DFT method (Figure 2 in ref 27) is similar to ours, and
exactly the same six energy minima are obtained in both cases
in the same order of energy:Ceq

7 , C5, Ceq
7 , â2 (in our case, it

occurs at (λ(1) ) -135°, λ(2) ) 15°), or (φ ) -145°, ψ ) 47°)),
RL, andR′ (in our case it occurs at (λ(1) ) -180°, λ(2) ) -30°)
or (φ ) -169°, ψ ) -32°)). Approximate relative energies of

these conformations obtained in our work (i.e., taken from the
grid point closest to the position of the respective minimum)
are 0, 1.32, 2.50, 2.83, 4.42, and 5.86 kcal/mol, and they agree
with the energy relations between these conformations obtained
in other studies at a high level of theory (Table 1 in ref 27). In
both ref 27 and in our work, two other characteristic conforma-
tions reported in other studies (theRL andâ with (φ ) -58°,
ψ ) 134°) or (λ(1) ) -35.4°, λ(2) ) 115.6°)) are not energy
minima.

The second difference between the MP2/6-31G(d,p) and
ECEPP/3 maps is the lower energy barriers in the ab initio maps,
which appears as flattening of most of the sterically forbidden
H and H* regions. This difference arises mostly from the fact
that the ECEPP/3 maps are obtained with rigid valence
geometry, whereas the MP2/6-31G(d,p) energy surfaces are
diabatic energy surfaces (i.e., the valence geometry and all
torsions exeptφ and ψ were relaxed). The same difference
between adiabatic and diabatic Ramachandran surfaces was
observed by Roterman et al. in their comparative study of
empirical force fields.8 Another consequence of relaxation of
degrees of freedom other thanλ(1) andλ(2) is the fact that the
Cax

7 conformation of Ac-Ala-NHMe, which is effectively
forbidden with the ECEPP/3 force field,2,8 is only 2.7 kcal/mol
higher in energy thanCeq

7 (the global minimum) with the MP2/
6-31G(d,p) calculations, and the C* region is much wider than
that in the case of the ECEPP/3 force field. On the other hand,
it should be noted that the energy difference between theCeq

7

andCax
7 is only l kcal/mol with the AMBER force field when

using the distance-dependent dielectric constant6,8 and about 2
kcal/mol with ε ) l or ε ) 4.8 This suggests that the AMBER
force field has too soft a valence-angle-bending potential, as
remarked by Roterman et al.8 With the CHARMM force field,
the energy difference betweenCeq

7 and Ceq
7 conformations is

about 3 kcal/mol, which is in agreement with the present results.

It is interesting to compare the ab initio maps of Ac-Gly-
NMe2 and Ac-Ala-NMe2 with those of the methylamide-
blocked residues of Figure 4. The dimethylamide maps are
shown in Figure 5. It can be seen that the presence of an
additional methyl group in the terminal amide increases the area
of the high (steric) energy H and H* regions and eliminates the
C7 conformations. The last observation is understandable,
because no amide proton capable of forming a 1,7-hydrogen
bond (between the carbonyl oxygen atom of the acetyl group
and the amide hydrogen of theN-methylamide group) can be
formed in these systems.

The conformational energy curves of Ac-Pro-NHMe cal-
culated with the different methods are shown in Figure 6a, and
the ab initio energy curves for Ac-Pro-NMe2 are shown in
Figure 6b. It can be seen that the ab initio energy profile of the
Ac-Pro-NHMe system does not exhibit a maximum atλ(2) )
10° (ψ ) 25°) or a minimum at-35° (ψ ) -56°), which are
present in the ECEPP/3 energy profile. The only ab initio
minimum for Ac-Pro-NHMe occurs atλ2 ) 55° (ψ ) 75°)
and corresponds to aCeq

7 hydrogen-bonded conformation; for
Ac-Pro-NMe2, it is shifted toλ2 ) 115° (ψ ) 139°), because
of the absence of the amide hydrogen. A maximum occurs for
both Ac-Pro-NHMe and Ac-Pro-NMe2 at λ2 ) -120° (ψ
) -113°); it is caused by an unfavorable electrostatic interaction
between the two carbonyl oxygen atoms. The conformations
corresponding to energy maxima and minima (calculated with
the ab initio method) are shown in Figure 7. For Ac-Pro-
NMe2, there is an additional maximum atλ(2) ) 30° (ψ ) 47°),

Figure 7. Characteristic conformations of the Ac-Pro-NHMe peptide
optimized at the RHF/6-31G(d,p) level: energy maximum (b) with
unfavorable interactions between the carbonyl oxygen atoms; hydrogen-
bonded energy minimum (a). The dashed line in (a) represents the
hydrogen bond.
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Figure 8. Torsional-potential curves for rotation about the CR-CR virtual-bond axes (UXY(γ), whereX andY are Gly, Ala, or Pro; eq 7), obtained
with the MP2/6-31G(d,p) ab initio method (a) and the ECEPP/3 force field (b). For the MP2/6-31G(d,p) profiles, the values calculated at points of
the grid are shown as filled circles and the curves fitted with Fourier series are shown as solid lines.
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which arises from the repulsive interactions between the methyl
groups of the acetyl and N,N′-dimethylamide parts of the
molecule.

For comparison, we computed the energy profiles of Ac-
Pro-NHMe, using the AMl and PM3 semiempirical methods.
AMl and PM3 profiles of Ac-Gly-NHMe and Ac-Ala-
NHMe were already computed and discussed in detail in the
paper of Rodriguez et al.20 The graphs are displayed in Figure
6a. It can be seen that the AMl method gives an energy profile
qualitatively similar to that obtained with the MP2/6-31G(d,p)

approach, with a smaller energy difference between the maxi-
mum and the minimum-energy conformation (10 kcal/mol
compared to 14 kcal/mol). By contrast, the PM3 method gives
no hydrogen-bonding minimum for Ac-Pro-NHMe in the
region nearλ(2) ) 70° and three times lower energy difference
between the maximum and minimum energy conformation,
compared to the ab initio results. It should be noted that, in
the case of Ac-Ala-NHMe,20 the PM3 method does give
the â conformation (calledΠL in ref 20) with (φ ) -85.5°,
ψ ) 152.1°) or (λ(1) ) -63.5°, λ(2) ) 129.1°) and not the

Figure 9. Surfaces of the double torsional potentials (UXYZ(γ1,γ2), whereX, Y, and Z are Gly, Ala, or Pro; eq 8) obtained with the ab initio
MP2/6-31G(d,p) method.
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Ceq
7 conformation as the global minimum on the Ramachan-

dran surface; therefore, the angleψ (the analogue ofλ(2) in our
representation) becomes more extended as in the PM3 energy
surface of Ac-Pro-NHMe. The PM3 method, therefore, does
not seem suitable to treat peptide and protein systems.

3.2. Torsional Potentials. The potentials of mean force
calculated from the MP2/6-31G(d,p) ab initio and ECEPP/3
Ramachandran surfaces (eq 7) are shown in Figure 8, parts a
and b, respectively. It can be seen that the profiles obtained
from the two types of energy surfaces share some features. In
particular, the Gly-Gly torsional potential has three minima at
γ ) 180° andγ ) ( 60°, with quite similar energy maxima at
γ ) ( 120° between them (0.64 kcal/mol for the ab initio and
0.47 kcal/mol for the ECEPP/3 surface). The minimum atγ )
180° corresponds to an extended conformation of the virtual-
bond chain, while those atγ ) ( 60° correspond to folded
ones; after converting to all-atom chains, the last two conforma-
tions correspond to a type I′ or type III′ (for γ ) -60°) or type
I or type III (for γ ) 60°) â-turn or, if the same value of theγ
angle is repeated at least two times, to a left- or a right-handed
R-helix. Conversely, the Ala-Ala torsional potential is different;
the torsional potential calculated from the ECEPP/3 Ramachan-
dran surface has a maximum at aboutγ ) -50°, corresponding
to the conformation of the CR trace as in left-handed helices.
This maximum in the torsional-potential curve calculated from
the MP2/6-31G(d,p) Ramachandran surface is shifted toγ )
0°, and the torsional profile becomes almost symmetric, which
means that the torsional potential discriminates against confor-
mations with too small virtual-torsional angles (γ) and favors
extended conformations, without giving preference to the right-
handed helices. This difference between the torsional-potential
profiles calculated from the ab initio and ECEPP/3 Ramachan-
dran surfaces is a reflection of the fact that the E* and C* basins
of the MP2/6-31G(d,p) Ramachandran map of Ac-Ala-NHMe
are much wider and thus more comparable in size with their E
and C counterparts than in the ECEPP/3 Ramachandran surface
(Figure 4, parts c and d). Therefore, the energetic preference
for the right-handed over left-handedR-helices must be ac-
counted for by means other than the virtual-bond torsional
energy terms in UNRES, presumably by the correlation
contributions.

The Pro-Pro torsional potential calculated with the ECEPP/3
force field exhibits two maxima at aboutγ ) -5° and at about
γ ) 120°, while the potential obtained with the MP2/6-31G-
(d,p) ab initio method exhibits only one maximum at aboutγ
) -15°, with a height about two times smaller. This is also a
direct consequence of the difference between the energy profiles
of a terminally blocked proline residue calculated with the
ECEPP/3 force field and that calculated with the ab initio
method.

3.3. Double-Torsional Potentials. The double-torsional
potentials calculated with the MP2/6-31G(d,p) method are
shown in Figure 9. It can be seen that the range of energies of
the double-torsional potentials is similar to that of the single-
torsional potentials, which suggests that they cannot be ignored
in the UNRES force field. It is remarkable that the Ala-Ala-
Ala double-torsional potential has a minimum at (γ1 ) 15°, γ2

) -15°), corresponding to aγ-turn. Generally, the region
centered atγ2 ) -γ1 forms large basins in the double-torsional-
potential surfaces of the AGA, AGP, AAA, AAP, PGA, PGP,
PAA, and PAP triplets. This is understandable, because for
opposite-sign values ofγ1 and γ2, all possible 1,7-hydrogen
bonds between the backbone atoms of the three consecutive
residues can be formed simultaneously. For the AAA triplet,
the minimum appears toward the lower right corner, because

in this case, the central residue of theγ-turn is in the C and not
the C* region. It can also be seen that, for the triplets mentioned
above, the right-handedR-helical conformations (withγ1 ) γ2

≈ 48°) lie on the slope in the energy surface; therefore, the
R-helical conformations are not stabilized by virtual-bond
double-torsional potentials. Because right-handedR-helices have
been found to be the lowest-energy conformations in ab initio
calculations of oligoalanine peptides13,14 by empirical energy
calculations64,65 and by experiment,66-68 they are therefore
stabilized by the correlation terms, i.e., by the coupling between
backbone-local and backbone electrostatic interactions and not
by backbone-local interaction alone. This conforms with clas-
sical helix-coil transition theories, in which it is assumed that
the formation of backbone hydrogen bonds is a necessary factor
for both initiating helix formation and stabilizing a formed
helix.69

DeWitte and Shakhnovich70 determined the distribution of
pairs of consecutive virtual-bond dihedral angles from the
PDB.47 However, these distributions are total distributions of
pairs of virtual-bond angles (the pseudo-dihedrals in their
terminology), without removing contributions arising from single
virtual-bond angles (cf., eq 8). Moreover, their surfaces contain
contributions from all interactions and not just from backbone
local interactions (cf., the discussion in the Methods section).
Therefore, their results cannot be compared directly to ours.

Conclusions and Further Directions

In this work, we determined Ramachandran energy surfaces
of terminally-blocked amino-acid residues representing the
amino acid residues in a polypeptide chain using high-level
theory. On the basis of these maps, we calculated the single-
and double-torsional potentials of mean force for rotation about
the CR-CR virtual bonds and fitted them to Fourier series for
use in the UNRES force field.46 Comparison of the torsional
potentials with those determined earlier from the ECEPP/3
Ramachandran surfaces showed that they share some common
features but are also significantly different. The most important
difference is the near symmetry of the Ala-Ala ab initio
torsional energy curve. It, therefore, appears essential to have
high quality potential-energy surfaces to parametrize a coarse-
grain force field, and errors in the parent single-residue all-
atom energy surfaces propagate to the mean-field surfaces by
numerical integration. The double-torsional-potential surfaces
have a range of energies comparable to those of the single-
torsional potentials, and their introduction into UNRES, there-
fore, appears to be necessary.

Clearly, revisions of the torsional potentials and introduction
of double-torsional potentials alone are insufficient to revise
the UNRES force field. Because the average electrostatic (Upp

in eq 1) and correlation (U(2)
corr in eq 1) terms were also derived

from empirical all-atom energy surfaces of model peptide
systems,46 they too need to be recalculated using ab initio energy
surfaces instead of the ECEPP/3 surfaces. Introduction of the
revised-torsional and double-torsional potentials, as well as of
the revised correlation terms, involves the need to re-determine
the weights of the energy terms (eq 1) by Z-score optimiza-
tion;57-59 we also plan to refine the internal coefficients in the
energy terms (such as the Fourier coefficients in eq 9 and 10)
by allowing them to undergo small variations, e.g., up to 20%
of their original values, to obtain a more robust energy function.
Work on all of these subjects is currently being carried out in
our laboratory.
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