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HYDROPHOBIC RESIDUES SHAPING THE CORE OF PROTEINS

Introduction

t is customary! to describe the spatial arrange-

ment of proteins, peptides, and their models in-
corporating the peptide unit —NH—CHR—C'O—
through torsional angle pairs [¢,¥], where ¢ de-
scribes torsion around the N—C and v describes
torsion around the C—C’ bonds. (See Scheme 1
for definitions of torsions of the two model com-
pounds investigated in this work, For-L-Val-NH,
and For-L-Phe-NH,.) Because the torsional poten-
tials along the periodic variables ¢ and ¥ may have
three minima for an alpha amino acid residue, one
expects® nine characteristic backbone conformers
for each peptide unit (see Fig. 1 for the Ramachan-
dran surface of For-L-Val-NH3). The [¢, ¥] values
of residues found in hundreds of nonhomologous
proteins, whose structures have been investigated
by X-ray diffraction,® revealed the existence of all
nine backbone conformers, though with very dif-
ferent abundances. Conformers forming the broad
B-region and structures corresponding to the he-
lical subspace (310- and/or 4i3-helices) of the Ra-
machandran surface are observed most often, while
D-type conformers are rare for amino acid residues
of S-chirality.

The simplest models for investigating the con-
formational behavior of proteins and peptides are
provided by amino acid diamides For-Xxx-NH, and
Ac-Xxx-NHMe. Ab initio geometry optimizations
on systems with Xxx = Gly, Ala, Val, Ser, Thr,
Phe, and His, recently reviewed in refs. 4 and 5,

SCHEME 1. HCO-L-Val-NH, and HCO-L-Phe-NH.
model systems with the definition of torsional variables
primarily determining the folding of these amino acid
types in proteins.

found in considerably fewer minima than the
maximum number allowed. For example, at the
3-21G(6-3114++G**) RHF level two(three) backbone
conformers of For-L-Ala-NH, could not be located.
Nevertheless, existence of the “missing” minima
has been verified by ab initio techniques for larger
peptide models.® Due to its hydrophobic side chain,
Val is a typical representative of those amino acid
residues that have a single H? (Val, Leu, Ile, and
Thr). Formally, the side chain of Val, —CH(CH3),, is
derived from the methyl side chain of Ala: two HFs
are replaced by two methyl groups. Typically both
methyl groups adopt a gauche™ orientation (x2 = 60°
and x; = 60°). Consequently, it is meaningful to
restrict the systematic conformational analysis of
a valine dipeptide model (e.g., For-L-Val-NH, of
this study) to three torsional variables, ¢, ¥, and
x1, with x> and x; both constrained at about 60°.
The resulting E(¢, v, x1) potential energy hyper-
surface (PES) is expected to have 27 characteristic
conformers (three x; orientations for each of the
nine backbone conformers). Nevertheless, for
For-L-Val-NH,, only 20 conformers could be located
previously at the 3-21G RHF level.”

Similarly to valine, phenylalanine (Phe) can also
be derived from alanine: one of the H’s is replaced
by a phenyl group. Therefore, phenylalanine has
two vicinal H?s (HS and HJ), and distinct x; ro-
tamers are expected. Thus, for For-L-Phe-NH,; the
three predicted x; orientations (gauche™, anti, and
gauche™) will differ energetically. Conformational
behavior of the x» (C#—CY) rotation is expected to
be complex;® nevertheless, in practice, x, typically
adopts a gauche™ orientation with x, ~ 60°. On the
E(¢, ¢, x1) PES, out of the 27 expected conformers of
For-L-Phe-NHy, a previous ab initio investigation’ at
the 3-21G RHF level resulted in only 19 conform-
ers, while reoptimization at the 6-314+G* RHF level
resulted!? in the disappearance of three additional
minima.

The molecular size of For-L-Val-NH, and For-
L-Phe-NH, enables full geometry optimization at
restricted Hartree-Fock (RHF),!! density functional
theory (DFT, e.g., B3LYP),'? and second-order
Moller-Plesset perturbation theory (MP2)!® levels.
It is common belief'*~1® that DFT(B3LYP) calcu-
lations provide structural data of similar quality
to those obtained from the more time consum-
ing MP2 approach, at least if better quality basis
sets (such as 6-311++G**) are applied. Therefore,
in this study only RHF and DFT methods were
employed, providing geometries and energies as-
sociated with the minima of the PES of For-L-
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Val-NH; and For-L-Phe-NH,. Systematic geometry
optimizations of all conformers by coupled clus-
ter (CC) computations is not yet realistic and most
likely not worth the effort. From full/constrained
geometry optimizations, complete conformational
libraries were determined for these peptide mod-
els to trace systematic structural changes induced
by the use of different ab initio techniques. Ener-
getic data obtained from these calculations allow
both the establishment of certain computational
characteristics and correlation between the relative
energies and natural abundance of conformations
of Val (Ile, Leu) and Phe (Tyr, Trp) residues in pro-
teins.

Obviously, in these models several well-known
phenomena are neglected, such as interresidue in-
teractions, long-range effects, hydration, etc. These
effects with additional ones influencing the con-
formational properties of linear polymers must be
incorporated in the future. However, the present
study focuses on the conformational properties of
structural and conformational building units of pro-
teins, where long-range interactions are not op-
erative. Adhering to the present limitations, it is,
however, possible to correlate the relative energy of
a conformer and its relative probability observed in
an ensemble of proteins.

TABLE I.

Methodological Details
AB INITIO COMPUTATIONS

In this study all ab initio computations were per-
formed with the program package Gaussian94.'”

In preliminary studies,”*1 20 conformers of
For-L-Val-NH, and For-L-Phe-NH, were found as
minima at the 3-21G RHF level. In the present
study, all these structures were reoptimized with
tighter convergence criteria and seven additional
[¢, ¥]-constrained 3-21G RHF structures were opti-
mized to complete the conformational libraries of
the valine and phenylalanine diamide model sys-
tems. For the 27 structures, further full /constrained
geometry optimizations were performed at the
6-3114++G™ B3LYP (For-L-Val-NH,) and 6-31+G*
RHF (For-L-Phe-NH;) levels. All 27 structures were
subsequently used for single-point energy cal-
culations at the 6-31+G* and TZ2P" RHF and
6-3114++G™ B3LYP levels. Description of theoreti-
cal levels A1l through E2 for For-L-Val-NH, and A2
through F2 for For-L-Phe-NHp, resulting from dif-
ferent combinations of full/constrained geometry
optimizations and energy calculations, is given in
Table I.

Description of Ab Initio Calculations and the Resulting Notation of Computational Levels Employed for the Model

Systems For-L-Val-NH, and For-L-Phe-NH,.2

Model Method Energy Calculation Optimized Geometry Used Conformer Categories

Val Al 3-21G RHF 3-21G RHF 20 full opt. 4+ 7[¢, ¥]-constr. opt.
A2 3-21G RHF 3-21G RHF 20 full opt.
B1 6-31+G* RHF 3-21G RHF 20 full opt. + 7[¢, Y]-constr. opt.
B2 6-31+G* RHF 3-21G RHF 20 full opt.
C1 6-311++G** B3LYP 3-21G RHF 20 full opt. 4+ 7[¢, ¥]-constr. opt.
Cc2 6-311++G** B3LYP 3-21G RHF 20 full opt.
D1 6-311++G** B3LYP 6-311++G** B3LYP 18 full opt. + 9[¢, ¥]-constr. opt.
D2 6-311++G** B3LYP 6-311++G** B3LYP 18 full opt.
E1 TZ2P RHF 6-311++G** B3LYP 18 full opt. + 9 [¢, ¥]-constr. opt.
E2 TZ2P RHF 6-311++G** B3LYP 18 full opt.

Phe A2 3-21G RHF 3-21G RHF 19 full opt.
B2 6-31+G* RHF 3-21G RHF 20 full opt.
Cc2 6-311++G** B3LYP 3-21G RHF 17 full opt.
D2 6-31+G* RHF 6-31+G* RHF 16 full opt.
E2 6-311++G** RHF 6-31+G* RHF 16 full opt.
F1 TZ2P RHF 6-31+G* RHF 16 full opt. + 11[¢, ¥]-constr.
F2 TZ2P RHF 6-31+G* RHF 16 full opt.

8|n the designation of the levels, index 1 means that all possible conformations (27 for both model compounds) are considered,
while index 2 indicates that only those conformers corresponding to minima are taken into account.
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HYDROPHOBIC RESIDUES SHAPING THE CORE OF PROTEINS

Geometric and energetic results for For-L-Val-
NH, are collected into Table II. The relative energies
of Table Il are referenced to two different global min-
ima, E[y.(¢g*)] and E[§, (a)] for the 3-21G RHF and 6-
3114++4G** B3LYP levels, respectively. For geometric
and corresponding energetic results for For-L-Phe-
NH, see refs. 9 and 10.

DATABASES

A total of 11,103 Val, 8911 Ile, 13,474 Leu, 6390
Phe, 5868 Tyr and 2374 Trp residues were collected
from 650 proteins having a homology level equal
to or lower than 25%.2° All entries correspond to
high-resolution X-ray structures taken from the 1998
issue of the PDB.?!

NOMENCLATURE FOR BACKBONE AND
SIDE-CHAIN CONFORMERS

The Ramachandran map! E = E(¢,¥) can
be divided into conformational subregions (catch-
ment regions) in several ways. For the torsional

angle pair ¢ and ¥, multidimensional conforma-
tional analysis (MDCA)? predicts nine catchment
regions, as depicted in Scheme 2 and Figures 1
and 2 for For-L-Val-NH,. Following IUPAC-IUB
recommendations®! the gauche® (¢F), anti (a), and
gauche- (¢~) desgruptors could be used for nota-
tion of the conformers. Nevertheless, we introduce,
following previous recommendations,? the follow-
ing shorthand notation for the typical main-chain
folds: . = (¢7,87), ap = (g1,¢7), B = (a,a),
n=g,8Nrw=g"8)=0g")b=>ag)
eL = (¢, a),and ep = (¢T, a) (Scheme 2).

In For-L-Val-NH;, which contains two geminal
C? carbons (C} and C};) plus a proton (H”) attached
to CP, distinct x; rotamers are expected. [The g car-
bon atom is a prochiral center next to the chiral C*
(Scheme 1).] Thus, the three predicted orientations
(g*, a, and g7) about x; will differ energetically.
The value of x; can be defined by using either the
N—C*—CFP—H?F or the N—C*—CP—C7 torsional
variable, the latter being used in PDB files. For com-
pleteness, both sets of data are reported in Table II.

TABLE Il

Structural and Energetic Results for Selected Ab Initio Conformers of For-L-Val-NH at the 3-21G RHF (A1) and
6-311++G** B3LYP (D1) Levels of Theory.

s.c. Conf. AE p(i)
Method [¢,¥] Conf2 inPDBP wo ¢ v w1 X1 E/Ey kcal mol~!  (%)°
A1 const. a,(g") (@) —1775 —540 -450 —179.6 615 —490.102146 8.05 0
D1 const. —-1771 —-54.0 —45.0 171.8 54.8 —495.998247 6.21 0
A1 const.  «.(a) (@) 1761 —54.0 —450 179.2 176.0 —490.100929 8.81 0
D1 const. —176.4 —54.0 —-45.0 171.3 176.6 —495.997491 6.69 0
A1 const. o (g7) (@) -1752 —54.0 -450 179.0 -54.8 —490.101750 8.30 0
D1 const. —1747 —-54.0 —-45.0 1704 —54.2 —495.997523 6.67 0
A1 opt. ap(gh) (@) 174.0 60.3 409 —180.0  76.4 —490.104220 6.75 0
D1 opt. 171.8 63.2 39.1 —173A1 83.2 —495.996506 7.31 0
A1 opt. ap(a) @) 174.9 473 446 -1793 178.7 —490.102403 7.89 0
D1 opt. 172.7 51.7 33.7 —174.0 —-179.8 —495.996649 7.22 0
A1 opt. ap(@) 9" 174.4 50.0 431 —179.8 —44.9 —490.101067 8.73 0
D1 opt. 172.3 51.2 39.6 —173.1 —42.8 —495.994158 8.78 0
A1 opt. Au@h) (@) 176.4 —1375 1435 1786 665 —490.109634 3.35 0
D1 opt. 175.0 —-118.8 125.8 —-177.3 59.2 —496.005447 1.70 4
A1 opt. B.(a) @) 1740 —142.4 1635 1773 1729 —490.112089 1.81 2
D1 opt. 1709 —-1311 1622 —-179.3 178.8 —496.005843 1.45 5
A1 opt. BL@) 9" 179.0 —163.2 157.4 1786 —55.2 —490.111804 1.99 2
D1 opt. 176.3 —-1519 157.6 —179.8 —49.6 —496.005546 1.63 4
A1 const.  8.(g") (@) —1746 -1300 300 1765  80.8 —490.107363 478 0
D1 const. —-172.6 —-130.0 300 1720 83.7 —495.999985 5.12 0
A1 opt. &.(a) (@) —1742 -1255 289 1758 1789 —490.109724 3.29 0
D1 opt. —-172.3 —-114.0 121 171.0 177.2 -496.008149 0.00 61
A1 opt. 8.(9) (@) 1736 —137.0 361 1759 —49.2 —490.108232 4.23 0
D1 opt. —-171.1 —1121 4.3 171.7 —43.0 —-496.005114 1.90 2
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TABLE II.
(Continued)

s.c. Conf. AE ()]
Method [¢,¥] Conf2 inPDBP wo ¢ W w1 X1 E/E, kcal mol~!  (%)°
A1 opt. 8p(g™) () 1749 —136.7 —59.9 179.8  67.2 —490.100556 9.05 0
D1 opt. 1740 -126.9 -68.0 —1754 60.0 —495.997371 6.76 0
A1 opt. dp(a) @) 1721 -170.4 -46.6 —176.5 1414 —490.097556 10.93 0
D1 const. 1761 —144.0 —-54.0 —1746 169.0 —495.993469 9.21 0
A1 opt. 8p(g”) @") 173.6 -1755 -34.6 —178.0 —554 —490.102318 7.94 0
D1 opt. 1720 -159.3 —-40.1 —-1729 -—-55.1 —495.996816 711 0
A1 const. e.(gt) (@) 1732 —60.0 120.0 —-179.3  60.6 —490.104901 6.32 0
D1 const. 169.4 —-60.0 120.0 —-172.0 60.2 —496.003059 3.19 0
A1 const. & (a) @) 1748 —60.0 120.0 —179.7 172.8 —490.103813 7.00 0
D1 const. 170.5 —60.0 120.0 —-172.7 172.0 —496.001053 4.45 0
A1 const. e.(g7) g™) 1759 —60.0 1200 —179.2 —62.6 —490.103519 7.19 0
D1 const. 171.3 —-60.0 1200 —171.8 —58.6 —496.000913 454 0
A1 opt. &p(gh) () —166.4 752 1526 1792  61.9 —490.097830 10.76 0
D1 opt. —168.2 85.1 1333 172.6 61.4 —495.992649 9.73 0
A1 opt. &p(a) @  —164.9 70.5 1703 179.8 —152.6 —490.097383 11.04 0
D1 const. —166.9 84.1 152.0 171.8 —-158.1 —495.990260 11.23 0
A1 opt. &p(g) (@)  —168.1 75.4 162.6 1784 —17.6 —490.095291 12.35 0
D1 opt. —168.7 83.7 160.6 174.0 —18.7 —495.990273 11.22 0
A1 opt. (g") (@) -1759 —866 714 —177.4 659 -490.114973 0.00 50
D1 opt. —-179.8 —-83.9 824 -170.3 65.8 —496.006780 0.86 14
A1 opt. y.(a) () —1745 —849 627 —179.8 173.2 —490.114404 0.36 28
D1 opt. —-176.5 —83.2 62.0 —179.9 170.4 —496.005901 1.41 6
A1 opt. 1(97) (@) —1742 -853 656 —179.0 -56.9 —490.113923 0.66 17
D1 opt. —-177.2 —83.8 741 —-173.4 —57.8 —496.004839 2.08 2
A1 opt. (@) (@) 175.8 742 -615 —-179.4  58.0 —490.111455 2.21 1
D1 opt. 177.4 728 —-632 176.8 63.3 —496.004545 2.26 1
A1 opt.  (a) @) 175.6 595 -385 —178.4 —168.8 —490.105971 5.65 0
D1 opt. 175.7 572 —-31.0 —1759 —-172.1 —496.000442 4.84 0
A1 opt. (@) 9" 1745 62.8 —39.1 —178.3 —35.8 —490.106569 5.27 0
D1 opt. 176.0 615 —-39.0 —-176.9 —-36.8 —495.999374 5.51 0

aSee text for labeling of the backbone conformers. See Table | for the methods used. Torsion angles in italics were fixed during
geometry optimization. At the 3-21G RHF (method A1) and 6-3114-+G** B3LYP (method D1) levels the global minima are y.(g™)

and §_(a), respectively.

b Side-chain conformers according to convention employed in the PDB.

C Relative populations for computed ab initio relative energies are determined as exp(—AE/RT)/% exp(—AE/RT), where RT = NkT =
0.595371 (kcal/mol) {T =300 K, k = 1.38 x 10-23 [J/K], and the Avogadro’s number (N) is 6.02 x 1023 (mol~1)}.

In For-L-Phe-NH,, the three predicted orientations
(g%, a, and g7) about x; will also differ energeti-
cally (Scheme 1). On the other hand, for x» only one
orientation was found, that of the ¢* conformer, as
reported earlier.'

Results and Discussion
STRUCTURES AND CONFORMATIONAL SHIFTS

Our peptide models, For-L-Val-NH; and For-L-
Phe-NH;, may have a maximum of nine charac-

teristic backbone arrangements. For each backbone
structure it is reasonable to assume three yx; orien-
tations (¢*, a, and ¢7) and a single yx» orientation
(g*), resulting in 27 idealized structures. From the
27 characteristic structures of For-L-Val-NHo>, 20 op-
timized to minima at the 3-21G RHF level.” In
this study the entire structural data set was reopti-
mized for For-L-Val-NH, at the 6-311++G** B3LYP
level with the result that 18 minima were obtained
(Figs. 1 and 2). To make the conformational li-
brary of Val complete at both levels of theory, the
remaining 7(9) structures of For-L-Val-NH, were
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300° | g'g g gg
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D-valley
I
300 Yp 8p (6l L-valley

B y  180° |€D P '{SL} /
60° op

| ¢
60° 180°  300°

SCHEME 2. The ideal location of the nine conformers
on the E = E(¢, V) surface, labeled according to the
IUPAC-IUB guidance (A). Approximate location of
optimized ab initio minima of For-Xxx-NHx (Xxx = Gly,
Ala, Ser, Thr, Cys, Asp, Val, Phe, His), using the
shorthand notation of the above nine minima (B). The o
is in brackets because it may vanish. The ¢_ stands for
poly-proline-Il type minima not yet assigned, during

ab initio studies, to any P—CONH—CHR—NHCO—Q
system. However, the existence of the o and ¢
conformations has been show, for example, in the
dialanine diamide HCO-Ala-Ala-NH,.

optimized using constrained [¢, ¢] torsional angles
(see TableII). As usual,? the y(¢*) conformer, in-
corporating a strong intramolecular H-bond typical
of inverse y-turns, was found to be the most stable
structure at the 3-21G RHEF level. At the more de-
pendable 6-311++G** B3LYP level, however, §,(a)
becomes the most stable structure, even though
8.(a), compared to y;(g™), has a high relative energy
of 3.29 kcal mol~! at the 3-21G RHF level. Inter-
estingly, there is neither a H-bond nor any other
obvious intramolecular stabilizing effect in 6, (a).
Geometry optimizations, starting from idealized
structures predicted by MDCA, result in slight
structural changes for some conformers and in con-
formational migrations (where the initial and the fi-
nal structures belong to different catchment regions)
for others. The seven migrations observed for For-
L-Val-NH,, at the 3-21G RHF level, are as follows:
(§7) = 0u(g), aw(a) = (@), w@F) = n@g"),
3u(g") = ng") e§) = r.(g7), e(@) = y(a), and
e(g™) = y.(¢™). Two more migrations occur at the
6-3114++G™ B3LYP level: p(a) = 5.(a) and ep(a) =
vp(a). These migrations indicate flattening of the rel-
evant portions of the PES. The disappearance of

A
360
L)
oL
Yo Sp
240
€p
v BDL €L
120 \_o/
aD SL
2o <, T
¢) L
0
0 120 (1] 240 360
B
360
s* ok k
D, )
* .
YD SD e aL
240
€p
v Bow R
)| DY
120 NS
aD SL @
@ * Kj YL
0 ‘
0 120 (0] 240 360

FIGURE 1. Distribution of the 27 conformers of
HCO-L-Val-NH» on the Ramachandran plot determined
at the RHF/3-21G (A) and B3LYP/6-311++G** (B) levels
of theory. (A star stands fo a conformer whose structure
was partially optimized using constrained ¢ and v
values. See Table Il for details.)

the two 3-21G RHF For-L-Val-NH, conformers is in
line with the general trend* ?>~2* that at higher lev-
els of theory annihilation of minima (and saddle
points) occurs frequently. Although no systematic
mapping of the PES was performed, analysis of the
nature of these migrations reveals the following im-
portant features about the PES of For-L-Val-NH,:
(a) neither o.- nor & -type backbone orientations
correspond to minima at any side-chain orienta-
tion; (b) while all three polyproline-like structures
(er) “slide” to the y; catchment region, the «; in-
put conformers “end” either in the y; or in the §;
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! © RHF/3-21G & B3LYP/6-311++G** A idealized|
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FIGURE 2. Location of the idealized and the averaged
backbone conformers (3-21G RHF and 6-311++G**
B3LYP) of For-L-Val-NH» on the Ramachandran surface
(the ¢ and 1 values of conformers belonging to a
common catchment region are averaged (e.g., y.(g+),
(@, and y(@7) = ).

area of the Ramachandran surface (all these con-
formational changes can be rationalized by simple
shifts in ¥); (c) side-chain orientations are always
preserved during the migrations; and (d) migration
of D-type structures occurs only during 6-311++G**
B3LYP optimizations and the §p(a) = §.(a) migra-
tion forms the unique example of a D to L structural
shift (this conformational migration may be associ-

TABLE Ill.

ated with the 6, (a) conformer becoming the global
minimum at the 6-311++G** B3LYP level). The lack
of 8p(a) and ep(a) migrations at the 3-21G RHF level
is probably due to the fact that both initial conform-
ers have a high relative energy at the 3-21G RHF
level: AE[6p(a)] = 10.9 kcal mol~! and AE[ep(a)] =
11.0 kcal mol 1.

In the next phase of our study the backbone
conformational parameters of minima of the same
catchment region but with different side-chain ori-
entations were averaged. The results are presented
in Table III and on Figure 2. As found earlier for
alanine and serine diamide model systems,* the 3-
21G RHF torsion angles are typically more similar to
those of the idealized conformers than the more de-
pendable 6-3114++G** B3LYP optimized ones. The
DEFT structural shifts are small but significant, espe-
cially for the é;, 8p, Bi, and ep conformers.

When comparing torsion angles of For-L-Val-
NH,, determined at the two levels of theory
(18 common conformers), the average difference for
the entire data set is only 4.9°, suggesting only small
conformational changes upon reoptimization. Sig-
nificant changes in torsions (>15°), are observed
only for five conformers, as listed in Table IV. In two
of the five cases, §.(¢”) and B.(¢™), both backbone
torsional parameters change substantially, while for
the other three structures, namely for é.(a), én(g7),
and ep(¢"), only one out of the three monitored
torsional parameters shift significantly. There is no
change exceeding 8° for any of the side-chain orien-
tations. We can offer no obvious explanation for the
five “large” conformational shifts. Unlike for model

Average Backbone Conformational Parameters of Fully Optimized For-L-Val-NH,.2

6-311++G** B3LYP(3-21G RHF)

Conformer® Number of Conf.° gaverage yraverage

oL 0 (0) — _

o 3(3) 55.4 (52.5) 375 (42.9)
B 3(3) ~133.9 (—147.7) 148.5 (154.8)
5 2 (2) —113.1 (—131.3) 8.2 (32.5)
8o 2 (3) ~143.1 (—160.9) ~54.0 (—47.0)
&L 0 (0) — _

€o 2 (3) 84.4 (73.7) 147.0 (161.9)
" 3 (3) —83.6 (—85.6) 72.9 (66.6)
o 3 (3) 63.9 (65.5) _44.4 (—46.4)

apaverage and ,averade gre in degrees. Values reported correspond to 6-311++G** B3LYP optimizations, values in parentheses

were obtained at the 3-21G RHF level.
b Type of backbone conformers.

C1n all nine backbone catchment regions only fully optimized conformers were averaged.
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FIGURE 3. Pair-wise comparison of selected dihedral
parameters (¢, 1, and x1) of CHO-L-Val-NH, determined
at 3-21G RHF and 6-311++G** B3LYP levels of theory.

systems of serine, where the conformers with higher
relative RHF energies showed more tendency to-
ward conformational shift upon reoptimization,?
in the case of For-L-Val-NH, there is no such cor-
relation. On the contrary, §,(a) is the structure that
changes the most and becomes the global minimum
at the 6-3114++G™ B3LYP level. Reoptimization at
higher levels of theory often results in lower rela-
tive energies (cf. Table II and Fig. 3). However, a

large conformational shift does not always imply
a large change in relative energy, as can be seen
for B.(¢") in Table II. Furthermore, all three major
dihedral angles (¢, ¥, and x1) used for describing
molecular folding, determined at the 3-21G RHF
and 6-311++G** B3LYP levels, correlate well. For
example, the Pearson correlation coefficients,® R,
between dihedral angles obtained at the 3-21G RHF
and 6-3114++G** B3LYP levels are very high: R(¢) =
0.993, R(¥) = 0.994, and R(x1) = 0.996 (Fig. 3).

H-BONDS

The amino acids Val and Phe have apolar side
chains; therefore, intramolecular H-bond formation
is only possible between the carbonyl and the NH
groups. The most important H-bond is formed be-
tween the oxygen of the formyl group, representing
the carbonyl of residue i — 1 in a peptide, and the
proton of the NH, group of residue i + 1 (Scheme 1).
This strong H-bond is characteristic for y-turns.
[Two y-turns are possible: the so-called inverse y-
turn (y.) and its conformational mirror image, the
“normal” y-turn, called here y,.] A second type
of H-bond is formed between the proton attached
to amide nitrogen and the carbonyl oxygen within
the amino acid residue, resulting in a rather weak
five-membered pseudoring system (Table V). These
H-bond systems imply specific backbone torsions.
In the y, conformation, ¢ ~ —75° and v ~ +75°.
In yp, a conformational mirror image of y;, the same
intramolecular H-bond pattern can be found, im-
plying ¢ ~ +75° and  ~ —75°. The second type
of H-bond results in an extended structure with
¢ ~ —150° and ¢ ~ +150°, characteristic of f;.

TABLE IV.
Significant (A¢ > 15°) Conformational Differences
between 3-21G RHF and 6-311++G** B3LYP
Optimized Conformers of For-L-Val-NH,.

Conf2  |A¢I® |AY|®  |AxyP  Average Shift®
B@gt) 186 17.7 7.2 14.5
5.(a) 11.6 16.8 1.7 10.0
S5.(g7) 2458 31.7 6.2 20.9
So(@”) 16.2 5.5 0.3 7.4
ep(g™) 9.9 19.3 0.5 9.9

a0nly fully optimized geometries are compared. See text for
notation of backbone conformers. All values are in degrees.
b Differences between 3-21G RHF and 6-311++G** B3LYP
conformational parameters.

CAveraged over three conformational variables (¢, v,
and x1).
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TABLE V.

H-Bond Parameters in For-L-Val-NH, at the 6-311++G** B3LYP level.

Conf.2@ r(04...N2) r(Oq...H—Ns) ©(04...H—Ns) Conf. r(Os...N1) r(Oso...H—Nq) ©O(0a2...H—Ny)
y.(@™) 3.04 2.21 137.39 BL@™) 2.84 2.56 94.99
y.(a) 2.95 2.08 143.78 BL(a) 2.68 2.24 104.13
v(g™) 2.98 212 141.57 BL@™) 2.66 2.20 105.74

o (g™) 2.88 1.99 145.60

vo(a) 2.81 1.88 151.24

vo(g7) 2.83 1.90 150.20

y average 2.92 2.03 144.96 B average 2.73 2.33 101.62

@ For-L-Val-NH» conformers. Distances (r) in A angles (®) in degrees. The numbering of the atoms is according to Scheme 1/A.

Stabilization due to H-bonds is obvious: both
and B, structures have low relative energies. D-type
backbone conformers are in general less favored
for L-amino acid derivatives than any L-type con-
former. Stabilization of y, compared to &, (at the
3-21G RHF level AE[$.(¢7)] = 4.78 kcal mol™! >
AE[yp(g™)] = 2.21 keal mol™!, at the 6-311++G**
B3LYP level a similar relationship exists) is clearly
due to H-bond formation.

BASIS SET DEPENDENCE OF
RELATIVE ENERGIES

For the For-L-Val-NH; model, five sets of (rela-
tive) energies have been determined (see Table VI
and Fig. 4A). All five data sets are referenced to the
energy of the global minimum, y; (¢%). Except for oy
and op, L-type conformers have significantly lower
relative energies than their D-type counterparts. The
oy, conformers themselves are slightly more sta-
ble than the appropriate ap structures, except at
the introductory 3-21G RHF level. Relative energies
determined at the 3-21G RHF level show large vari-
ation as a function of the conformations. As found
for other For-Xxx-NH, model systems, like Xxx =
Gly,* 18 Ala,* 8 Ser,%2* and Phe,” 1 the larger is the
basis and/or the higher is the applied level of the-
ory, the smaller is the spread of the relative energies.
This trend is valid for valine (Fig. 4 and Table VI),
although RHF/6-314+-G* //RHF/3-21G relative ener-
gies can occasionally be lower than those computed
at the highest, 6-3114++G** B3LYP level.

As only limited energetic data were reported
for For-L-Phe-NHj in the past,” 1 in this article we
present additional single-point energy calculations,
which enhance our understanding about the ener-
getics of this peptide model. All energies presented
in Table VII (see also Fig. 4B) are referenced to the
energy of y.(¢7), the global minimum. The AE val-

TABLE VI.
Ab Initio Relative Energies (in kcal mol—') of
For-L-Val-NH; at Five Different Levels of Theory.?

Conformer A1 B1 C1 D1 E1

aL(@h) 8.0 55 5.9 5.4 5.0
aL(a) 8.8 5.7 6.1 5.8 5.6
(@) 8.3 5.9 6.2 5.8 5.5
ap(@™) 6.7 6.5 6.7 6.4 6.2
ap(a) 7.9 6.6 6.8 6.4 6.1
ap(g™) 8.7 8.7 8.3 7.9 7.9
BLgh) 3.4 0.4 1.1 0.8 0.3
BL(a) 1.8 0.1 0.7 06 —0.1
BLg) 2.0 0.3 0.7 0.8 0.5
5.(@™) 4.8 3.9 4.0 4.3 45
L) 3.3 1.3 1.8 —09 1.8
5.(g) 4.2 35 3.6 1.0 37
So(g™) 9.0 6.0 6.3 5.9 5.7
So(a) 10.9 9.2 6.2 8.4 8.7
8o(g7) 7.9 6.6 6.5 6.3 6.0
e(g™) 6.3 1.3 2.6 2.3 1.1
eL() 7.0 3.4 4.0 3.6 2.8
e(g7) 7.2 3.6 4.2 37 2.9
en(gt) 10.8 9.1 9.1 8.9 8.9
ep(a) 110 102 100 104 105
en(g™) 124 106 104 104 105
v 0.0 0.0 0.0 0.0 0.0
v.(a) 0.4 0.7 0.3 0.6 1.1
v(97) 0.7 1.9 1.2 1.2 1.8
Yo(g™) 2.2 1.6 1.2 1.4 2.2
Yo(a) 5.6 5.1 37 4.0 5.3
Yo(g™) 5.3 6.3 4.6 4.6 6.3

aAll relative energies are with respect to E[y (g™)].
E[yL(gT)]/En is {—490.114973, —492.862889, —496.004022,
—496.006780, —493.010973} at the {A1 = RHF/3-21G,
B1 = RHF/6-314+-G*//RHF/3-21G, C1 = B3LYP/6-311++G**//
RHF/3-21G, D1 = B3LYP/6-311++G**, E1 = RHF/TZ2P//
B3LYP/6-31++G**} levels. See text for description of the con-
formers.

740

VOL. 22,NO. 7



HYDROPHOBIC RESIDUES SHAPING THE CORE OF PROTEINS

—e— RHF/3-21G

—8— RHF/6-31+G*//RHF/3-21G
—&— B3LYP/6-311++G*"//RHF/3-21G
—A— B3LYP/E-311++G*

13.0

—6— GIAO/TZ2p//B3LYP/6-311++G™

A

AE (kcalfmol)

conformer

—&—RHF/3-21G

—B— RHF/6-31+G*//RHF/3-21G

14,0 ¢ —&— B3LYP/6-311++G™//RHF/3-21G
—8— RHF/6-31+G*

—&— RHF/6-311++G**/RHF/6-31+G*
—6— RHFAz2p/RHF/6-31+G*

12,0 +

10,0 A

8,0 A

o
[=]
N

AE (kcalfmol)
_‘g

2,0 4

0,0

-2,0

conformer

FIGURE 4. Comparison of relative energy differences of For-L-Val-NH, (A) and For-L-Phe-NH, (B) obtained at selected

levels (see also Tables VI and VII).

ues of L-type conformers are typically lower than
the respective values calculated for D-type conform-
ers. This is in line with the experimental observation
that in proteins D-type backbone conformers are
much less frequent than their L-type counterparts.
The limitations inherent in the 3-21G RHF ab ini-
tio approach make some of the computed energies
unreliable. This is a considerable hindrance, because

characterization of conformational libraries of bio-
molecules at higher levels of theory is unrealistic.
Therefore, it is of considerable importance to de-
termine whether calibration of 3-21G RHF energies
of For-L-Val-NH, against energies of higher level
computations is feasible. As noted earlier, for the
torsional angles ¢, ¥, and x; of For-L-Val-NH,, the
3-21G RHF and the 6-311++G** B3LYP values show
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TABLE VII.
Ab Initio Relative Energies (in kcal mol~) of
For-L-Phe-NH; at Six Different Levels of Theory.2

Conformer A2 B2 Cc2 D2 E2 F1

o (a) 5.75
oL (g_) 2.72
ap(g™) 11.16 8.60 921 802 759 7.46
ap(a) 839 632 731 6.07 586 571
ap(g7) 6.75 271 448 276 261 248
BLg™) 390 115 243 0.74 058 0.46
BL(a) 154 —-0.83 024 —1.44 —-1.47 —-1.46
BLg) 7141 085 248 2.89
Su(g™) 298 017 148 068 040 048
o.(a) 5.55
o(@7) 666 113 271 163 143 135
So(gt) 854 539 6.87 455 447 4.28
8o(a) 1096 7.09 825 594 565 565
dp(g7) 9.54
(g 3.22
eL(a) 0.83
e(@) 1.16
en(@™) 1761 13.20 12.30 11.25
£o(a) 989 559 6.68 564 548 554
ep(97) 9.46 6.37 7.73 3.66
v(g™) 0.00 0.00 0.00 0.00 0.00 0.00
y.(a) 151 -0.18 0.62 —-0.49 -0.52 —-0.57
wig™) 259 —0.87 —0.43 —0.47 —0.47
vo(a) 10.72 850 7.16 768 7.34 7.22
olg™) 587 3.07 322 311 3.0
o(@7) 366 090 162 1.04 095 1.00

aAll relative energies are with respect —648.462030 to
ElyL(@T)]. ElyL(@"))/En is {—640.745238, —644.346283,
—644.466682, —644.501279, —644.528642} at the {A2 =
RHF/3-21G, B2 = RHF/6-31+G*//RHF/3-21G, C2 = B3LYP/
6-3114++G**//RHF/3-21G, D2 = RHF/6-31+G*, E2 = RHF/
6-3114++G**//RHF6-31+G*, F1 = RHF/TZ2P//RHF/6-31+G*}
levels. See text for description of the conformers.

impressive correlation (Fig. 3), all R?> values be-
ing higher than 0.993. Performing the same type of
comparison for For-L-Phe-NH, (for structural data
see Table I of ref. 9) between data determined at
3-21G and 6-31+G* RHF levels, the R? values are,
once again, higher than 0.985. Comparing torsional
values pair-wise, all conformational parameters re-
sponsible for the molecular fold correlate extremely
well. This result further supports the important ob-
servation that increasing the applied level of theory
changes the conformational preferences only mar-
ginally.

It is important to compare changes in relative
energies as a function of the level of theory.
Although relative energies do change when the

ab initio method is altered, there is a clear linear
correlation between relative energy values obtained
at different levels [see AE(B3LYP/6-3114++4+G**//
RHF/3-21G) and AE(3-21G RHF), as well as
AE(B3LYP/6-311++G™) and AE(B3LYP/
6-311+4+G* //RHF/3-21G) trends in Fig. 5A
and B]. The correlations are often significant:
R* = 0.882 on Fig. 5A and R*> = 0.932 on Fig. 5B.
Note that the latter correlation can become as
significant as R? = 0.993, if structures &, (a), 5L(g7),
and &p(a) are removed from the data set. Note also
that two [8,(a) and 8, (¢7)] out of the three structures
responsible for deteriorating the linear correlation
are among those conformers that shifted the most
when structures were reoptimized at the higher
ab initio level (see Table IV).

Another important problem of applied quan-
tum chemistry is whether single-point energy
calculations are good enough for flexible mole-
cules like our peptide models or full geometry
optimizations are required.!* %26 Comparison
of our B3LYP/6-311++G**//RHF/3-21G and
B3LYP/6-3114++G** results for For-L-Val-NH,
reveal the following: (a) the better correlation be-
tween AE(B3LYP/6-3114++G**//RHF/3-21G) and
AE(6-31144+G** B3LYP) compared to correlation
between AE(B3LYP/6-3114++G** //RHF/3-21G)
and AE(3-21G RHF) shows that the energetics
are not very dependent on changes in the under-
lying reference geometries. (b) The single-point
AE(B3LYP/6-311+4+G**//RHF/3-21G) energy cal-
culations match well with the data set obtained from
full 6-3114++G* B3LYP geometry optimization.
Furthermore, AE(RHF/6-314G* //RHF/3-21G)
and AERHF/TZ2P//B3LYP/6-311++G**) data
sets also correlate impressively: R> = 0.986. In
conclusion, the single-point calculations are almost
as instructive as the 15 to 25 times lengthier
geometry optimizations (Table V). This finding
indicates that performing relatively inexpensive
single-point calculations on the entire set of 3-21G
RHF geometries could be used remarkably well
to mimic higher level energy calculations, such as
AERHF/TZ2P//B3LYP/6-311++G**). A similar
analysis on For-L-Phe-NH,, based on the available
relative energies, results in a rather similar picture.

Recently, ab initio calculations in the presence of
solvents are more common and readily available
in QM packages. The Onsager model,” the po-
larized Continuum model (PCM) of Tomasi,?® or
the isodensity surface polarized continuum model
(IPCM)? can be applied for amino acids and pep-
tides. Despite their limitations, these approaches
could help to mimic the properties of solvent en-
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AEB3Lyp/6-311++G*//RHF/e-21G (A) and AEpgyp/e3114+G*+ With AEpaiyp/6-3114+G*/RHF/3-21G (B)].

vironment, providing a more realistic picture of
“real-life” systems. However, as mentioned above,
valine is a typical amino acid residue buried in
the inside of proteins. Therefore, vacuum represent-
ing hydrophobic environment seems more adequate
for this study. When relative energies and natural
abundances are compared, neglect of solvent effects
seems to be a good approximation (see the next

paragraph).

RELATIVE ENERGIES VS.
NATURAL ABUNDANCES

In this section we correlate relative ab initio en-
ergies of conformers of our model systems with
relative “natural” abundances of backbone confor-
mations extracted from a carefully filtered set of
proteins of known X-ray structure. The energy of the
basis set dependent global minimum (e.g., y.(¢")
and §.(a) for For-L-Val-NH;) was chosen as the
reference value for determining relative ab initio en-
ergies of For-L-Val-NH, and For-L-Phe-NH,. One

of the basic assumptions of our analysis is that a
low-energy structure will occur more frequently in
proteins than a high-energy structure, i.e., “natural”
abundance of an amino acid conformer, p,, is de-
termined by the relative energy of the molecular
conformation. Furthermore, we assume that con-
formations of an amino acid residue (in this study
we are interested in Val, Ile, Leu, Phe, Tyr, and
Trp) in a protein are simply modeled by those of
For-L-Xxx-NH,, with Xxx = Val and Phe. This pro-
posed model ignores several factors, most impor-
tantly interresidue interactions, long-range effects,
and hydration. Finally, a Boltzmann-type exponen-
tial distribution is assumed for relative populations:

Px
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A protein data set, described elsewhere® and
including over 10,000 valines, isoleucines, and
leucines, over 6000 phenylalanines and tyrosines,
and more than 2000 tryptophanes was used in this
work. Each {¢, ¥, x1} triad represents a character-
istic conformer, as reported for For-L-Val-NH, in
Table II. The subconformers of the target amino acid
residues derived from proteins are expected to form
clusters located around the centers of any of the 27
catchment regions. In this study these clusters are
approximated by a series of volumes generated by
parameter 7, where the volume is determined by
{op+1,¥+1,1+71},and the {¢, ¥, x1} triad refers to
ab initio optimized torsional angles (see Tables VIII
and IX and their footnotes for further details). With
T = 30° 45°, and 60°, increasing volumes are ob-
tained, and consequently more and more residues
(called Sum in Tables VII and IX) belong to a given
catchment region. Naturally the volumes defined
may overlap. The number of residues found in these
overlapping regions are called Overlap in Tables VII
and IX. It is instructive to see how unevenly the con-
formers are distributed among the 27 catchment re-
gions. Finally, Pearson correlation coefficients, R(¢),
where { = ¢, ¥, and x1, and standard errors are
used as two measures of the linearity between “nat-
ural” abundance and relative energy (see Tables X
and XI for relevant results).

Our systematic analysis involved ab initio ener-
gies from all conformational libraries (see Tables VI
and VII for For-L-Val-NH, and For-L-Phe-NH,,
respectively) and the “natural” abundance of
Val, Ile, Leu, Phe, Tyr, and Trp residues using
conformational volumes of increasing size. Due to
model limitations it is unrealistic to expect a perfect
correlation with high R and low standard error.
The results of Tables X and XI show that for Val
the R value can be as high as —0.86 (Fig. 6).
For Phe the best R values are significantly lower
(R = —-0.77) (Fig. 7), but this still shows correlation
between ab initio calculated energies and “natural”
abundance of these conformers in proteins. On
Figure 6 relative energies of 18 fully optimized For-
L-Val-NH, (AE[RHF/TZ2P//B3LYP/6-311++G**],
Level E2) conformers are plotted against the
“natural” abundance extracted for the same amino
acid conformation from our protein database.
When counting “natural” abundance values
(In[px/ppr@]), two sets of {¢, ¥, x1} triads were
used for For-L-Val-NH,: one from 3-21G RHF
and the other from 6-3114+G*B3LYP optimized
structures. The Pearson correlation coefficients are
significant for both sets, R = —0.86 and R = —0.81,
respectively (see Table X). Selected conformers

of D-type (explicitly marked on Fig. 6) are pri-
marily responsible for the lack of better linear
correlations; for example, upon removal of both
¥o conformers from the analysis the R-values
increase by some 10%. Systematic narrowing of the
size of catchment volumes decreases drastically
the number of residues found in a given region
(cf. Tables IX and X); nevertheless, the R-values
remain high: halving the radius (60° = 30°)
results in a decrease from a total of 12,921 to 4606
valines (Table VII), while the Pearson correla-
tion coefficient changes only to a small extent:
R®[Val(RHF)] = —0.86 = R*’[Val(RHF)] = —0.79.
Therefore, enlargement of the volume does not
improve significantly the standard error or the
quality of the fit (Tables X and XI). This indicates
that even for the smallest data set (with t = 30°) the
distribution of the residues among the catchment
regions is reasonably close to that detected for the
largest volume (¢ = 60°). On the other hand, the
standard error varies markedly with the change in
the applied level of theory, indicating that either
the location of the spheres or the relative energy
differences change significantly as a function of the
applied level of theory. Therefore, we probed fully
optimized sets of energies [E(6-311++G** B3LYP),
Level D2, or E(6-31+G*RHF), Level A2] and
energies from single-point calculations [E(B3LYP/
6-311++G*™ //RHF /3-21G), Level C, or E(RHEF/
6-31+G*//RHF/3-21G), Level B] against “natural”
abundance. Monitoring the variation of the
standard errors of the fitting as a function of the
ab initio method, it looks as if the improved energy
and not the improved geometry is responsible for
the better fitting. However, the largest difference
is induced if both - and ¢ -type structures are
incorporated into the analysis. Because none
of these structures are minima for these model
systems (these structures result from constrained
geometry optimizations) the calculated ab initio
energies are less reliable. Calculations at levels with
index 2 (Table I) ignore these structures and indeed
the resulting correlation is significantly better. At
least two additional observations can be made by
inspecting Tables X and XI. Although the ab initio
energies of For-L-Val-NH, can be used to estimate
the “natural” abundance of Ile or Leu conformers,
these correlations are always less significant
(compare, e.g., level E2 series in Table X) than
those computed for valine. This suggests that the
Ile and Leu residues, both having more side-chain
rotamers than Val, can only partially be modeled by
For-L-Val-NH,. The structural difference between
phenylalanine and tyrosine is minor, so a stronger
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HYDROPHOBIC RESIDUES SHAPING THE CORE OF PROTEINS

TABLE X.
Fitting Parameters [Pearson Correlation Coefficients, R, and Standard Errors (in kcal mol=1), o] of Ab Initio
Determined Relative Energies (E — E,¢) of Valine Diamide Conformers and Relative Probabilities (In[px]/[pref]) of
Valine, Isoleucine, and Leucine Residues in Proteins.?

(A) RP ¢ A1 A2 B1 B2 (o3 c2 D1 D2 E1 E2

Val//ValRHF)¢ 30 —-0.04 -059 -0.38 -0.76 -027 -068 —027 -068 —043 —0.79
Val//Val(RHF) 45 —-027 -065 -057 —0.80 —-046 —074 -049 —073 —061 —0.81
Val//Val(RHF) 60 -040 -067 -066 -—079 —057 -076 -058 —0.78 —0.70 -0.86
Val//Val(DFT) 30 -007 -043 -043 —067 -031 -058 —034 -062 —046 —0.68
Val//Val(DFT) 45 -0.18 —-051 —-053 —074 —-043 —066 -045 —0.69 -056 —0.76
Val//Val(DFT) 60 -029 -060 -062 —079 -053 —073 -053 —0.74 -0.64 -0.81
lle//Val(RHF) 30 0.05 -042 -021 -053 -0.07 -046 —011 -041 —025 —0.51
lle//Val(RHF) 45 -010 -053 -037 -065 -025 —-059 —-030 -059 —041 —0.64
lle//Val(RHF) 60 -025 —056 —-051 —068 —041 —064 —044 —067 -055 -0.73
lle//Val(DFT) 30 009 -036 -0.19 —-054 —0.05 —048 —0.09 -049 —023 —0.58
lle//Val(DFT) 45 005 -029 -022 046 -0.11 —043 -0.16 -050 -026 —0.55
lle//Val(DFT) 60 -028 —-053 -054 —067 —047 -064 —048 —071 —056 -0.76

Leu//Val(RHF) 30 033 -0.22 0.01 —0.48 015 -0.34 — — —-0.04 —-0.51

Leu/NVal(RHF) 45 —0.31 —-071 -053 -0.80 -041 —071 —-046 -072 —-057 —0.78
Leu//ValRHF) 60 -0.38 -070 -059 -078 -052 -076 -053 -071 —063 -0.77
Leu//Val(DFT) 30 010 -029 -019 —049 —0.02 -037 -011 —-036 —024 —045
Leu//Val(DFT) 45 —-023 -055 -049 -070 -040 -065 -044 -063 —053 —0.68
Leu//Val(DFT) 60 —-0.26 -053 -0.50 -0.66 —0.44 -0.65 —044 —066 —053 -0.72
B) of T A1d A2 B1 B2 (o3 (07 D1 D2 E1 E2

Val//Val(RHF)® 30 2.35 1.68 2.17 1.34 2.26 1.51 2.26 1.51 2.13 1.28

)
Val//Val(RHF) 45 2.21 1.67 1.88 1.31 2.04 1.49 2.01 1.50 1.82 1.29
Val//Val(RHF) 60 2.19 1.76 1.80 1.44 1.97 1.55 1.96 1.53 1.72 1.25
Val//Val(DFT) 30 2.28 1.97 2.07 1.62 217 1.79 2.15 1.72 2.04 1.60
Val//Val(DFT) 45 2.20 1.96 1.89 1.52 2.02 1.70 2.00 1.64 1.85 1.49
Val//Val(DFT) 60 2.14 1.91 1.76 1.46 1.90 1.63 1.90 1.59 1.72 1.41
lle//Val(RHF) 30 2.45 1.86 2.40 1.74 2.45 1.82 2.44 1.89 2.38 1.79

lle//Val(RHF) 45 2.47 1.96 2.31 1.77 2.41 1.87 2.37 1.89 2.27 1.79
lle//Val(RHF) 60 2.52 212 2.24 1.88 2.37 1.97 2.34 1.96 2.18 1.80
lle//Val(DFT) 30 2.34 1.86 2.31 1.69 2.35 1.75 2.34 1.81 2.29 1.69
lle//Val(DFT) 45 2.32 2.18 2.27 2.03 2.31 2.07 2.30 2.06 2.25 1.99
lle//Val(DFT) 60 2.51 2.23 2.20 1.96 2.31 2.01 2.29 1.91 2.16 1.79
Leu//Val(RHF) 30 2.09 1.53 2.21 1.38 2.19 1.48 — — 2.21 1.35

Leu//Val(RHF) 45 2.49 1.62 2.21 1.40 2.38 1.62 2.32 1.56 2.14 1.40
Leu//Val(RHF) 60 2.23 1.60 1.94 1.38 2.06 1.45 2.04 1.50 1.88 1.34
Leu//Val(DFT) 30 2.45 1.95 2.42 1.78 2.46 1.90 2.45 1.91 2.39 1.84
Leu//Val(DFT) 45 2.39 1.87 2.14 1.61 2.25 1.71 2.21 1.72 2.09 1.62
Leu//Val(DFT) 60 2.23 1.87 2.00 1.65 2.07 1.67 2.07 1.65 1.96 1.52

@650 nonhomologous proteins have been selected.

b Pearson correlation coefficient, —1 <R < 1.

CThe radius (t) of the hypersphere (30°, 45°, and 60°). The ¢, ¥, and x4 values, calculated at 3-21G RHF or 6-311++G** B3LYP
levels of theory, pinpoint the center of the sphere of radius T determining the appropriate conformational cluster.

dThe ab initio level of theory used for the energy calculation (for abbreviations see Table I).

€Type of amino acid residue (Val, lle, and Leu) counted and conformationaly clustered in proteins by using the ¢, v, and x4
conformational parameters of HCO-L-Val-NH» determined at RHF/3-21G (Val/RHF) and at B3LYP/6-311++G** (Val/DFT) levels of
theory.

fStandard error, in kcal mol=1.
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TABLE XI.

Fitting Parameters of Ab Initio Relative Energies (E — E¢) of Phenylalanine Diamide Conformers and Relative

Probabilities (In[px/pref]) of Phenylalanine, Tyrosine, and Tryptophane Residues in Proteins.?

(A) Perason Corr. Radius
Coefficient? Size® Ad B c D E F1 F2
Phe//Phe(3-21G)¢ 30 — —0.46 — —0.44 —0.44 —0.45 -0.18
Phe//Phe(3-21G) 45 —0.48 —0.70 —0.59 —0.64 —0.64 —0.65 —0.54
Phe//Phe(3-21G) 60 —0.59 —0.74 —0.71 —0.73 —0.74 -0.75 —0.55
Phe//Phe(6-31+G*) 30 — —0.66 — —0.59 —0.60 —0.61 —0.50
Phe//Phe(6-31+G*) 45 —0.46 —0.68 —0.57 —0.66 —0.67 —0.68 —0.42
Phe//Phe(6-31+G*) 60 —0.60 —0.74 —0.72 —0.76 —0.76 -0.77 —0.53
Tyr//Phe(3-21G) 30 —-0.18 —0.56 —0.42 —0.50 —0.51 —0.53 -0.17
Tyr//Phe(3-21G) 45 —0.48 —0.68 —0.62 —0.62 —0.64 —0.65 —0.51
Tyr//Phe(3-21G) 60 —0.56 —0.73 —0.69 -0.73 —0.74 -0.75 —0.51
Tyr//Phe(6-31+G*) 30 —0.24 —0.57 —0.45 —0.54 —0.56 —0.57 —0.36
Tyr//Phe(6-31+G*) 45 —0.43 —0.68 —0.59 —0.68 —0.69 —0.71 —-0.37
Tyr//Phe(6-31+G*) 60 —0.64 —0.78 —0.75 —0.74 —0.75 -0.76 —0.51
Trp//Phe(3-21G) 30 — —0.48 — —0.49 —0.51 —0.53 0.09
Trp//Phe(3-21G) 45 —0.22 —0.58 —0.45 —0.58 —0.60 —0.61 -0.19
Trp//Phe(3-21G) 60 —0.51 —0.75 —-0.70 —0.78 —0.79 -0.80 -0.43
Trp//Phe(6-31+G*) 30 — —0.76 — —0.69 —0.70 —0.71 —0.36
Trp//Phe(6-31+G*) 45 —0.50 —0.74 —0.68 —0.71 —0.72 -0.73 -0.39
Trp//Phe(6-31+G*) 60 —0.56 —0.76 -0.73 -0.75 —0.76 -0.77 —~0.36
(B) Radius
of Size® Ad B Cc D E F1 F2

Phe//Phe(3-21G)¢ 30 — 1.93 — 1.79 1.78 1.77 2.20
Phe//Phe(3-21G) 45 2.11 1.73 1.96 1.68 1.67 1.66 2.08
Phe//Phe(3-21G) 60 2.10 1.73 1.76 1.64 1.63 1.60 2.11
Phe//Phe(6-31+G*) 30 — 1.49 — 1.60 1.59 1.57 1.85
Phe//Phe(6-31+G*) 45 2.09 1.72 1.93 1.75 1.73 1.70 2.02
Phe//Phe(6-31+G*) 60 2.09 1.75 1.73 1.69 1.67 1.64 2.11
Tyr//Phe(3-21G) 30 2.16 1.82 2.12 1.72 1.70 1.69 2.29
Tyr//Phe(3-21G) 45 1.99 1.66 1.85 1.57 1.55 1.53 2.05
Tyr//Phe(3-21G) 60 1.83 1.51 1.61 1.39 1.36 1.34 1.84
Tyr//Phe(6-31+G*) 30 212 1.80 2.03 1.86 1.84 1.82 2.09
Tyr//Phe(6-31+G*) 45 2.03 1.64 1.84 1.62 1.60 1.57 1.96
Tyr//Phe(6-31+G*) 60 1.86 1.51 1.60 1.48 1.46 1.42 1.92
Trp//Phe(3-21G) 30 — 1.55 — 1.36 1.35 1.33 1.97
Trp//Phe(3-21G) 45 1.96 1.64 1.80 1.49 1.47 1.46 2.09
Trp//Phe(3-21G) 60 1.85 1.41 1.50 1.26 1.23 1.21 1.90
Trp//Phe(6-31+G*) 30 — 1.33 — 1.46 1.44 1.42 1.97
Trp//Phe(6-31+G*) 45 1.87 1.46 1.57 1.47 1.45 1.42 1.94
Trp//Phe(6-31+G*) 60 1.92 1.50 1.54 1.47 1.45 1.42 2.00

@650 nonhomologous proteins were selected all of high resolution structure.

b Pearson correlation coefficient (—1 < R < 1).
CThe radius (r) of the hypersphere (30°, 45°, and 60°). The ¢, ¥, and x4 values, calculated at RHF/3-21G or RHF/6-31+-G* levels of
theory. Pinpoint the center of the sphere of radius r determining the appropriate conformational cluster.

dThe used ab initio level of theory for energies calculation (for abbreviations see Methods).

€ Type of amino acid residue (Phe, Tyr, and Trp) counted and conformationaly clustered in proteins by using ¢, ¥, and x1 con-
formational parameters of HCO-L-Phe-NH»> determined at RHF/3-21G (Phe/3-21G) and at RHF/6-31+G* (Phe/6-31+G*) levels of

theory.

f Standard error, in kcal mol~1.
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FIGURE 6. Comparison of ab initio calculated relative energies and “natural” probabilities of Val residues. Relative
energies are for 18 fully optimized For-L-Val-NH» [AE(RHF/TZ2p/B3LYP/6-311++G**)] (level E2) conformers. “Natural”
probabilities are for valines extracted from proteins with known X-ray structures from PDB (Table VIl and X) (27 different
6-311++G** B3LYP and 3-21G RHF conformers were used as template structures for clustering the conformers of
valines found in our protein database. Using RHF-optimzed structures a total of 12,921 and for DFT determined
references a total of 14,366 valines were conformationaly assigned). To determine natural probabilities (In[ox/pg.(a)]) of
conformer x the relevant ¢, ¥, and x4 values were taken from RHF/3-21G (filled diamond) and from B3LYP/6-311++G**
(open diamond) fully optimized structures (for energetic values see Table VI).

resemblance is expected. In fact, all three types of
aromatic rings are rather similar, having only two
side-chain torsional angles (x1 and x»). Therefore,
relative energies determined for For-L-Phe-NH>
could be used equally well to predict “natural”
abundance of Tyr and Trp conformers (see level E2
or F1 series in Table XI).

Conclusions

Multidimensional =~ conformational  analysis
(MDCA) predicts® 3" distinct structures for any
amino acid composed of n relevant torsional angles,
such as ¢, ¥, x1, and x2.2! Therefore, after restricting
x2 to a single value, 27 conformers are expected
for our model systems For-L-Val-NH, (Val) and
For-L-Phe-NH; (Phe). Nevertheless, at the 3-21G
RHF level the PESs of Val and Phe exhibit only
20 and 19 minima, respectively. Reoptimizing the
structures of these conformers at higher levels of
theory results in some additional conformational
migrations: at the 6-311+4-G™* B3LYP level 18 min-
ima are found for Val, while at the 6-31+G* RHF
level 16 minima are found for Phe. Relative energies
of these minima were analyzed in conjunction with

their conformational properties. Strong correlation
was found between any two sets of ab initio relative
energies.

For peptides and protein fragments, due to fortu-
nate cancellation of errors, 3-21G RHF calculations
provide realistic structural information. Even when
some of the 3-21G RHF structures cease to be min-
ima at higher levels of theory, the conformational
data could be used to obtain remarkably high qual-
ity single point energies.

The calculated torsional angles define centers
for catchment regions of different relative energy,
which can be employed to understand “natural”
abundances of conformers of protein building units
of known X-ray structure. Hydrophobic amino acid
residues, like Val (Ile, Leu) and Phe (Tyr, Trp) form
the core of proteins, where only negligible amount
of water is present. Consequently, ab initio calcu-
lations referring to the gas phase are expected to
be useful for predicting conformational and ener-
getic (probability) properties of these peptide build-
ing units. Analyzing thousands of conformers of
Val and Phe residues, a significant correlation was
found between their “natural” abundances and the
relative energies of the molecular conformations
of our Val and Phe model compounds. Although
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FIGURE 7. Comparison of ab initio calculated relative energies and “natural” probabilities of Phe residues. Relative
energies are for 16 For-L-Phe-NH> (AE[RHF/TZ2p//RHF/6-31+G*]) conformers. Natural probabilities are for
phenylalanines extracted from protein with known X-ray structures from the PDB (Tables IX and Xl) (27 6-31+G* RHF or
3-21G RHF conformers were used as template structures for clustering the conformers of phenylalanines found in our
protein database. Using optimized structures from lower level ab initio calculations, a total of 7736, while for a higher
level of computations a total of 9028 phenylalanines were conformationaly assigned). To determine “natural”
probabilities (In[ox/pg()]) of conformer x the relevant ¢, ¥, and x values were taken from RHF/3-21G (diamond) and
from RHF/6-31+-G* (open diamond) fully optimized structures (for energetic values, see Table VII).

the correlation is sensitive to the type and level of
ab initio calculation performed, in the most favor-
able cases the Pearson correlation coefficient can be
as high as —0.86. This leads to the important conclu-
sion that it is the relative stability of the subconfor-
mations of the building units of the core of proteins
that determines their structural fold. In other words,
although additional factors (like the molecular en-
vironment) are certainly of importance, conforma-
tional preferences, at least within the core of pro-
teins (where most apolar residues are), are primarily
determined by local stability, modeled successfully
by our simple diamide systems. Although promis-
ing, this idea should be further tested on other
amino acid residues, on other model systems, and
on larger peptide fragments.
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