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Systematic search of the potential energy surface of tetrapeptide glycine-phenylalanine-
glycine-glycine (GFGG) in gas phase is conducted by a combination of PM3, HF and
BHandHLYP methods. The conformational search method is described in detail. The rela-
tive electronic energies, zero point vibrational energies, dipole moments, rotational constants,
vertical ionization energies and the temperature dependent conformational distributions for
a number of important conformers are obtained. The structural characteristics of these
conformers are analyzed and it is found that the entropic effect is a dominating factor in
determining the relative stabilities of the conformers. The measurements of dipole moments
and some characteristic IR mode are shown to be effective approaches to verify the theoreti-
cal prediction. The structures of the low energy GFGG conformers are also analyzed in their
connection with the secondary structures of proteins. Similarity between the local structures
of low energy GFGG conformers and the a-helix is discussed and many 3- and -turn local
structures in GFGG conformers are found.
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I. INTRODUCTION

Amino acids and peptides are extremely important
biological molecules as they are not only the building
blocks of proteins, but also directly involved in the ac-
tivities of life. As the functions of biological molecules
are intimately dependent on the conformations they
may adopt, the theoretical conformational studies on
these molecular systems are of high scientific signifi-
cance. On one hand, the theoretical results may help
to explain the experimental measurements carried out
on these systems, such as dipole moments [1], rotational
constants [2], IR [3] and UV spectra [4], ionization po-
tentials [5], two-photon circular dichroism [6], etc. On
the other hand, the computational results may provide
insight information about the molecules that are diffi-
cult to probe by the experiment, but are critically im-
portant for the understanding of the structural basis of
the molecular functions, e.g., the atomic scale resolution
of the biomolecular structures and the specific binding
nature of a hydrogen bond. Moreover, the conforma-
tions of small peptides are critically important for the
understanding of the protein structures [7, 8].

L-phenylalanine is one of the twenty amino acids that
are the building blocks of all proteins of any living
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species. Phenylalanine is also one of the eight essential
amino acids for human. It is used in the manufacture
of food and drink products and sold as a nutritional
supplement for its reputed analgesic and antidepres-
sant effects [9—11]. A rare metabolic disorder called
phenylketonuria (PKU) may occur in people for whom
an enzyme that the body needs to use phenylalanine
is missing [12]. Peptides containing phenylalanine also
play an important medical role. For example, tetrapep-
tide glycine-phenylalanine-glycine-glycine (GFGG) has
been widely used in the synthesis of anti-cancer drugs
[13, 14]. Due to their fundamental significance in biol-
ogy and important role in medicine, phenylalanine and
its peptide complexes have received a lot of attention,
both experimentally and theoretically [15—20]. How-
ever, hydrogen bonds are abundant in biomolecules and
their accurate treatment requires high level quantum
chemistry (QC) methods. Due to the complexity of the
problem, the existing QC studies are limited to F [15]
and its small peptides FF [18], FFG [19], and GGF [20].

In this work, we report an extensive computational
QC search of the gas phase conformations of the
tetrapeptide GFGG. The goal of this study is to lo-
cate all low energy gas phase GFGG conformers with
full geometry optimizations, to obtain precise knowl-
edge about the relative stabilities of different conform-
ers on the energy surfaces, and to provide theoretical
results such as rotational constants, vibrational frequen-
cies, dipole moments of conformers and conformer dis-
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tributions at various temperatures that may be helpful
to future experimentalists.

1. COMPUTATIONAL METHOD

The properties of a biomolecule are often determined
by a few stable conformations that the molecule may
adopt in practical conditions. However, the task of find-
ing the low energy conformations is far from trivial [21,
22]. In order to reliably locate the stable conforma-
tions, a thorough search of the potential energy surface
(PES) may be required [23]. The thorough PES search
is carried out by optimizing all trial structures gener-
ated by allowing for combinations of all rotational de-
grees of internal bonds. The unique structures obtained
by the geometry optimizations are subjected to the fre-
quency calculations and single point energy calculations
with a high level QC method in order to identify the
true important conformations. The hydrogen bonding
features and other structural characteristics of the im-
portant conformers are further analyzed. The detailed
computational procedures are described below.

A. Generation of trial structures

The planar structures of GFGG are shown in Fig.1.
In principle, the full conformational space of gaseous
GFGG may be explored through a systematic variation
of all rotational degrees of freedom. As shown in Fig.1,
there are a total of 14 bond rotational degrees of free-
dom in GFGG. As a dihedral angle can change from 0°
to 360°, typically increments of 60°—90° for asymmet-
rical dihedral angles and 120° for symmetrical dihedral
angles are required to ensure a complete scan of the
potential energy surface [24—26]. However, as the cis-
peptide bonds are energetically unfavorable and rarely
found in the experiments, only the trans-peptide bonds
need to be considered. That is, the three peptide bonds
in GFGG are fixed at the trans configuration. Conse-
quently, a total of 11 rotational bonds are considered in
the trial structure generation process. Moreover, it suf-
fices to consider syn- or anti- periplanar arrangements
corresponding to 0° and 180° torsions for the C—OH
groups [15, 25]. Overall, the number of bond rotations
for each dihedral angle is as indicated in Fig.1, resulting
in a total of 884736 (=3x4x4Xx3x3x4X4x4x4x4X2)
possible trial structures.

B. Process of geometry optimizations

All trial structures were first optimized by the semi-
empirical method of PM3. A total of 37859 unique
structures were thus obtained, representing approxi-
mately the possible number of local minima in the po-
tential energy surface of GFGG at the PM3 level of the-
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FIG. 1 Illustration of the 11 bond rotational degrees of free-
dom and the number of rotations for each degree of freedom
in the generation of trial structures of GFGG.

ory. As only a limited number of local minima around
the global minimum of the free energy surface are of
high interest, it is important to locate these low free en-
ergy conformers accurately and reliably. Unfortunately,
tests show that the conformational energy orderings by
the PM3 method and the reputed DFT methods such
as BHandHLYP and B3LYP are quite different. In fact,
the PM3 energy ordering is practically useless for the
reference purpose. Fortunately, tests have shown that
the single point energy ordering by the HF/3-21G(d)
method correlates reasonably well with the results by
the higher levels of theory [26]. Therefore, the single
point energy calculations by the HF/3-21G(d) method
were applied to all the 37859 structures and the en-
ergy ordering is used to screen the plausible low energy
structures.

The 6000 lowest energy structures determined by the
HF/3-21G(d) single point energies are then optimized
at the HF/3-21G(d) level of theory. To ensure that
no important structures were missed, additional sets
of 200 structures each were succeeding optimized until
the new set of structural optimizations did not produce
any new structure that was in the range of 41.8 kJ/mol
from the global minimum. As a result of the HF/3-
21G(d) optimization process, a total of 7200 PM3 ge-
ometries were used and 1618 unique structures were ob-
tained. Among them, 230 structures are in the range of
37.66 kJ/mol from the global minimum. The 230 struc-
tures were subjected to further geometry optimizations
at the BHandHLYP/6-31G(d) level of theory and 206
unique structures were obtained. The BHandHLYP/6-
31G(d) optimization process should be sufficient for
locating the low energy conformers as the optimiza-
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FIG. 2 Structures and hydrogen bonds of four representative conformers.

tion of the last 30 structures of the 230 HF/3-21G(d)
optimized structures did not produce any new struc-
ture from the global minimum to 20.9 kJ/mol . Single
point energy calculations at the level of BHandHLYP /6-
3114++G(d,p) were applied to the 206 structures and
124 of them were found to be in the range from the
global minimum to 20.9 kJ/mol . The frequency cal-
culations at the level of BHandHLYP/6-31G(d) were
performed for the 124 and 122 structures were verified
to be true local minima.

C. Post geometry optimization analysis

The structures and the frequencies of the low energy
conformations were calculated at the BHandHLYP/6-
31G(d) level as the 6-31G(d) basis set was known to pro-
duce accurate structures [15]. The electronic energies
and dipole moments of the conformers were determined
at the BHandHLYP/6-311++G(d,p) level of theory as
the method is shown to be a good choice for accurately
describing the amino acid systems that are rich in hy-
drogen bonds [27]. The frequencies were used in deter-
mining the zero point energies and thermochemical cor-
rections based on the standard harmonic approximation
and rigid-rotor model. The frequencies were scaled by a
factor of 0.926 as suggested in Refs.[26, 28]. The equi-
librium conformational distributions were determined
by the relative conformational free energies at the in-
terested temperatures. The hydrogen bond formations
were determined by both the geometric criteria of the
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bond length and the bond angle and the AIM theory
[29, 30]. The vertical ionization energy (VIE) is defined
as the energy difference between the neutral and ionized
species at the geometry of the neutral species and the
VIEs of all low energy conformations were calculated at
the BHandHLYP/6-3114++G(d,p) level.

The trial structures were generated by our in-house
developed software written in C4++. All other the cal-
culations were performed using the Gaussian 03 suit of
programs [31] on our PC clusters.

11l. RESULTS AND DISCUSSION
A. Stable conformations of GFGG

There are a total of 122 conformers whose electronic
energies lie within the 20.9 kJ /mol range from the global
minimum. For convenience, a conformer is denoted with
a numeral suffix indicating its relative stability ordered
in sequence with ascending electronic energies. For ex-
ample, the electronic energy of gfggl, with the structure
shown in Fig.2, is the lowest among all GFGG conform-
ers. Some important information such as the relative
electronic energies (Fe1), zero point vibrational ener-
gies (ZPVE), relative total energies (Ey=FEq+ZPVE),
dipole moments, rotational constants, VIE and the tem-
perature dependent conformational distributions about
30 representative conformers are listed in Table I. The
criteria for selecting the representative conformers in
Table I include mainly the following: (i) 10 conformers
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TABLE I Relative electronic energies (Fe1), relative zero point vibrational energies (ZPVE), relative total energies
(Ey=Ea+ZPVE), vertical ionization energies (VIE), rotational constants, dipole moments (D) and the temperature de-

pendent conformational distributions (content) of 30 representative conformers of GFGG?.

n Relative energies VIE Rotational constant D Content® /%
E., ZPVE Ly X Y Z 98K 198K 298K 398K 498K

1 0.00 0.00 0.00 874 0407 0.145 0.126 1.795

2 105 —-28 -1.80 861 0369 0.139 0.120 4.366 27 11 6 3 2
3 2.26 —0.71 1.55 8.82 0.420 0.148 0.132 1.741

4 2.80 —3.85 —1.05 873 0407 0.134 0.122 4.458 25 19 12 8 6
5 3.14 0.42 3.56 873 0410 0.149 0.125 4.649

6 548 —6.57 —1.05 877 0.392 0.132 0.111 6.917 32 33 27 21 16
7 561 —6.07 —042 856 0.387 0.129 0.108 6.455 15 22 20 16 13
8 5.65 —3.81 1.80 8.66 0.423 0.131 0.110 5.906 2 2 2 1
9 6.32 —2.01 431 885 0408 0.142 0.118 6.862
10 640  —2.05 435 891 0367 0.152 0.120 5.682 1
14 7.74 —5.31 243 866 0279 0.166 0.153 6.832 2 3 3 3
16 8.41 —4.44 3.97 882 0421 0.134 0.112 6.504 1 2 2
17 845  —5.23 326 898 0437 0.129 0.109 8.423 2 3 3 3
19 9.12 —5.44 3.68 870 0400 0.127 0.105 6.694 1 2 3 3
20 9.50 0.92 10.42 877 0440 0.148 0.130 1.398
22 10.00 0.13 10.13  8.66 0.323 0.186  0.180 1.763
23 10.04  —4.77 527 886 0.363 0.151 0.130 7.935 1
26 10.42 —4.90 5.52 880 0411 0.136  0.122 5.158 1 2 2
27 1059  —3.93 6.61 9.08 0294 0.140 0.106 10.098 1
28 10.67 —4.81 5.82 871 0409 0.133 0.111 7.257 1 1
29 10.71 —4.64 6.07 844 0354 0.115 0.094 4.524 1 2
36 1138  —7.28 410 886 0.396 0.130 0.108 7.416 3 8 10 11
39 11.80 —6.11 569 890 0425 0.126 0.106 7.390 2 3 4
44 13.14 —5.40 7.74 853 0.527 0.096  0.092 4.348 1 2 2
46 13.26 0.46 13.72 874 0416 0.150 0.130 1.639
63 1590 —5.65 10.25 8.81 0.409 0.131 0.108 7.811 1 2
65 16.19 —5.27 10.92 875 0364 0.139 0.135 3.536 1
72 16.78  —6.61 10.17 843 0.333 0.113  0.092 3.923 2 3
8 17.78  —-5.19 12.59 8.68 0.273 0.134  0.103 6.634 1

122 20.92 —2.47 18.49 872 0313 0.176  0.138 5.110

# Ee1, ZPVE and FE; are in kJ/mol, VIE in eV, rotational constants in GHz and D in Debye. For reference, Fe1 of gfggl is

—1178.5112649 a.u. at the computational level of BHandHLYP/6-311++G(d,p).

b Conformational contents below 1% are not listed in the table.

with the lowest electronic energies, (ii) all conformers
with an equilibrium content over 1% at any temperature
below 498 K, (iii) conformers with dipole moments sim-
ilar to that of the lowest electronic energy conformer,
(iv) the 122nd conformer. As may be seen from Table
I, the stability orderings based on the electronic energy
and the total energy are quite different due to the influ-
ence of the conformation dependent ZPVE. gfggl is the
global minimum in terms of F, but is only the 5th most
stable in terms of Ey. gfgg2 with the structure shown
in Fig.3 is the global minimum in terms of E; and has
a high equilibrium content at a low temperature. How-
ever, the conformational stability should be in princi-
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ple ordered according to the Gibbs free energy that is
temperature dependent. According to the free energy
scale, gfgg6 is the most stable conformer in the exam-
ined temperature range of 98—498 K. gfgg6 is the most
stable due to it very small ZPVE that is 6.57 kJ/mol
smaller than gfggl, while its E is only 5.48 kJ/mol
higher than gfggl. In terms of Ex, gfgg6 is 0.75 kJ/mol
less stable than gfgg2, i.e., gfgg2 is dominant when the
temperature is close to 0 K. However, gfgg6 (Fig.3) has
a lower ZPVE than gfgg2 and the vibrational entropic
effect quickly increases with the temperature. gfgg6 be-
comes more stable than gfgg2 for T>98 K due solely to
the entropic effect.
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FIG. 3 Structures of six conformers of GFGG with some secondary structural features of proteins. The percentage numbers
shown in the figure are the equilibrium concentrations of the conformations at the standard state.

The entropy effect is hugely important in determin-
ing the stability and equilibrium content of the GFGG
conformers. As shown in Table I, the content of gfggl,
the lowest electronic energy conformer, is below 1% at
any temperature. In contrast, gfgg36 has the smallest
ZPVE among all low energy conformers and, though
with an Fq of 11.38 kJ/mol and F; of 4.10 kJ/mol
larger than gfggl, has a significant presence (8% —11%)
in the equilibrium ensemble for the room temperature or
above. Clearly, gfgg36 (Fig.2) is more important than
gfggl. The entropic effect on the conformational sta-
bility points out clearly that the methods of conforma-
tional searches based on the static structures alone are
not reliable for biomolecules. A static structure based
method may locate a conformation such as gfggl that
is completely unimportant in practice, regardless of the
accuracy of the energy calculation method. Truly im-
portant conformations can only be found reliably by
considering the vibrational energy and its contribution
to the free energy. As the energies for the static struc-
tures have to be calculated and used for screening the
large amount of possible conformations, it is important
that the screening should choose a range of candidate
structures instead of the lowest energy conformation
alone. This point should be kept in mind no matter
which conformational search method is used, whether
it be Monte Carlo, simulated annealing or genetic al-
gorithm. This is unfortunate as it surely increases the
computational cost substantially on top of an already
CPU demanding task. The entropic effect is expected
to increase with the size of the molecule as the num-
ber of vibrational modes increases with the number of
atoms in the system. In fact, the entropic effect may
become dominate on the conformational stability for
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biomolecules with a few hundred atoms or more such
as large peptides and proteins. In other words, the
accuracy requirement on determining the energy of a
static structure may only be modest as long as the ac-
curacy of determining the vibrational spectrum is suf-
ficiently high. This is fortunate as an accurate deter-
mination of conformational energy requires high level
electronic structure methods that are computationally
very expensive for large molecules. Instead, the confor-
mational energy may be determined relatively easily by
some properly parameterized force field models. This
also points to a direction for improving the force field
model, i.e., it is important to improve the accuracy of a
force field model on accounting the vibrational modes,
especially the low energy vibrational modes that are
highly influential on the conformational entropy.

It is interesting to note in Table I that the dipole
moments of all significant conformations are distinctly
different from that of the global minimum of the static
electronic structure energy, gfggl. The dipole moments
for gfggl and gfgg3 are less than 2.0 Debye, while the
dipole moments for all observable conformations are
larger than 4.0 Debye. As conformational dipole mo-
ments may be accurately determined experimentally [1],
such experiments may be used to verify the correctness
of our theoretical conformational search results and con-
firm the entropic effect on the conformational stability
discussed here. Further confirmation of the theoretical
results may be made if the conformational dipole mo-
ments are measured at different temperatures. At the
temperature substantially below 98 K, most conformers
have the dipole moments of about 4.4 Debye, while con-
formers with dipole moments larger than 6.0 Debye are
minority species. The content of conformers with dipole
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moments larger than 6.0 Debye increases with the tem-
perature and becomes a clear majority for T>198 K.
As some representative conformers, the structures of
gfgel, gfeel0, gfeg36 and gfggd8 are shown in Fig.2
with the hydrogen bonds indicated, while the struc-
tures of gfge2, gfgegd, ofeeb, gfge?, gfegld, and gfggl?
are shown in Fig.3 with their concentrations at the
room temperature stated. As shown in Fig.2, there
are seven hydrogen bonds in gfggl: N7—H22-.-018,
N10—H26---021, 030—H31---025, N4-H19---N1,
N1-H15---029, C2—H17--- 030 and C37—H44- -- O21.
The N-terminus and the C-terminus of gfggl are con-
nected by two hydrogen bonds N1—H15---029 and
C2—H17--- 030, forming a very compact configuration
for the peptide backbone. As only the backbone con-
tains the polar atoms and these polar atoms are roughly
evenly distributed inside a small space, it is understand-
able that the dipole moment of gfggl is rather small.
Moreover, the compactness of the backbone structure
is also the reason for gfggl to have a relatively high
ZPVE shown in Table I. Except the hydrogen bond
of C37—H44...021 that is unique to gfggl, the other
six hydrogen bonds and the connection of the N- and
C-terminus by two hydrogen bonds are two common
structural features shared by the other five conform-
ers, gfggl, gfggl, gfgg20, gfgg22 and gfggd6. They also
share the common features of large ZPVE and small
dipole moment, as shown in Table I. Incidentally, the
conformer with the smallest dipole moment, gfgg20, has
the largest ZPVE shown in Table L.

The hydrogen bonds are often helpful for low-
ering the electronic energy of a conformation and
the number of hydrogen bonds has been used as a
criterion for screening the trial structures. How-
ever, the rule of thumb should be applied with cau-
tion. Indeed, every low energy conformer exam-
ined, except gfgglO, have at least three hydrogen
bonds.  However, the electronic energy of gfggl0
is 5.19 kJ/mol below gfgg38, even though gfggl0
has only two hydrogen bonds, N10—H26---021 and
030—H31--- N1, while there are five hydrogen bonds,
N7—H22---018, N10—H26---021, C37—H40---021,
030—H31---N1 and C2—H16-: - - 029, in gfgg38. More-
over, in these two conformers, the bond lengths of
030—H31---N1 are about the same and the bond
lengths of N10—H26- - - 021 only differ by 0.1 A. There-
fore, it is not safe to select the trial structures merely by
the numbers of hydrogen bonds and the lengths of the
hydrogen bonds. The situation is further complicated
by the entropic effect, as discussed above. For example,
the backbone of gfgg36 is more expanded in space, with
loosely connected hydrogen bonds. As a result, gfgg36
has the lowest ZPVE among all the low energy conform-
ers, making it one of the most populous conformations
at the room temperature or above.

The IR spectra are informative on revealing the struc-
tural characteristics of the conformers. As may be seen
from Table I, GFGG is a genuine multi-conformation
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FIG. 4 Vibrational spectrum of the most populous con-
former of GFGG, gfgg6.

ensemble for a broad range of temperature. To be help-
ful for explaining the future IR measurement results
and be concise, the IR spectrum of the most populous
conformer, gfgg6, is shown in Fig.4 [32]. The vibra-
tional mode of peak A marked in Fig.4 is characteris-
tic of the planar structure formed by two amino acid
residues in GFGG, a common feature shared by sev-
eral important conformers such as gfgg7 and gfgeg36 as
well as gfgg39. Peak A is very weak for the main low
total energy conformers such as gfgg2 and gfggd and
absent for the other low electronic energy conformers
such as gfggl and gfgeg3. As indicated in Table I, the
ensemble averaged intensity of peak A should increase
with the temperature in a temperature dependent IR
spectra measurement. Such experiments may be used
to further verify the theoretical search results of GFGG
conformers and the entropic effects on the conforma-
tional stability discussed here.

B. Connection with the secondary structure of proteins

There is a local structure named a-helix in the sec-
ondary structure of proteins. The a-helix is a common
motif in the secondary structure of proteins. It is a
right-handed coiled or spiral conformation, in which the
hydrogen atom in the first peptide bond forms hydrogen
bond with the oxygen atom in the forth peptide bond
[33, 34]. Among different types of local structures in
proteins, the a-helix is the most regular and the most
predictable from sequence, as well as the most preva-
lent. As there are only three peptide bonds in GFGG,
finding a local structure with a literate a-helix feature
in GFGG conformations is impossible. However, it is in-
teresting to note that some GFGG conformations bear
the fingerprint of the a-helix structure. In the con-
formers of gfggl, gfge3, gfgg20, gfge22 and gfged6, the
configuration of three hydrogen bonds, N7—H22- - - O18,
N10—H26--- 021 and O30—H31--- 025, follows a rule
that the oxygen atoms of the first, second and third pep-
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FIG. 5 Mlustration of the four G-turn types found in the GFGG conformers.

tide bonds form the hydrogen bonds with the hydrogen
atoms of the second and third peptide bonds and the C-
terminus trans-carboxyl group, respectively. The simi-
larity between the hydrogen bonds in these conformers
and that in the a-helix is that the H-bonds are formed
between neighboring peptide bonds of equal spacing.
Another similarity is that the side chains of these con-
formers and the a-helix all extend outwards. It should
be noted that the possibility for a regular spacing pat-
tern in a short peptide like GFGG is very limited. If the
number of peptide bonds is sufficiently large in a large
peptide or protein, there will be multiple possibilities
for forming a regularly patterned H-bond network, in
which the a-helix is only a special case. Though the
benefit of the H-bonds in lowering the electronic energy
of gfggl or gfge3 is offset by the increased ZPVE due to
the accompanying over compacted local structure, the
a-helix in a large biomolecule may have the best com-
promise for forming the maximum number of H-bonds
in a spatially reasonably expanded configuration, mak-
ing it a prominent feature in the system. The (-turn
structure is known to play an important role in the fold-
ing process of polypeptide chain [35]. A S-turn may be
defined for four consecutive residues (denoted by i, i+1,
i+2 and i+3) if the distance between the Ca atom of
residue i and the Ca atom of residue i+3 is less than 7
A and if the central two residues are not helical [35—39].
The [-turns are assigned to one of 9 classes on the ba-
sis of ¢ and ¢ angles of residues i+1 and i+2. For the
convenience of referencing, these angles as defined in
Ref.[37] are reproduced in Table II. Based on the com-
mon definition, the ¢ and 1 angles are allowed to vary
by £30° from these ideal values with the added flexibil-
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TABLE II The ideal angles for each of the S-turn types®.
Types VIal, VIa2 and VIb turns are subject to the addi-
tional condition that residue i must be a cis-proline.

Type @(i+1) »(i+1) ¢(i+2) ¢(i+2) Addition

I —60 -30 -90 0

II —60 120 80 0

VIII —60 -30 —120 120

r 60 30 90 0

r 60  —120 —80 0

VIal —60 120 —-90 0 cis-proline(i+2)
VIa2 —120 120 —60 0 cis-proline(i+2)
VIb —135 135 —75 160 cis-proline(i+2)

# Turns which do not fit any of the above criteria are
classified as type IV [37].

ity of one angle being allowed to deviate by as much as
40°. According to these definitions, S-turn structures
of type I, II, I' and II’ are found in GFGG conform-
ers: gfege23, efgedl, gfee78 and gfgg89 belong to type
I, gfge8, gfgell, gfgeds, gfegl10 and gfggll7 belong to
type 11, gfge3d7, gfegh7, gfggd7 and gfggl02 belong to
type I, gfggl07 belongs to type II'. The structures of
representative conformers with the §-turns are shown
in Fig.5. Compared to the a-helix like structures, the
B-turn conformations in GFGG are less energetically
favorable. Notice, however, the observation on the rela-
tive energy ordering of the a-helix and the g-turn may
not be applicable to large peptides and proteins due to
the effects of other interactions.

A ~-turn is defined for three residues i, i+1, i+2
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if a hydrogen bond exists between residues i and
i+2 and the ¢ and v angles of residue i+1 fall
within 40° of one of the following two classes: clas-
sic type, ©(i+1)=75.0, 1(i+1)=—64.0; inverse type,
e(i+1)=-79.0, ¥(i+1)=69.0 [40, 41]. As there are
four residues in a tetrapeptide, it is relatively easy for
the GFGG conformations to meet the definition of the
~v-turns. Nevertheless, it is quite surprising to find
so many 7-turns in the 122 low energy conformations
of GFGG: there are 16 conformations of classic type
~v-turn and 71 conformations of inverse type y-turn. It
appears that the «-turns are the favorite configurations
for small peptides.

IV. CONCLUSION

We have performed an extensive computational
search of conformations of tetrapeptide GFGG in gas
phase. A large set of trial structures generated by
full combinations of all internal single-bond rotamers
were optimized by a hierarchical methods of PMS3,
HF/3-21(d) and BHandHLYP/6-31(d,p), followed by
single-point energy calculations at the BHandHLYP /6-
311++(d,p) level. A total of 122 conformers are found
within a range of 20.9 kJ/mol from the global the elec-
tronic energy minimum. The temperature dependent
conformational distributions are calculated. The struc-
tures of important conformers are analyzed in detail. It
is found that, while the hydrogen bonds are helpful for
lowering the electronic energies, the zero point vibra-
tional energy and the vibrational entropy have strong
effects on the stabilities of conformers. The most im-
portant conformers are those with low zero point vi-
brational energies and high vibrational entropies, while
the global minimum conformer in the electronic energy
scale is undetectable in the equilibrium ensemble of any
temperature. It is pointed out that the experimental
verification of this dramatic theoretical prediction may
be carried out by measuring the dipole moments and
certain characteristic IR modes of the conformers.

The structures of the low energy GFGG conformers
are also analyzed in the context of the secondary struc-
tures of proteins. Similarity between the local struc-
tures of low energy GFGG conformers and the a-helix
is revealed and many (- and 7-turn local structures
in GFGG conformers are found. The richness of the
secondary structures of proteins in GFGG conformers
indicates that valuable information about the protein
structures may be obtained by carefully analyzing the
structures of peptides consisting of only a limited num-
ber of amino acid residues.
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