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The diabatic energy surfaces of terminally-blocked amino-acid residues (modeling the bulk of backbone-
local interaction patterns in proteingrans-N-acetyl-glycyltransN'-methylamide transN-acetyl-glycyl-
N,N'-dimethylamidetransN-acetyl-L-alanyltrans-N'-methylamidefrans-N-acetyl-L-alanyl-N,N-dimethy-

lamide transN-acetyl-L-prolyltransN'-methylamide, antrans-N-acetyl-L-prolyl-N,N-dimethylamide) were
calculated at the MgllerPlesset (MP2) ab initio level of theory with the 6-31G(d,p) basis set. The dihedral
angles for rotation of the peptide groups about thte-C* virtual-bond axes A™ and A?®) were used as
variables; for the proline-derived peptide, oil§) 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—<C* 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 angjesf the C* 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 architectdré,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 segmentsetfielical ands-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 surface®

energies of selected conformatioch$? detailed maps at the
Hartree-Fock and post-Hartreg~ock level have been con-
structed only for théormyl peptidyl amideg4-26 Only recently
was a DFT study reportédfor the Ramachandran surface of
Ac—Ala—NHMe and, in an earlier papé?the energy profiles
were calculated for this molecule with the semiempirical AM1
and PM38 methods.

Protein conformations can be modeled both at the atomic-
detailed (all-atom) or coarse-grained (united-residue) level. In
oth cases, empirical force fields, rather than first-principle

of terminally-blocked amino-acid residues sometimes referred €N€rgy calculations, must be implemented for tractability of the

to as Ramachandran mapaithough the original Ramachandran

surfaces were constructed based only on steric considerations:

This nomenclature will also be used for brevity in the current
article.

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

The Ramachandran surfaces are usually expressed in termdlocked alanine residues) obtained from state-of-the-art ab initio

of backbone dihedral angleg and iy, because the other
backbone degrees of freedom, namely the dihedral angbes

well as bond lengths and bond angles, are subject to only smal

variations from the equilibrium values. They have been char-
acterized in detail at the empirical force field le¢éts

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
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calculation=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-
handede-helicalio;) conformatiord as a stable minimum in the
Ramachandran maps calculated with the ECEPRM-
BER $829:30gr CHARMMS® empirical force fields, as opposed to
the results of ab initio calculations of formyl peptidyl amidé3
However, the terminal formyl blocking group used in these
calculations*25 does not model the environment of a residue
within a polypeptide chain exactly. A weak minimum close to
the a; conformation was obtained in the restricted Hartree
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Fock (RHF) ab initio study of Iwaoka et &.that included the
polarizable-continuum model (PCM and I-PG¥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 Ctrace geometry*-4¢ 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 anglé&384546These potentials
can be determined as knowledge-based potentials from the
distribution functions of virtual-bond dihedral angf@s84>
calculated from the Protein Data Bank (PDBJyr 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 representaticf40:46

In the last 10 years, we have started to develop the UNRES
force field'0.45464851 for the physics-based prediction of protein
structurebased solely on the amino-acid sequeneighout Figure 1. The UNRES model of polypeptide chains. The interaction
ancillary information from structural databases. This force field sites are side-chain centroids of different sizes (SC) and the peptide-
performed reasonably well in two consecutive Community Wide Pond centers (p) are indicated by shaded circles, whereas-taghén
Experiments on the Critical Assessment of Techniques for atoms (small empty_cnrcles) are introduced on_Iy to assist in defining

. . 3 4 the geometry. The virtual € C* bonds have a fixed length of 3.8 A,
Protein Structure Prediction, CASP3® and CASPA* The  corresponding to a trans peptide group; the virtual-béhad dihedral
UNRES force field is a restricted free energy (RFE) function (y) angles are variable. Each side chain is attached to the corresponding
for a polypeptide chain corresponding to averaging of the atomic N-carbon with a fixed “bond length™; , variable “bond angle”oy,
detailed energy function over the secondary degrees of freedomformed by SGand the bisector of the angle defined by C*, and
Recently’s we presented a general theory for the construction C'+1: and with a variable “dihedral angle; of counterclockwise

. . rotation about the bisector, starting from the right side of tle.C
of the components of coarse-grained energy functions by e, Ctyy frame.
factorization of the total RFE of the system under consideration,
with the factors corresponding to the smaller parts of the system. side-chain angles and;), virtual-bond @), and dihedraly)
Within the framework of this formalism, the virtual-torsional angles can vary. The energy of the virtual-bond chain is
potentials arise naturally by integrating over the Ramachandraneéxpressed by eq 1.
maps of consecutive amino-acid residues, given a UNRES
configuration; they correspond to second-order correlation terms Y = Z Usqsq + Wsc, Z Usq;;] T W _ Z Upipj +
between the local interactions within consecutive amino acid = i =t
residueg® In that work, we calculated the virtual-bond torsional ~ Wor z Uol(7) + W, z Up(65) + Wi z Urods, ) +
potentials preliminarily by using the Ramachandran maps ! ! !
calculated with the ECEPP/3 force fieliThe aim of the present Neor m
work was to use ab initio quantum mechanical methods to ZW(:T:JrrUcorr 1)
calculate high-quality Ramachandran maps of model peptides m
in order to revise the torsional potentials in the UNRES force  The term Uscsg represents the mean free energy of the
field. Moreover, we also determined double-torsional potentials hydrophobic (hydrophilic) interactions between the side chains,
that, so far, have not been used in UNRES. For this purpose,which implicitly contains the contributions from the interactions
energy maps were calculated for terminally blocked glycine, of the side chain with the solvent. The tetiagp, denotes the
L-alanine, and.-proline residues, with-alanine serving as a  excluded-volume potential of the side-chaeptide-group
prototype of all amino acids except glycine and proline, as in interactions. The peptide-group interaction poten(,,)
our earlier worki®4546 We also compared the computed accounts mainly for the electrostatic interactions (i.e., the
Ramachandran maps with those obtained with the empirical tendency to form backbone hydrogen bonds) between peptide
force fields and with earlier quantum mechanical calcula- groups pand p. Uwr, Up, and Uy represent the energies of
tions24.25 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

2. Methods all of these terms are provided in earlier publicatiGi§Finally,

. the termsUZ,, m = 1,2,... Neor are the correlation or

2.1. The UNRES Force FieldIn the UNRES modet?%0.51.55 multibody contributions from a cumulant expanstérof the
a polypeptide chain is represented as a sequencecairbon RFE, and thew's are the weights of the energy terms. The
(C*) atoms linked by virtual bonds with attached united side muyltibody terms are indispensable for reproduction of regular
chains (SC) and united peptide groups (p). Each united peptidey-helical and-sheet structures. The UNRES force field has
group is located in the middle of two consecutivecarbons.  peen derived as an RFE function of an all-atom polypeptide
Only these united peptide groups and the united side chainschain plus the surrounding solvent, where the all-atom energy
serve as interaction sites; tlecarbons serve only to define  function is averaged over the degrees of freedom that are lost
the chain geometry (Figure 1). All virtual bond lengths (i.e. when passing from the all-atom to the simplified system [i.e.,
C*—C*and C—SC) are fixed; the distance between neighboring the degrees of freedom of the solvent, the dihedral angles (
Cs is 3.8 A, corresponding tmans peptide groups, while the  for rotation about the bonds in the side chains, and the torsional
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Figure 2. Definition of the dihedral angle® and ) for rotation O\C\%ﬁl ~ }L\c "// /3,
of the peptide groups about the*-©C* virtual bonds (dashed) of a I AN 2 |7%\N\
peptide unit. C“: N N\c:’ N \\'C
angles {) for rotation of the peptide groups about the-aC* l be b
virtual bonds (thel's are defined in the next section)]. This Y
enabled us to derive the multibody temjﬁ)m m=1, 2,.., Figure 3. lllustration of the model terminally blocked dipeptides (a)

Neorr by @ generalized cumulant expansion of the RFE developed and tripeptides (b) constructed to compute the integrals of eqs 7 and 8.
by Kubo% The internal parameters of the individuals were < Y-andZ denote Ala, Gly, or Pro.

derived by fitting the resulting analytical expressions to the RFE
surfaces of model systeMisor by fitting the calculated
distribution function®® to those determined from the PDB,

while thew's (the weights of the energy terms) were calculated m,ethylamide_(AeAIa—NMez), trans-N-acetyl-L-prolyHrans:
by Z-score optimization of the training proteiffs!6.57-5° The N’-methylamide (Ae-Pro—NHMe), andtrans-N-acetyl-L-pro-

force field is now able to predict the structures of proteins Y-N.N'-dimethylamide (Ae-Pro-NMey). The NHMe-blocked

containing botta-helical and3-sheet structures with reasonable SYStems represent cases in which the next peptide residue in

accuracy, as assessed by tests on model prétéats-Ssas well the chain is not a proline, while the Niblocked systems

as in the CASP%:53and CASP# blind prediction experiments. ~ fepresent cases in which the next residue is a proline. First, initial
The torsional termsUr are very important, because they geometries of all systems were prepared by using the standard

define the local conformational preferences of the polypeptide ECEPP/3 amino acid-residue geometry from the ECEPP/3
chain (e.g., the energetic preference for right-handed helices overdatabasé: The grid in the {%), 2%)) space was 15(a total of
left-handed helices). These potentials originate from the coupling 76 Points, which were then used to derive the torsional
between the local interactions within the neighboring peptide Potentials). As mentioned above, for proli&) was the only
units 655 Until now, we determined these potentials by averag- Variable, whileA® was calculated for each® to satisfy the
ing the all-atom energy calculated with the use of the ECEPP/3 constraints arising from the presence of the pyrrolidine ring as
force field3! However, as mentioned in the Introduction, better in our earlier worke! For all structures, constrained energy
quality of the all-atom energy surfaces is necessary to reproduceoptimization was carried out at the RHF level, with the angles
the energetics of local interactions correctly. A1 andA@ constrained to those from the respective grid point.
2.2. Definition and Calculation of the Ramachandran For optimized geometries, single-point second-order Mgller
Surfaces. Because our goal is to obtain energy terms in the Plesset perturbation (MP2) calculations were carried out to
UNRES force field by averaging the all-atom energy surface account for electron correlation. For comparison, the energy
over the secondary degrees of freedom with conservation of surfaces of the AePro-NHMe system were also calculated
the UNRES geometry, the dihedral angfeandy commonly by using the above optimization procedure with the semiem-
used as variables in the description of the Ramachandranpirical AMI and PM3 methods included in the MOPAC
surfaces are not appropriate; their variation changes the shap@ackage? without, however, the MP2 procedure, which is not

(Ac—Gly—NMey), transN-acetyl-L-alanyltransN'-methyla-
mide (Ac-Ala—NHMe), trans-N-acetyl-L-alanyl-N,N-di-

of the polypeptide chain. Therefore, the anglg8 andA;@ for applicable to semiempirical methods. All ab initio calculations
rotation of the peptide groups about thé G—C% and Ci— were carried out with the program GAMES5.
C%+1 virtual-bond axes of a peptide unit centered at, C 2.3. Calculation of the Torsional and Double-Torsional

introduced by Nishikawa et &.(Figure 2), are more appropri-  Potentials. The torsional and double-torsional potentials can
ate. These angles are closedand in values, except in  pe calculated from the Ramachandran maps of the terminally-
regions nearA® = —90°, A® = 90°) and ¢ = 90°, A?) = blocked single residues as the second- and the third-order RFE
_900_)?60 they would be exactly equal wandy for a “linear” factors, respectivel§f Let us consider model terminally-blocked
peptide group with the Cand N atoms lying on the €C* di- and tripeptides sketched in Figure 3, parts a and b, respec-
lines. Variation ofi® andA(® by rotation about the virtual bonds  jyely. we compute the contributions of backbone local interac-
leaves the virtual-bond dihedral angles @nd, thereby, the  iong 1o their RFE surfaces by averaging the Ramachandran
shape of the virtual-bond chain, unchanged. It should be notedg t2ces over the anglésfor rotation of the peptide groups
that, in the case of proling®) is determined by.®), because about the €—C® virtual-bond axes subject to fixed virtual-bond
of the constraint imposed by the presence of a rigid pyrrolidine dihedral angles)). Let us define the anglek, i = 1,2,...n
rilng, and the Ramachandran map is therefore a functiciFof wheren is the number of residues in a chain’by eqé 2 aﬁé 3.
alone.

The energy maps it® and A were calculated by using an 1=2.@W j=1 2w n_2 @
ab initio method with the 6-31G(d,p) basis set for the following i i T e
model systems:transN-acetyl-glycylirans-N'-methylamide L= @ 3)
(Ac—Gly—NHMe), trans-N-acetyl-glycyl-N,N-dimethylamide n-1- “n-1
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Making use of eq 10 of ref 60, and of our definition of the is that those earlier torsionals contain a minimum corresponding

virtual-bond dihedral angle§) (Figure 1), we obtain to a right-handedx-helical conformation, while the torsionals
defined by eq 7 do not; this minimum appears only when the
li(l)zj‘i—l 4) third-order correlation contribution, describing the coupling

between backbone local and backbone-electrostatic interactions
of a terminally-blocked AlerAla dipeptide, is added to the

A=y, —a—2 1=1,2-,n=2 %) torsional potentials defined by eq 7. Thus, eq 7 provides the
“pure” contributions arising from the coupling between the
L@ (6) Ramachandran surfaces of consecutive residues alone. It should
n—1 n—1

also be noted that this newer method for computing the torsional
i i potentials is much less expensive than calculating the energy
Following ref 46, we define the energiic;, of backbone g rtaces ofwhole terminally-blocked dipeptides; all that is
local interactions of the amino acid residue centeredjab€  needed are the Ramachandran surfaces of single terminally-
the energy of all interactions at the all-atom level, between all p|ocked amino acid residues.
backbone atoms starting at"¢ and ending at 1. For an Similarly, in this work, we introduce the double-torsional
alanine-type residue, we additionally include th‘é &nd the potentials for rotation about two consecutivé—C* axes,
H atoms in the interaction list; for a glycine-type residue, we between residue types X and Y, and Y and Z (Figure 3b),
include I-Fl and I-[‘z; for a proline-type residue, we include all  expressed by eq 8.
atoms of the pyrrolidine ring. Thug.; (hereafter referred to
asey, X being the type of residuie(Gly, Ala, or Pro)) can be Ugy, = — RTIn{ 1 f"’ f” f” f”
calculated effectively as the Ramachandran surface of residue (22
X. Following the general theory presented in ref 46, the torsional 1
potentials for rotation about the*€C® virtual bonds between eXF{_ﬁ[ex(/lr Vi = A)tely v, — w4y +
residue types X and Y (Figure 3a), where X=YGly, Ala, or
Pro (with Ala representing all residue types except glycine and & (43, A4)]
proline) are defined by eq 7.

dild/lzdisd/h} = [Uxy(yD) + Uyz (7] +

1 7T T g RT In{ (2]];:)2 f—nrr ‘/:T:z EXF{— %’exu’l’ /’i'z)ldlldA'Z} +
UXY(V):—RTIn{ 27[3-f—ﬂ»/inf—n . o )
(27) an{ o) o] g8 /13)]d12d/13} +

1
exr{— ﬁ_[ex(/ll, Yy — = 4) e, /13)]]d/11d'12d/13} + 1

T T 1
RTIn{ (anﬁ” I ex;{—R—Tez(/lg, 14)]d13d/14} (8)

1 1
RTIn{ - = exp{— o7& 12)]d/11d/12} +
(2m) It should be noted that, because the single-torsional potent-
RTIn 1 sf_” j’_” exp{— iex(iz, la)]dizdls 7 ials Uxy and U,z are subtracted from the RFE of the term-
() T/ RT inally-blocked tripeptidelUxyz contains only that part of the

free energy for rotation about the*€C* virtual-bond angles

where ex and ey are the Ramachandran surfaces for the that cannot be accounted for by the single-torsional contribu-
terminally-blocked residues of type X and Y, respectivély,  tions.
is the gas constanfl is the absolute temperature, and use  The integrals in eqs 7 and 8 were calculated by a numerical
was made of eqs-26. When Y = Pro, the Ramachandran quadrature by summing the values of the integrand over the
map of Ac-X—NMe;, is used; otherwise, that of AcX—NHMe nodes of a multidimensional grid in the angkesThe grid size
is entered into the expression. It should be noted that the lastwas the same as that with which the corresponding Ramachan-
two double integrals over the Ramachandran surfaces ofdran surfaces were obtained. The presence of a proline residue
residues X and Y are constants independent tiierefore, they reduced the dimensions of a grid by one, becausé(thangle
do not actually contribute to the expression for UNRES of the proline residue is determined by the requirement to obey
energy (eq 1), which has the sense of a relative energythe constraints accruing from the presence of the pyrrolidine
only. The temperature was set Bit= 298 K in all calcula- ring. The presence of proline residues also made it necessary
tions. to interpolate linearly between the closest points of the original

The definition of torsional potentials given by eq 7 is different grid to estimate the energy values for residues preceding proline;
from that of the pioneering work on UNRES force fields by otherwise, all energies were taken directly from the ab initio
Levitt** and from our earlier UNRES force fiefd.In our earlier values computed at grid points. This was caused by the fact
paperi® the energy surfaces of thehole terminally-blocked thatA® of a proline residue is a function @f?, and it is related
dipeptides were calculated and averaged over ithengles to it by a nonlinear relationshif}. Thus, even ifi®@ is on the
explicitly; Levitt3* did the averaging by varying the dihedral grid, A® need not be, in this case. The angl® is, in turn,
anglesp andy with constraints imposed on the angieThen, related by eq 5 td® of the preceding residue; therefore, the
all nonlocal contributions arising from the interactions between last angle also, generally, takes values outside the grid points.
peptide groups 0 and 2, as well as between the side chains XClearly, in other cases whei?) is unrestricted and if, as
and Y, were subtracted to obtain the torsional potentials. This implemented, the virtual-bond dihedral angjeare from a grid
results in torsional potentials that contain part of the correlation of the same spacing as the angleghen, by eq 5, all points
contributions arising from the coupling between the Ramachan- taken to evaluate the integrals that occur in eq 7 and eq 8 are
dran surfaces and the electrostatic interactions between peptiden the grid.
groups p and p, which are now accounted for by explicit For use in UNRES, we express the torsional and double-
correlation contributions in UNRES. A consequence of this fact torisonal potentials as one- and two-dimensional Fourier
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Figure 4. The Ramachandran maps of AGly—NHMe (a and b) and AeAla-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 wittf @ié. Energies (kcal/mol) are expressed as relative values with respect
to the global minimum of the surface, which corresponds tongconformation with £ = —60°, 1@ = 60°).

series, respectively (egs 9 and 10). whereU;"“Mdenotes the value of a torsional or a double-torsional
potential at grid poini, obtained by numerical integration of
ni ] the Ramachandran surfaces (eq 7 otB)X) denotes the value
Uxy(r) = a5+ ) acos(y) + b;sin(y) 9) of U calculated by using the Fourier series (eq 9 or N)(y)
= is the difference between thg expressed by eq 9 or 10 and
n2 the value at that point obtained by linear interpolation between
Uz 7 =6+ S ¢® cosfy,) + dP sinfy,) + the grid points, and is the weight of the “entropy” term; we
& useda = 0.2. The value ofa was set after several trial
n2 n2 i-1 calculations to provide both smooth potentials and good fit to
Z ¢ cosfy,) + d@ sin(y,) + Z Z g cosfy; + numerically calculated RFE values.
1= =1 )= The target function of eq 11 was minimized with respect to
(i = y2l +fjcosfy, — (i —j)yo] + g sinfiy, + the coefficientsag — by (for single-torsional potentials; eq 9)
i —i + h. si —(i—i or ¢ — hgg (for double-torsional potentials; eq 10) by using
(i = Dy2l +hysinfiy, — (i —j)y,l (10) the SUMSL procedur€® The “entropy” term (the last term in
wherea, — hj are coefficients and1 andn2 are the orders of ~ €d 11) prevents the fitted functions from oscillating between
the expression: we used = 10 andn2 = 8. grid points, and therefore, enables one to obtain quite smooth
The coefficients in egs 9 and 10 were calculated by fitting functions despite using a large number of Fourier terms. It takes
the Uxy andUxyz surfaces (obtained by numerical integration) & Zero value when the function is linear between the grid points
to eqs 9 and 10, respec“ve'y The target function Con5|sted Of and inCI’easeS ConSideI’ab|y |f the funCtion OSCi”ateS betWeen
the sum of the squares of the errors over the gnd po|n¢50n the gl’ld pOIntS In our earlier WOI"[@;%WE introduced hyperbOHC
Y1 and V2 and an entropy_"ke or Smoothing term preventing term§5 or Lorentz-like term@ in addition to the Fourier-terms

too large a variation of the fitted functional expression between o the expressions for the torsional potentials in order to fit the

the points of the grid (eq 11). torsional curves of XPro and Pre-X pairs, where the range
of the values of the torsional potentials is considerably larger
N compared to systems not containing proline, to prevent the fitted
F=Y [U™—UX)]*+a fy AU(y) exp(AU(y))dy potentials from oscillating between grid points and to ensure

i= reasonable fits. This is no longer necessary when the maximum-
(11) entropy term is included in eq 11.
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Figure 5. The Ramachandran maps of AGly—NMe; (a) and Ac-
Ala—NMe; (b) obtained with the MP2/6-31G(d,p) ab initio method
drawn with a 18 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{ = —15¢°, 1@ = 150)

for Ac—Ala—NHMe and ¢® = —18(, 1@ = 18C°) for Ac—Gly—
NHMe.

3. Results and Discussion

3.1. Ramachandran Maps.Because the parameters of the
torsional potentials were derived previod§lyrom the Ram-

Oldziej et al.
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Figure 6. (a) Relative energy profiles (kcal/mol) of AdPro—NHMe

in the 1@ 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 AdPro—-NMe; in the 1@
angle calculated with the MP2/6-31G(d,p) ab initio method.

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 AcAla—NHMe and two such
regions in the upper left and lower right corners for-Agly—
NHMe. In the notation of Zimmerman et &lthese 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 a = —60°, 1@ = 60°) or
(¢p = —84°, y = 80°) for Ac—Ala—NHMe corresponds to the
Czq conformation; this is the global minimum of the energy
surface for this molecule. The second minimum in the-E&
region (with ¢ = —135, 1@ = 135) or (¢ = —156°, y =
154°)) corresponds to thesor 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

achandran maps calculated with the ECEPP/3 force field, we MP2/6-31G(d,p) and ECEPP/3 Ramachandran surfaces. First,
compare the Ramachandran maps obtained from the ab initiothe ab initio surfaces of AeGly—NHMe have no energy

treatment in this study with those calculated previously with
the ECEPP/3 force field. The Ramachandran maps ef@ly—
NHMe and Ac-Ala—NHMe (expressed as functions of the
anglesi® andA@) calculated with the MP2/6-31G(d,p) ab initio

minima corresponding to ther and a, conformations, in
contrast to the ECEPP/3 surfaces, on whichdheind thea,
minima appear ati(t = £85°, 1@ = £45°) or (p = +£74°, ¢
= +32°), with the “~” sign pertaining to thexr and the “+”

method are shown in Figure 4, parts a and c, while the sign to theo, conformation. The ab initio Ramachandran
corresponding maps calculated with the ECEPP/3 force field map of Ac-Ala—NHMe contains a shallow minimum corre-
are shown in Figure 4, parts b and d. It can be seen that thesponding to thex, conformation with £t = 70°, 1@ = 55°)

Ramachandran maps obtained for the—A&y—NHMe and

or (p = 56°, yp = 44°) (see Figure 4c) but no minimum
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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 (tog andp with (¢ = —58°,

y = 134) or M = —35.#, )@ = 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 exeptp and y were relaxed). The same difference
between adiabatic and diabatic Ramachandran surfaces was
observed by Roterman et al. in their comparative study of
empirical force field$. Another consequence of relaxation of
degrees of freedom other thaf) and 1@ is the fact that the
C., conformation of Ae-Ala—NHMe, which is effectively
forbidden with the ECEPP/3 force fietd,is only 2.7 kcal/mol
higher in energy thaﬁ:Zq (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 betweerojae
Figure 7. Characteristic conformations of the A@ro—NHMe peptide an_d CZIX 1S o_nly | keal/mol with th.e AMBER force field when
optimized at the RHF/6-31G(d,p) level: energy maximum (b) with USing the distance-dependent dielectric conétaand about 2
unfavorable interactions between the carbonyl oxygen atoms; hydrogen-kcal/mol withe = | or € = 48 This suggests that the AMBER
bonded energy minimum (a). The dashed line in (a) represents theforce field has too soft a valence-angle-bending potential, as

hydrogen bond. remarked by Roterman et &lWith the CHARMM force field,
corresponding to thex conformation. The same was observed the energy difference betwee®(, and C, conformations is
by other workers for maps of formyl-blocked peptidé3s.27it about 3 kcal/mol, which is in agreement with the present results.

should be noted that ther conformation also appears as an It is interesting to compare the ab initio maps of-AGly—
energy minimum in the Ae Ala—NHMe map calculated with NMe, and Ac-Ala—NMe; with those of the methylamide-
the AMBER or CHARMM force fields when the distance- blocked residues of Figure 4. The dimethylamide maps are
dependent dielectric constant or the dielectric constant is shown in Figure 5. It can be seen that the presence of an
used® However, this minimum disappears for= | (see Figures  additional methyl group in the terminal amide increases the area
2 and 7 in ref 8). Therg anday minima also appeared on the  of the high (steric) energy H and H* regions and eliminates the
Ramachandran surfaces of formyl-blocked glycine and alanine c7 conformations. The last observation is understandable,
in the ab initio RHF SFUdy of lwaoka et &.that included because no amide proton Capab|e of forming a 1’7_hydrogen
solvation at the mean-field PCM andPCM level; they were bond (between the carbonyl oxygen atom of the acetyl group

not present When solvation was not in<_:|uded. Becausel and the amide hydrogen of thémethylamide group) can be
accounts partially for the effect of environment at the most qmeq in these systems.

rudimentary bulk-dielectric level, this effect can be attributed
to the favorable electrostatic interactions of the peptide in the
or or theoy conformation with the solvent; in fact, thgs and

o, conformations have the largest dipole moment.

The conformational energy curves of APro—-NHMe cal-
culated with the different methods are shown in Figure 6a, and
the ab initio energy curves for AdPro—NMe, are shown in

Recently Vargas et &l reported an extensive study of the Figure 6b. It can be seen that the ab i.ni_tio energy profile of the
conformational space of AeAla—NHMe carried out at various ¢~ Pro—NHMe system does not exhibit a maximunve =
levels of theory. They constructed the energy map using the 10° (¥ = 25°) or a minimum at-35° (y = —56°), which are
DFT method at the BLYP/TZVP level, and subsequently, they ~ Present in the ECEPP/3 energy profile. The only ab initio
carried out energy minimization at the MP2/aug-cc-pVDZ level Minimum for Ac-Pro-NHMe occurs ai? = 55° (y = 75)
for the minima found in the DFT-generated Ramachandran map;and corresponds to @, hydrogen-bonded conformation; for
they also carried out single-point energy calculations at an evenAc—Pro—NMe,, it is shifted tod2 = 115 (y = 139), because
higher level of theory. Their Ramachandran map obtained by of the absence of the amide hydrogen. A maximum occurs for
the DFT method (Figure 2 in ref 27) is similar to ours, and both Ac-Pro-NHMe and Ac-Pro—NMe; at1? = —120° (y
exactly the same six energy minima are obtained in both cases= —113); it is caused by an unfavorable electrostatic interaction
in the same order of energﬁz C., ng, B2 (in our case, it between the two carbonyl oxygen atoms. The conformations
occurs at{® = —135, 1@ = 15°), or (p = — 145, y = 47°)), corresponding to energy maxima and minima (calculated with
ar, anda’ (in our case it occurs al{t) = —18C°, 1@ = —30°) the ab initio method) are shown in Figure 7. For-Aero—
or (p = —169, y = —32°)). Approximate relative energies of ~ NMe,, there is an additional maximum &&= 30° (y = 47°),
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Figure 8. Torsional-potential curves for rotation about the-C* virtual-bond axesWx\(y), 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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Figure 9. Surfaces of the double torsional potential$(Ay1,y2), whereX, Y,and Z are Gly, Ala, or Pro; eq 8) obtained with the ab initio
MP2/6-31G(d,p) method.

which arises from the repulsive interactions between the methyl approach, with a smaller energy difference between the maxi-
groups of the acetyl and N)Mimethylamide parts of the  mum and the minimum-energy conformation (10 kcal/mol
molecule. compared to 14 kcal/mol). By contrast, the PM3 method gives
For comparison, we computed the energy profiles of-Ac  no hydrogen-bonding minimum for AePro—-NHMe in the
Pro—NHMe, using the AMI and PM3 semiempirical methods. region near.® = 70° and three times lower energy difference
AMI and PM3 profiles of Aec-Gly—NHMe and Ac-Ala— between the maximum and minimum energy conformation,
NHMe were already computed and discussed in detail in the compared to the ab initio results. It should be noted that, in
paper of Rodriguez et &).The graphs are displayed in Figure the case of AeAla—NHMe 20 the PM3 method does give
6a. It can be seen that the AMI method gives an energy profile the  conformation (called1, in ref 20) with () = —85.5,
qualitatively similar to that obtained with the MP2/6-31G(d,p) v = 152.T7) or (AY) = —63.5, A& = 129.7°) and not the
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Czq conformation as the global minimum on the Ramachan- in this case, the central residue of turn is in the C and not
dran surface; therefore, the angte(the analogue ot in our the C* region. It can also be seen that, for the triplets mentioned
representation) becomes more extended as in the PM3 energybove, the right-handedthelical conformations (witly; = y2
surface of Ae-Pro—NHMe. The PM3 method, therefore, does = 48°) lie on the slope in the energy surface; therefore, the
not seem suitable to treat peptide and protein systems. a-helical conformations are not stabilized by virtual-bond
3.2. Torsional Potentials. The potentials of mean force  double-torsional potentials. Because right-handdwlices have
calculated from the MP2/6-31G(d,p) ab initio and ECEPP/3 been found to be the lowest-energy conformations in ab initio
Ramachandran surfaces (eq 7) are shown in Figure 8, parts apalculat!ons of oligoalanine pr_epndéé“ by empirical energy
and b, respectively. It can be seen that the profiles obtainedcalculation$*®> and by experimerft;=®® they are therefore

from the two types of energy surfaces share some features. InStabilized by the correlation terms, i.e., by the coupling between
particular, the Gly-Gly torsional potential has three minima at Packbone-local and backbone electrostatic interactions and not

y = 18C° andy = = 60°, with quite similar energy maxima at b_y backl_)oneflocal ir_lt_eraction _alon_e. Th_is cpnforms with clas-
y = & 120° between them (0.64 kcal/mol for the ab initio and sical heIIX?COII transition theories, in whlch_lt is assumed that
0.47 kcal/mol for the ECEPP/3 surface). The minimuny at the formation of backbone hydrogen bonds is a necessary factor
180 corresponds to an extended conformation of the virtual- for_both initiating helix formation and stabilizing a formed
bond chain, while those gt = + 60° correspond to folded he"x-eg_ ) _ o
ones; after converting to all-atom chains, the last two conforma-  DeWitte and Shakhnovich determined the distribution of
tions correspond to a typédr type III' (for y = —60°) or type pairs of consecutive th_ual:bor\d dihedral angle§ frpm the
I or type Ill (for y = 60°) B-turn or, if the same value of the PI:?B.47 However, these distributions are total distributions of
angle is repeated at least two times, to a left- or a right-handedpairs of virtual-bond angles (the pseudo-dihedrals in their
a-helix. Conversely, the AlaAla torsional potential is different; ~ teérminology), without removing contributions arising from single
the torsional potential calculated from the ECEPP/3 Ramachan-Virtual-bond angles (cf., eq 8). Moreover, their surfaces contain
dran surface has a maximum at abput —50°, corresponding contributions from all interactions and not just from backbone
to the conformation of the €trace as in left-handed helices. local interactions (cf., the discussion in the Methods section).
This maximum in the torsionaipotential curve calculated from  Therefore, their results cannot be compared directly to ours.
the MP2/6-31G(d,p) Ramachandran surface is shifted to . .
0°, and the torsional profile becomes almost symmetric, which €onclusions and Further Directions
means that the torsional potential discriminates against confor- In this work, we determined Ramachandran energy surfaces
mations with too small virtual-torsional angleg) (and favors of terminally-blocked amino-acid residues representing the
extended conformations, without giving preference to the right- amino acid residues in a polypeptide chain using high-level
handed helices. This difference between the torsional-potentialtheory. On the basis of these maps, we calculated the single-
profiles calculated from the ab initio and ECEPP/3 Ramachan- and double-torsional potentials of mean force for rotation about
dran surfaces is a reflection of the fact that the E* and C* basins the @&—C® virtual bonds and fitted them to Fourier series for
of the MP2/6-31G(d,p) Ramachandran map of-#¢a—NHMe use in the UNRES force fieltf Comparison of the torsional
are much wider and thus more comparable in size with their E potentials with those determined earlier from the ECEPP/3
and C counterparts than in the ECEPP/3 Ramachandran surfac@amachandran surfaces showed that they share some common
(Figure 4, parts ¢ and d). Therefore, the energetic preferencefeatures but are also significantly different. The most important
for the right-handed over left-handedhelices must be ac-  (difference is the near symmetry of the AlAla ab initio
counted for by means other than the virtual-bond torsional torsional energy curve. It, therefore, appears essential to have
energy terms in UNRES, presumably by the correlation high quality potential-energy surfaces to parametrize a coarse-
contributions. grain force field, and errors in the parent single-residue all-
The Pro-Pro torsional potential calculated with the ECEPP/3  atom energy surfaces propagate to the mean-field surfaces by
force field exhibits two maxima at abopt= —5° and at about ~ numerical integration. The double-torsional-potential surfaces
y = 120, while the potential obtained with the MP2/6-31G- have a range of energies comparable to those of the single-
(d,p) ab initio method exhibits only one maximum at abput  torsional potentials, and their introduction into UNRES, there-
= —15°, with a height about two times smaller. This is also a fore, appears to be necessary.
direct consequence of the difference between the energy profiles = Clearly, revisions of the torsional potentials and introduction
of a terminally blocked proline residue calculated with the of double-torsional potentials alone are insufficient to revise
ECEPP/3 force field and that calculated with the ab initio the UNRES force field. Because the average electrostdig (
method. in eq 1) and correlation (@, in eq 1) terms were also derived
3.3. Double-Torsional Potentials. The double-torsional  from empirical all-atom energy surfaces of model peptide
potentials calculated with the MP2/6-31G(d,p) method are systemg®they too need to be recalculated using ab initio energy
shown in Figure 9. It can be seen that the range of energies ofsurfaces instead of the ECEPP/3 surfaces. Introduction of the
the double-torsional potentials is similar to that of the single- revised-torsional and double-torsional potentials, as well as of
torsional potentials, which suggests that they cannot be ignoredthe revised correlation terms, involves the need to re-determine
in the UNRES force field. It is remarkable that the Alala— the weights of the energy terms (eq 1) by Z-score optimiza-
Ala double-torsional potential has a minimum gt & 15°, y» tion;57-59 we also plan to refine the internal coefficients in the
= —15°), corresponding to g-turn. Generally, the region  energy terms (such as the Fourier coefficients in eq 9 and 10)
centered ap, = —y1 forms large basins in the double-torsional- by allowing them to undergo small variations, e.g., up to 20%
potential surfaces of the AGA, AGP, AAA, AAP, PGA, PGP,  of their original values, to obtain a more robust energy function.
PAA, and PAP triplets. This is understandable, because for Work on all of these subjects is currently being carried out in
opposite-sign values of, and y,, all possible 1,7-hydrogen  our laboratory.
bonds between the backbone atoms of the three consecutive
residues can be formed simultaneously. For the AAA triplet,  Acknowledgment. This work is dedicated to the memory
the minimum appears toward the lower right corner, because of our friend and colleague, Andreas C. Albrecht, for his seminal
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