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Abstract. A conformational and electronic study on N-acetyl-L-glutamate-N-methylamide was carried out.
Theoretical computational analysis revealed 21 different conformations at the RB3LYP/6-31G(d) level of
theory. Ab initio calculations at two levels of theory (RHF/3-21G and RHF/6-31G(d)) were also performed.
All side-chain conformations were explored for this compound. N-acetyl-L-glutamate-N-methylamide dis-
played a different conformational behaviour in comparison with other amino acids possessing shorter side-
chains. These results can be attributed, at least in part, to the side-chain-backbone interactions, which are
stabilizing the low-energy conformations in this molecule.

PACS. 31.15.Ar Ab initio calculations – 31.15.Ew Density-functional theory

1 Introduction

A great deal of attention has been paid during the past
several decades to the question of backbone folding in
polypeptides. This is not surprising, as that is the main
road towards the understanding of protein folding.

The conformational consequences of genetic engineer-
ing are seldom predictable. The relative orientation of the
consecutive amide linkages (peptide bonds) determines
the global fold. The exponentially growing number of con-
formers found in various protein databanks, accessible
worldwide, has initiated new sub-fields and are emerging
scientific areas of their own accord. New generations of
structure prediction algorithms or alternative neural net-
work analysis signal this trend. Although important, rel-
ative to those topics, the application of quantum mechan-
ics for the analysis of peptides and protein fragments is
less popular. This theoretical approach, although now ac-
cepted, still suffers from some skepticism. One of the most
commonly asked questions is “Why calculate, if one can
measure?”. Due to the intrinsic flexibility of fragments of
peptides and proteins measuring a single conformer by
any spectroscopic method is often not straightforward.
Very often NMR results need to be analyzed with the
background knowledge of all topologically probable struc-

? Figures A1–A7 and Tables A–C are only available in elec-
tronic form at http://www.edpsciences.org
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tures, perhaps determined by computation. In contrast to
NMR, other branches of spectroscopy, with faster time-
scales, such as CD, UV and FTIR, reflect the sum of all
energetically accessible forms. To understand and to inter-
pret these spectra, they have to be deconvoluted and once
again geometrical information could be essential. To help
these analyses, calculated conformers are of great help.

A second inquiry could be stated: “Why perform ex-
pensive ab initio calculation instead of applying only a
commonly used force-field?”. Obviously, if we stick to the
state of the art approach, the size and not the type of
the molecule will predetermine the method to be used. A
large variety of force-fields have been introduced in the
past for the conformational analyses of peptides and pro-
teins. From time to time, comparisons are published [1–3]
to demonstrate their full capacity. Some of these force-field
(HYPERCHEM [4], MM+ [5], AMBER [6], CHARMM [7]
and OPLS [8,9]), along with the common semi-empirical
MO approaches (MNDO/3 [10], MNDO [11], AM1 [12]
and PM3 [13]) have been widely used to investigate
molecules too large for ab initio studies. However, at least
in the case of small peptides, these results are often much
different from each other and from ab initio data [1–3].

Their inconsistency can be traced to the variation of
the ordering of the relative energies for the same set of
conformers, with different structural values. Furthermore,
even the number of the allowed conformers varies from
one method to another.
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The third most frequent objection against a theoreti-
cally determined structure library is “Why try to calculate
all possible conformers, if they are not readily energeti-
cally accessible?”. First of all, when the identification of
the global minimum is the sole focus, often a large number
of conformers are determined as “byproducts” of the pro-
tocol. Even if these “high energy” zero-gradient structures
have low probability, they are not useless. They could be
used as guides to understand basic questions such as the
following. A protein can occupy its global minimum or one
of its local minima, energetically not much higher than the
global. Therefore, instead of discarding the so-called “high
energy” structures, it is wiser to collect as many of these
as possible.

The interaction between side-chain and backbone
in peptides is a fundamental question that has not
been answered satisfactorily as yet. Side-chain folding
is not only interesting but also important because side-
chain orientation can influence backbone folding via
side-chain–backbone (SC/BB) interaction. Of course, the
analysis of the phenomenon of side-chain folding requires
relatively long aliphatic side-chains and there are only a
handful of amino acids that fulfill the requirement. Gluta-
mate has a long enough side-chain and is therefore a good
candidate for the exploration of this conformational prob-
lem. Of the 20 naturally occurring amino acids there are
only two amino acids, aspartic acid (Asp) and glutamic
acid (Glu), which have carboxylic acid moieties in their
side chains. Under biological conditions, they can deproto-
nate easily, forming a negatively charged side-chain. Such
side-chains can be involved in salt-bridge [14] formation
as illustrated by Structure 1.

Structure 1.

Carboxylate ions may also form salts with metal
cations. Calmoludin and other Ca2+ carrying proteins
have a rather high proportion of glutamate, to bind Ca2+

ion, in addition to aspartate residues [15].
Both aspartate [16] and glutamate [17] residues have

been studied previously, in an exploratory fashion. How-
ever, the present paper is the first in which the full con-
formational space of glutamate is explored.
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Figure 1. Numbering of the atoms and torsional angles for bu-
tyrate ion (I) and N-acetyl-L-glutamate-N-methylamide (II).
The torsional angles are defined in terms of the atoms involved.

Due to the rather large dipole moment of an amide
plane, it is obvious that a charged side-chain may have
a backbone conformation influencing capacity. Clearly, a
deeper understanding of these topics could be enhanced by
explicit knowledge of the quantum mechanical conforma-
tional properties of N-acetyl-L-glutamate-N-methylamide
(Fig. 1). We report here an exhaustive conformational and
electronic study of N-acetyl-L-glutamate-N-methylamide
using different levels of theory. A comparative study
amongst theoretical calculations and experimental (NMR
and X-ray) results was also carried out.

2 Methods

IUPAC-IUB [18] rules recommended the use of
0◦ → +180◦ in clockwise direction (clockwise rota-
tion) and 0◦ → −180◦ for counter-clockwise direction
(Scheme 1), for rotational potential. For side-chain rota-
tion, this implied the following range:−180◦ ≤ χ1 ≤ 180◦,
−180◦ ≤ χ2 ≤ 180◦ and −180◦ ≤ χ3 ≤ 180◦. On the
Ramachandran map (Scheme 2), the central box de-
noted by a broken line (−180◦ ≤ φ ≤ 180◦ and
−180◦ ≤ ψ ≤ 180◦) represents the cut suggested by
the IUPAC convention. The four quadrants denoted
by solid lines are the conventional or traditional cuts.

Scheme 1.
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Scheme 2.

Most peptide residues exhibit nine unique conformations,
labeled as αD (αLEFT), εD, γD (Cax

7 ), δL (β2), βL (C5), δD
(α′), γL (Ceq

7 ), εL, and αL (αRIGHT).
However, for graphical presentation of the side-chain

conformational potential energy surface (PES), we use the
traditional cut (0◦ ≤ χ1 ≤ 360◦ and 0◦ ≤ χ2 ≤ 360◦), sim-
ilar to that suggested previously by Ramachandran and
Sasisekharan [19].

2.1 Computations of molecular conformers

Molecular Geometry optimizations were performed at
three levels of theory: RHF/3-21G, RHF/6-31G(d) and
RB3LYP/6-31G(d), using the Gaussian 98 [20] program.
Exploratory computations were first performed on the
butyrate ion (I), at the RHF/3-21G level of theory,
prior to the subsequent study carried out on N-acetyl-
L-glutamate-N-methylamide (II). The numbering of the
atoms together with the torsional angles, which were var-
ied in both cases, is shown in Figure 1.

Features of the potential energy hypersurface (PEHS)
(Eq. (1)) associated with the butyrate ion are shown
as two potential energy surface (PES) cross-sections
(Eqs. (2a, 2b)) in Figure 2

E = E (χ1, χ2, χ3), (1)
E = E (χ1, χ2), (2a)
E = E (χ2, χ3). (2b)

These surfaces already revealed a 3 × 3 × 2 topological
periodicity along χ1, χ2 and χ3 respectively, leading to
18 minima on the PEHS (Eq. (1)) where χ3 assumed 0◦
and 180◦ orientations. These minima were optimized, re-
vealing that each of 12 degenerate minima turned out to
be the global energy minimum while each of the remaining
6 degenerate minima were observed to be the higher en-
ergy minimum. A table showing the optimized torsional
angles, total energy values and relative energies for the
conformational minima of butyrate ion (I) is available on
the Web (Tab. A).
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Figure 2. Conformational PES (landscape and contour map)
for butyrate ion (I). Top: E = E(χ1, χ2). Bottom: E =
E(χ2, χ3).

It was surprising to see that χ3 did not have a mini-
mum energy point at 90◦, as it is often the case when a
planar moiety is rotated about a tetrahedral moiety [21].
However, such minima might be expected to occur in the
case of the glutamate residue since it is a more complex
structure than butyrate. It seemed reasonable therefore to
ignore χ3 as a systematic variable. In view of that, one ex-
pects to see 9 backbone and 9 side-chain orientations, all
together 81 conformers, each of which will have at least
one optimum χ3 value.

2.2 Stabilization energies

The stabilization energies were calculated with respect to
the γL (C7) as well as to the βL (C5) backbone conforma-
tion of N- and C-protected glycine [22,23] using the fol-
lowing isodesmic (same number of the same type of bonds)
reaction, where the terminating groups P and Q are CH3

and side-chain R = CH2–CH2–COO(–):

PCONH–CH2–CONHQ + CH3–R → PCONH–CHR–CONHQ
+ CH3–H.

reference conformation γL or βL conformation X

The stabilization energy may be calculated as follows:

∆Estabilization = {E[PCONH–CHR–CONHQ]X

+E[CH3–H]}
− {E[PCONH–CH2–CONHQ]γL or βL

+E[CH3–R]}
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Table 1. Total energy values of the component molecules for isodesmic reaction computed at three levels of theory.

The components’ energy values are summarized in
Table 1.

2.3 Topological analysis of electron density

The topology of the electron density has been analyzed
using the AIM (atoms in molecules) method [24]. In this
analysis, the gradient [∇ρ(r)] and the Laplacian [∇2ρ(r)]
play important roles. A critical point of the electron den-
sity along the line of two interacting atoms in a molecule
is called the bond critical point (BCP), where ∇ρ(r) = 0.

The bond path is made up of a pair of gradient paths,
originating at a BCP and terminating at the neighbour-
ing nuclei. The necessary condition for two atoms to be
bonded to each other is that their nuclei must be linked
by a bond path. The bond path is regarded to be “a uni-
versal indicator of bonded interaction” [25]. The method
is widely used for the proof of existence of hydrogen
bonds [26].

3 Results and discussion

3.1 Conformational study

The DFT results of the geometry optimizations of the ti-
tle compound at the RB3LYP/6-31G(d) level of theory, in-
cluding geometrical parameters, total energies, relative en-
ergies and stabilization energies are given in Table 2. The
total energies are given in Hartree, the relative energies
and stabilization energies are given in kcalmol−1 (using
the conversion factor: 1 Hartree = 627.5095 kcalmol−1).
The same data obtained from ab initio calculations at
the RHF/3-21G and RHF/6-31G(d) levels of theory are
available on the Web (Tabs. B and C). While 21 re-
laxed structures were obtained from DFT calculations, 27
and 32 were obtained from ab initio RHF/6-31G(d) and
RHF/3-21G levels of theory, respectively.

Side-chain PESs associated with each of the seven
backbone conformations (no δL or δD backbone conform-
ers were located) are shown in Figure 3 in which χ3 was
relaxed. The variation of χ3 in the case of the αD backbone
as a function of χ1 and χ2 is shown in Figure 4.

The reliability of the RHF/3-21G level of computa-
tions can be investigated here since we have results from
the RHF/6-31G(d) and RB3LYP/6-31G(d) levels. It is
prudent, at this time, to make a comparison.

The relative energies (∆Erel) of the title compound,
computed at three levels of theory, are compared in Fig-
ure 5. Since the global minimum, on the relative energy
scale, is always zero by definition, in order for the fitted
line to pass over the origin, a y = mx equation was fit-
ted to the data points. While the slopes of the fitted lines
are never unity, it is clear that the RHF/3-21G results
reproduce the trend quite well.

In addition to relative stabilities, accuracy of the key
torsional angles (in the present case, φ, ψ, χ1, χ2, ω0 and
ω1) is of great importance. The correlation of the above
torsional angles computed at three levels of theory for the
title compound is shown in Figure 6. The least-square fit
was of the type y = mx + b. Neither m is unity nor b is
zero for the RHF/3-21G and RHF/6-31G(d) calculations.
However, the fitted lines suggest a surprisingly good cor-
relation.

Some minima were annihilated as the level of theory
was increased. This is illustrated in Figure 7.

3.2 Stabilization energies

The stabilization exerted by the side-chain on the back-
bone is traditionally calculated [22,23] with respect to
the global minimum i.e. the γL conformation. However,
it has been noted recently [27] that during cis-trans iso-
merization, the γL conformation may disappear at least
for some of the amino acids. In other words, the γL con-
former does not exist as a minimum energy conformation
on some of the cis-Ramachandran maps. For this reason,
as an alternative backbone conformation, βL has been se-
lected for the calculation of stabilization energy (∆Estabil).
The method of calculation, as outlined in the “Computa-
tional Methods” section, is the same, but instead of the
γL conformation of glycine, the βL conformation is chosen
as the reference conformation. Such a new standard may
be important in the future, when some ab initio peptide
database will include both cis and trans peptides. Never-
theless, today, the ∆Estabil (γL) values are more practical
if we wish to make comparisons to previously reported val-
ues. Figure 8 compares ∆Estabil (γL) values for the title
compound.

Such a “spectrum” of side-chain stabilization is pre-
sented in Figure 9.
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Figure 3. E = E(χ1, χ2) PES for N-acetyl-L-glutamate-N-methylamide (II) in its seven different backbone conformations.
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Figure 4. Potential energy surface landscape (top left) and contour map (bottom) associated with a fixed αD backbone
conformation for N-acetyl-L-glutamate-N-methylamide (II). In the contour map the values of χ3 in each point was also included.
The surface to the top right is showing the variation of χ3 (between −180◦ and 180◦) in function of χ1 and χ2.
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3.3 Intramolecular interactions

The two types of intramolecular hydrogen bonding
(BB/BB; SC/BB) may occur in the various conformers
of compound II, are depicted in Figure 10. The character-
istic distances and angles as well as the classification of
interactions are summarized in Table 3. Note that always
the longer C–O of the carboxylate moiety is involved in the
hydrogen bonding, acting as a proton acceptor (Tab. 4)

An AIM analysis revealed, in agreement with the data
presented in Table 5, that extensive side-chain/backbone
intermolecular hydrogen bonding type interaction exists
in all backbone conformers.

Two representative structures showing hydrogen
bonds as well as Molecular Electrostatic Potentials
(MEPs), calculated with the PC SPARTAN PRO [28] soft-
ware, are shown in Figure 11.

Computations have been carried out for the rest of
the conformations, these figures are available on the Web
(Figs. A1–A7)

In summary, different observations can be made with
respect to the conformational and electronic intricacies of
compound II:

(i) DFT calculations predict the existence of 21 confor-
mations for compound II, being the γL(g−g+) confor-
mation the global minimum. This conformation pos-
sesses three internal hydrogen bonds, stabilizing its
spatial ordering (Tab. 5);

(ii) the second global minimum is the αL(g+g+) con-
formation. This is particularly noteworthy because
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Figure 8. A graphical presentation of the ∆Estabil (γL) val-
ues for all existing backbone and side-chain conformations
of N-acetyl-L-glutamate-N-methylamide (II) at RB3LYP/6-
31G(d) level of theory.

the αL conformations are usually annihilated in other
amino acids. This conformation display a particu-
lar spatial ordering, possessing a bifurcated hydrogen
bond between N22–H25...O10 and N1–H5...O10 respec-
tively (Fig. 11);

(iii) the αL and εL conformations, which are usually an-
nihilated, are now energy minima on the Ramachan-
dran PES;

(iv) some other conformations (δL and δD), which are usu-
ally energy minima on the Ramachandran PES, now
do not represent stable structures;

(v) Some backbone conformations do not tolerate the
a, a side-chain orientations which is evident from the
shifts observed.

Considering the conformational intricacies of com-
pound II we can consider its conformational behavior as
“non typical” if we compare the present results with those
of other amino acids previously reported [29–32].
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the minimum each
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tions of N-acetyl-
L-glutamate-N-
methylamide (II).

Table 3. Summary of intramolecular interactions in N-acetyl-
L-glutamate-N-methylamide (II) optimized at RB3LYP/6-
31G(d) level of theory.
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Intramolecular H-bonded
Interaction Type: 3A

Distance: O11 H25

Angle:N22 H25 O11

Intramolecular H-bonded
Interaction Type: 3B

Distance: O10 H25

Angle:N22 H25 O10

Intramolecular H-bonded (for gL and gD)
Interaction Type: 1A

Distance: O19 H25

Angle:N22 H25 O19
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Figure 10. Classification of various types of backbone-
backbone and side-chain-backbone interactions.

Table 4. Summary of C–O distances in carboxylate moi-
ety in N-acetyl-L-glutamate-N-methylamide (II) optimized at
RB3LYP/6-31G(d) level of theory.
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Figure 11. Two representative geometries showing hydrogen
bonds calculated at RB3LYP/6-31G(d) and MEPs calculated
at RHF/6-31G(d) levels of theory.

4 Correlation between natural occurrence
of conformers and computed stability

To better understand the above theoretical results, we per-
form a comparison of structural parameters (torsional an-
gles φ and ψ) from experimental data bases (X-ray and
NMR) with our ab initio and DFT results. To keep the
modeling as simple as possible it will be assumed that the
probability of each conformer in proteins depends only on
its relative energy. Obviously in this model several well-
known phenomena are neglected, such as inter-residue in-
teractions, long-range effects, hydration etc. However we
believe that it is possible to correlate, in a simply way,
the relative energy of a conformer and its relative proba-
bility in an ensemble of proteins. Thus the comparison of
relative energies and the relative probabilities by using a
non-homologous data base is a potential technique for the
cross-validation of the two approaches.

Using a recent (February 2002) X-ray and NMR deter-
mined protein data set of non-homologous proteins [33],
a population distribution map was generated. The back-
bone conformers of all 31159 Glu residues, found in a to-
tal of 974 non homologous proteins (99.2% TRANS and
0.8% CIS conformers), were plotted, showing φ against ψ
values (Fig. 12a). To perform a comparison between cal-
culated and observed backbone conformers, additional
plots were made with the RHF/3-21G, RHF/6-31G(d)
and RB3LYP/6-31G(d) results (Figs. 12b, 12c and 12d
respectively).

Comparison of these data sets shows an overall promis-
ing similarity emerging. The experimental (X-ray and
NMR) data indicate highly populated zones; the first one
corresponds to the αL (right-hand α-helix) and δD re-
gions with 56.5% of the total population and the sec-
ond is the βL (extended β-strand), γL (inverse γ-turn),
δL and εL regions with 40.6% of population. It is inter-
esting to note that both ab initio and DFT calculations
predict the γL (g−g+) and αL (g+g+) as the energetically
preferred conformers. These minima are distinguished in



540 The European Physical Journal D

Table 5. Topological properties at hydrogen bond critical points of CH3CONH–Glu(–)–CONHCH3 minimum energy confor-
mations. (RHF/6-311++G∗∗//3-21G). Covalent bonds are denoted as X–H and hydrogen bonds specified as H· · ·Y.
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Figure 12. Backbone conformers of all 31159 Glu residues
taken from 974 non homologous proteins [33]. Using their back-
bone dihedral parameters, all of the above Glu residues were
plotted on a [φ, ψ] map (a). Locations of calculated compound
II backbone conformers on a [φ, ψ] map obtained from: ab ini-
tio RHF/3-21G (b), RHF/6-31G(d) (c) and DFT (RB3LYP/6-
31G(d)) (d) calculations. The two low-energy values obtained
for the three levels of theory are shown with stars.

Figures 12b, 12c and 12d with stars. The αD zone, which
corresponds to the left-hand α-helix region, displays a
moderate population (1.9%), whereas the γD and εD have
a very low density with 0.5% and 0.4% respectively. The-
oretical calculations predict these conformations as en-
ergetically disfavoured forms. From the results shown in
Figure 12 it is clear that theoretical calculations are in
complete agreement with experimental data. Such a cor-
relation permits us to assume that if the amide model is
relevant to the description of main chain folding of pro-
teins, then the most stable conformers should have the
lowest energy.

5 Conclusions

Multidimensional conformational analysis predicts
81 structures in the case of N-acetyl-L-glutamate-
N-methylamide. Among these, 21 relaxed structures were
determined at the DFT (RB3LYP/6-31G(d)) level of
theory. The three levels of theory reported here (RHF/3-
21G, RHF/6-31G(d) and RB3LYP/6-31G(d)) displayed
closely related results indicating that RHF/3-21G calcu-
lations are sufficient to use in exploratory conformational
analysis. The theoretical results are in good agreement
with the experimental (X-ray and NMR) results.

Comparing the results obtained for N-acetyl-L-
glutamate-N-methylamide with other previously reported
amino acids, “atypical conformational behaviour” was ob-
tained for this compound. Thus, the αL and εL conforma-
tions which are usually annihilated are now stable energy
minima on the Ramachandran PES, while δL and δD con-
formations which are usually energy minima for the rest
of the amino acids, do not represent stable conformers for
this system. This atypical behaviour might be attributed,
at least in part, to the side-chain backbone interactions
which occur in this molecule. This study can contribute
to a better understanding of some less noticeable effects,
which might strongly influence the structure of a polypep-
tide or a protein possessing this residue in their structures.
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