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Abstract

The backbone potential energy surface (PES) (Ramachandran map) of N-acetyl-L-glutamine-N-methylamide has been
studied at a,a side-chain orientation. Side-chain PESs at selected backbone conformations (y, and B,) were also studied.
Side-chain—backbone interactions were analyzed in terms of energy and geometry. © 2001 Elsevier Science B.V. All rights

reserved.
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map of glutamine residue

1. Introduction

Glutamine is found in the human body in greater
abundance than any other free amino acid. It is crucial
for many aspects of healthy body function. It is neces-
sary for the maintenance of optimal antioxidant status
since it is part of gluthathion, which is one of the
body’s most important antioxidants against oxidative
stress. It has a crucial role to play in the maintenance
of optimal immune function since glutamine is a
nutrient for secretory immunoglobulin A (sIgA)
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producing cells. It is also important for the building
and maintenance of muscle and intestinal tissues.

Glutamine is a higher homolog of asparagine since
glutamine has two CH, groups in its side-chain while
asparagine has only one. This also implies that the
glutamine side-chain can reach further out than that
of asparagine. For this reason, glutamine in a protein
has not only structural but a functional role to play as
well.

In this respect, it is important to mention that the
glutamine residue, as part of a certain protein has an
important role to play in blood-clotting. Laki and
Lorand, discovered [1] “blood coagulation factor
XIIT’ in 1948. It has been shown [2-6] later that
Factor XIII is a proenzyme (pro-transglutaminase)
from which transglutaminase is produced. Transglu-
taminase, which is involved in blood-clotting,
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Table 1
Definition of key-torsional angles for butanamide (I) and N-acetyl-
L-glutamine-N-methylamide (IT)

analogous to cysteine proteases, after the activation of
the proenzyme, joins the side-chains of Lys and Glu

forming cross-linkages between protein molecules
such as fibrin and antiplasmin [7] (cf. Scheme 1 (a
schematic illustration of the reaction catalyzed by
transglutaminase, which plays a pivotal in blood clot-
ting)). Factor XIII also occurs in human monocytes
[8], not only in blood plasma. The 3D X-ray structure

Dihedral angle
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Clearly, such comparison is similar to that of the
previous study [12] where propanamide (IIT) is used
to model the side chain of N- and C-protected aspar-

Consequently, the extra CH, group increases the
number of torsional angles from two to three. This
implies that for I and II we have a PEHS (Eq. (1))

agine (IV): in terms of xy, x» and y3; while for III and IV, the
H H H H
\N - ~\
o———_clz 0=—=C,
Xz& H
XZ& \\\H C"‘\\\\\
" " | . |
%, c el N
/. C\ H/ \ N%’ g\ c / \H
L K
H o}
111 v
Table 2

Total energy values of the component molecules for isodesmic reaction computed at the level of theory RHF/3-21G

Molecular system

Energy (hartree)

Me-CONH-CH,-CONH-Me -
B
CH;-R R=H

R= —CHz—CH2—CONH2

—451.2942433
—451.2931883
—39.976877
—284.4581386

Table 3

Optimized torsional angles, total energy values and relative energies for the conformational minima of butanamide computed of the RHF/3-21G

level of theory

Initial conformations Optimized parameters

X2 X3 X2 X3 Total energy (hartree) AE (kcal/mol)
gt gt 68.78 86.3 —284.4554062 1.71
gt a 70.05 187.23 —284.4581386 0.00
g’ g Not found

a gt 167.66 73.21 —284.4547564 2.12
a a 180.00 180.00 —284.4572082 0.58
a g —177.66 —73.20 —284.4547565 2.12
g gt Not found

g a —70.05 172.76 —284.4581386 0.00
g g —68.72 —86.12 —284.4554061 1.71
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Fig. 2. Three potential energy surface (PES) cross-sections, E(x; x,), of a potential energy hypersurface (PEHS): E(x; x».x3)- The levels
correspond to y; = g", x3 = a, and y; = g~ on going from bottom to top.

energy is a function (Eq. (2)) of only two independent

variables y; and y»:

E = E(x1, X2, X3)

PEHS for I and II
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Previous study [12] indicated that the amide rotation
(x> in IIT) has three minima (g + , a, g — ) with the
anti orientation being the most stable. In view of this
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Fig. 3. Topology of the backbone or Ramachandran (A) and a double rotor side-chain (B) potential energy surfaces (PES) as cross-sections of a
potential energy hypersurfaces (PEHS) of four independent variables: E3_,,,, = E(¢, ), X1, X»)- Such a PEHS is applicable for all trans-peptide
bond (wy = w; = 180°) containing glutamine residue in a peptide chain with a syn orientation of the amide moiety.
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Table 7

Summary of intramolecular interactions in N-acetyl-L-glutamine-N-methylamide

Conformations Energy (hartree) AE,, (kcal mol™") Interaction type Distance (A) Angle (°)
BB/BB SC/BB
oy, (a, a) —695.7760201 14.32 - - - -
& (a, a) —695.7642131 21.73 - - - -
Yo (a, @) —695.7797999 11.94 1A - 1.88 149.90
3, (a, a) —695.7769355 13.74 - - - -
Sy (a, a) —695.7739096 12.93 - - - -
B. (g, g-) —695.7860592 8.02 1B - 2.12 108.36
B, (", a) —695.7834871 9.63 1B - 2.13 108.26
B (g™ g) —695.7869796 7.44 1B - 2.28 104.18
- 2A 2.22 133.00
B.(ag" —695.7940775 2.98 1B - 2.10 109.32
- 2C 1.91 158.41
B (a, a) —695.7782313 12.93 1B - 2.18 106.26
Bp(a, g) —695.7777517 13.22 1B - 2.17 106.67
B, (2, g" —695.7835429 9.59 1B - 2.19 104.99
Bo (g, a) —695.7829040 9.99 1B - 2.14 107.32
Bo(g,g) —695.7988342 0.00 1B - 1.94 110.54
- 2C 1.94 159.43
(g g —695.7803174 11.62
v (g", a) —695.7836468 9.53 1A - 1.97 146.28
v (2%, g) —695.7973782 0.91 1A - 1.90 148.67
- 2B 1.77 158.37
v (a, g —695.7878075 6.88 1A - 1.99 146.34
V. (a, a) —695.7862686 7.89 1A - 2.00 144.56
v (a,g) —695.7809096 11.25 1A - 1.99 146.34
v (g ,g+) —695.7939801 3.05 1A - 1.95 146.55
- 2B 1.87 147.14
v (g, ) —695.7822974 10.38 1A - 2.04 144.05
v (g .8) —695.7846939 8.00 1A - 2.08 141.57
we may partition Eq. (1) into three potential energy 2. Method

surfaces (PESs) of two independent variables:

E,, . =E(.xz) for PEHS forTand Il (3 = g")
(3a)

for PEHS for I and IT (y;= a)
(3b)

Esta = E(Xl’ XZ)

for PEHS for Iand II (x5 = g")
(3¢0)

E)(3:g, = E(XI’ XZ)

However, due to the fact the anti orientation is the
most stable, we will limit our consideration to Eq.
(3b) only.

2.1. Conformational analysis

In the modular approach, the numbering of the
atoms of each amino acid residues are done together
and the N- as well as the C-protective groups are also
done separately. This method may lend itself to easy
extension to oligopeptides so that each amino acid
residue in the oligopeptide could easily be compared
to the amino acid residue in the diamide. The number-
ing system is shown in II. The definitions at key
torsional angles associated with peptide folding, are
summarized in Table 1.

In accordance with the IUPAC-IUB [13] recom-
mendation dihedral or torsional angles were specified
(Eq. (4)) within —180 and 180° for both backbone
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Fig. 6. Seven backbone conformers located on the Ramachandran PES.

(¢, ) and side-chain (x;, x2, x3) conformations. As
far as the isomerism of the peptide bonds were

concerned, the corresponding torsional angles
(wy, w) were optimized at about 180°:

—180° = ¢ = 180° (4a)
—180° = ¢y = 180° (4b)
—180° = y; = 180° (4c)
—180° = y, = 180° (4d)

—180° = x3 = 180° (4e)

2.2. Molecular computations

Ab initio computations were carried out at the RHF/
3-21G level [14] of theory using the GAUSSIAN 98
program [15]. The total energies are given in hartrees,
the relative energies and stabilization energies are
given in kilocalories per mol (the usual conversion
factor was used: 1 hartree = 627.5095 kcal molfl).

2.3. Stabilization energies
For the calculation of the stabilization energies,

according to isodesmic reactions (Eq. (5)), the compo-
nents’ energy values have been summarized in Table 2.
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MeCONH-CH,-CONHMe + CH;-R

Reference conformation vy, or B,

— MeCONH—fCHR—g(ONHMe + CH;-H (5)
conformation
The stabilization energies are computed as follows:
AE i pitization = { EIMeCONH-CHR-CONHMe],
+E[CH;-H]}
(6)

— { E[IMeCONH-CH,-CONHMely, or g

+CH;-R]}

3. Results and discussion
3.1. Side-chain model: butanamide

In the first phase of the research, butanamide (I), a
model side-chain for glutamine (II) was subject to
conformational analysis. Of the three torsional angles
the first one (y;) was omitted from consideration since
the methyl group with its three equivalent hydrogens has
only one unique stable conformation. Thus, the confor-
mational problem of (I) is reduced (Eq. (7)) to a PES:

(N

The computed conformational potential energy surface

E)(I:opt = E(XZ’ X3)

L%
¢ @ €
[+ [ ¥
[
g'g ag gg
A2 %
< & < u
< < (=
+
ga aa ga
L L™ LS, o
[~ C
<
g'g" ag* gg’
A1

Fig. 7. Nine conformers located on the side-chain PES for vy, back-
bone conformation. (Note: the v, (a,a) conformation is already
shown in Fig. 6.)

It is relatively easy to demonstrate the principle of
dynamic chirality [16] in the case of butanamide if we
consider this molecule as 1,2-disubstituted ethane
shown in (Eq. (8)) in its syn form:

v*

O X1
1 | N Y4
M 4C—NH,
K / or \"‘02 \“'C3 or H (8)
HQ‘\\ & \ HY BH HY He R HR ':|s
H HR Hs S S
e syn a¥ed syn axe syn

(Eq. (7)) is shown in two representations in Fig. 1.
The results of regular (i.e. non-tight) optimizations
are summarized in Table 3. It is interesting to note
that the g"a and g~a conformations are slightly more
stable than the anti conformation implying that the
gauche-effect is operative.

The pro-R hydrogens (Hg) and the pro-S hydrogens
(Hj) are clearly indicated in these structures (Eq. (8)). Of
the conformers in (Eq. (9)) the anti is symmetric, there-
fore C*~Hy and C*—~H; bond lengths are expected to be
equal. The same observation is expected for C*~Hy and
C3—HS. In contrast to that, all four C—H bond lengths are
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Fig. 8. Nine conformers located on the side-chain PES for the 3, backbone conformation. (Note: the 3, (a,a) conformation is already shown in

Fig. 6.)

expected to be different for the g~ and g~ conformers as
shown by Eq. (9). The g* and g~ conformers are enan-
tiomeric. This is the manifestation of axis chirality asso-
ciated with the clockwise and counter-clockwise
rotation about the C*—C? bond:

X1
Hs
Hs
Hr
gauche”

9
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Fig. 9. A comparison of AE,;(y,) values obtained for glutamine (II) and asparagine (IV).
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Fig. 10. A comparison of AE;(y,) values obtained for various amino acid residues.

However, this axis chirality is expected to induce point
chirality in C? as well as C* within the framework of
dynamic chirality [16].

3.2. Peptide model: N-acetyl-L-glutamine-N-
methylamide

According to Eq. (1), a PEHS can describe the side-
chain orientation in the glutamine residue. If on the
basis of the model compound’s conformational
analysis, we select only the y; = anti orientation of
the —CONH, moiety, then from the three-level PEHS
(shown in Fig. 2) only the central level will be
investigated.

For 19 out of the 20 amino acid residues [17-19],
proline [19] being an exception, nine backbone (BB)
conformations are expected to exist, as can be seen in
Fig. 3A. However, for many of the peptides not all
nine anticipated conformers appear as energy minima
on the Ramachandran PES [17-19]. In many of the
cases the «, and g, conformations are annihilated

[17-19]. For this reason, we made an exploratory
study on the Ramachandran PES, E(¢, ), using
fully anti conformations of the glutamine side-chain
(cf. Fig. 3B) in all nine BB conformations. The PES is
shown in Fig. 4 and the results of the geometry
optimizations are summarized in Table 4.

The following observations can be made:

(1) The o, and g, conformations, which are usually
annihilated, here too, are not energy minima on the
Ramachandran PES.

(i1) No other backbone conformations were annihi-
lated on the Ramachandran PES.

(>iii) All backbone conformations tolerate the a,a
side-chain conformation.

Such observations are typical for most amino acids
that have been already studied. The current database,
which may provide the basis for comparison, includes
the following N- and C-protected amino acids
containing a trans-peptide bond: Gly [17,18,21-26],
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Values of side-chain C—H bond length of the two prochiral CH, moieties as in butanamide and N-acetyl-L-glutamine-N-methylamide in their

various conformations

xi  x2 xs GC-Hy GC-Hy, G-Hsz GC-H, GC-Hsz GC-Hp, GC-Hu GCe-His xi X2 Xs BB
1.0866  1.0833  1.0790  1.0858 g* g" a Y.
1.0811 1.0800  1.0818 1.0864 g* gt a B,
¢t g" a 1.0844  1.0820  1.0857  1.0871 1.0823  1.0808  1.0771 1.0878 g* a a ™
1.0805  1.0805  1.0862 10821 g* a B.
1.0826  1.0831  1.0848 10878 g* g a Y.
1.0846  1.0802  1.0836 10791 g* g a B.
1.0819  1.0830  1.0811  1.0863 a g a Y.
1.0810  1.0829  1.0790  1.0820 a gt a B,
1.0803  1.0812  1.0868  1.0844 a a a B.
1.0808  1.0824  1.0877  1.0804 a a a Y.
1.0812  1.0798  1.0892  1.0770 a a a a,
¢t a a 1.0822  1.0822  1.0865  1.0865  1.0803  1.0762  1.0893  1.0804 a a a £
1.0805  1.0787  1.0863  1.0833 a a a o
1.0779  1.0801  1.0841  1.0857 a a a 3
1.0810  1.0830  1.0876  1.0791 a a a 3,
1.0828  1.0813  1.0853  1.0803 a g a Y.
1.0810  1.0804  1.0869  1.0849 a e a B.
1.0802  1.0809  1.0866  1.0840 g~ g" a Y.
1.0814  1.0838  1.0807 10864 g~ g a B.
¢t g a 1.0820  1.0844  1.0844  1.0871 10806  1.0807  1.0864 10835 g~ a a .
1.0839  1.0803  1.0833 10834 g~ a a B.
1.0827  1.0798  1.0848  1.0848 g~ g a Y.

Ala[17,18,21-26] Val [27], Phe [28,29] and Ser [30—
32]. Preliminary studies have been published on Pro
[20], Asp [33], Asn [34], Cys [35], and Sec (seleno-
cysteine) [36].

In the next phase of our study, we have selected two
backbone conformations, vy, and f3,, to investigate the
side-chain conformations. The optimized structures
for the y, backbone are given in Table 5 and those
for the B, structure are summarized in Table 6.

3.3. Relative energies and side-chain backbone
interactions

The various types of BB/BB and SC/BB interac-
tions are presented in Fig. 5. A summary of the
actual interactions, occurring in the 23 conformers
studied, is presented in Table 7. This summary
clearly shows that those conformers that are low
in AE have several different types of interaction.
The converse is also true; namely, conformers,
which have only one interaction are considerably
less stable. A graphical presentation of the 23

structures is shown in Figs. 6—8. In these figures,
the structures are arranged in the pattern of their
corresponding potential energy surfaces.

3.4. Stabilization energies

The stabilization energy of the side-chain exerted
on the backbone of course varies from amino acid to
amino acid. It also varies by conformation within a
given amino acid. A comparison of the two amino
acids with acidamide side-chains (i.e. asparagine
and glutamine) are shown in Fig. 9.

The different protective groups (on the one hand
HCO- and —NH, as well as MeCO- and -NHMe on
the other hand) cause only a very small discrepancy. For
the L-asparagine diamide at its global minimum, the
AE () = —14.259 and —14.369 kcal mol ' for
the former and the latter case, respectively, at the
RHF/3-21G level of theory. Thus, the difference is
only 0.11 kcal mol~'. Consequently, a comparison of
the results obtained using two different sets of protective
groups is quite acceptable. This point is important
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because not all amino acids are reported in the literature
with both sets of protective groups.

Fig. 10 compares the stabilization energies AEg,
pier) for the global minimum of the various amino
acids collected in the database [37].

3.5. Side-chain folding

Side-chain folding is not only interesting but also
important for two reasons. On the one hand, side-
chain orientation can influence backbone folding via
side-chain—backbone interaction. On the other hand,
side-chain folding can limit the biological function of
the amino acid. The understanding of the phenomenon
of side-chain folding requires relatively long aliphatic
side-chains and there are only a few amino acids,
which fulfil this requirement.

Glutamine has a long enough side-chain so the
problem of side-chain folding may be explored. A
folded chains, like butanamide, exhibits dynamic
chirality unless it is in its fully symmetrical form
(i.e. fully anti). In the case of the current amino acid
residue, namely glutamine, no symmetric situation
may exist because the side-chain is placed in an asym-
metric environment due to the proximity of the a-
carbon. Consequently, C—Hy and C—Hjg bond lengths
are expected to be different even in the a,a side-chain
orientation. The numerical values of the C—H bond
lengths for the various conformers of I and II are
summarized in Table 8.
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