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Abstract. In this study, we generated and analyzed the side-chain conformational potential energy hyper-
surfaces for each of the nine possible backbone conformers for N-acetyl-L-aspartic acid-N′ methylamide.
We found a total of 27 out of the 81 possible conformers optimized at the B3LYP/6-31G(d) level of theory.
The relative energies, as well as the stabilization energies exerted by the side-chain on the backbone, have
been calculated for each of the 27 optimized conformers at this level of theory. Various backbone-backbone
(N–H···O=C) and backbone-side-chain (N–H···O=C; N–H···OH) hydrogen bonds were analyzed. The ap-
pearance of the notoriously absent εL backbone conformer may be attributed to such side-chain-backbone
(SC/BB) and backbone-backbone (BB/BB) hydrogen bonds.

PACS. 82.20.Wt Computational modeling; simulation

1 Introduction

1.1 Biological background

There exist a wide variety of proteins in all living enti-
ties. Some are regulatory proteins while others may be
structural proteins. More interestingly, there is a group of
proteins that bind to specific cell-surface receptors. Many
of these adhesive proteins, such as fibrinogen, fibronectin,
and collagens, contain the tripeptide sequence arginine-
glycine-aspartic acid (RGD) which is the structural mo-
tif used for recognition by cell-surface receptors [1]. The
RGD tripeptide has been intensely studied in molecu-
lar genetics, cell biology, as well as pharmacology. In re-
cent years, gene therapy is an area of high interest in
the medical fields. However, the effectiveness and expres-
sion of the target genes are often limited by the effi-
ciency of the gene delivery system. The adenovirus vector
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has shown tremendous promise in efficient gene delivery
for target genes [2,3]. Impressively, experiments showed
that the RGD is important in expanding adenovirus vec-
tor tropism [4] as well as improving gene delivery effi-
ciency [5,6]. In cancer research, studies have shown that
RGD could trigger apoptosis [7] while showing low toxi-
city in antitumor activity against human lung cancer [8].
From these results, the RGD tripeptide shows that it has
a great potential in clinical therapeutic studies. Interest-
ingly, it was found that new RGD analogues, important for
their transport properties in drug production, could en-
hance oral bioavailability [9]. However, it was emphasized
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Fig. 1. An Arg-Gly-Asp (RGD) conformer obtained by pre-
liminary optimization [48].

that the three dimensional conformation of the RGD must
be thoroughly studied as it affects the peptides’ hydrogen
bonding ability as well as its molecular geometry [9].

One can examine the tripeptide RGD as three separate
components, namely arginine (R), glycine (G), and aspar-
tic acid (D) as shown in Figure 1. Glycine (G) has been
studied very extensively through molecular computation.
The focus of this paper is to explore the conformational
variability of the aspartic acid (D) residue, whose confor-
mation may affect, rather profoundly, the hydrogen bond
formation as well as the molecular geometry of the RGD
tripeptide.

The aspartic acid residue itself has shown tremendous
biological applications. For instance, it was shown that if
the chemokine coreceptor CXCR4 of the human immun-
odeficiency virus-1 (HIV-1) has mutations in two of its
aspartate regions, then its function of enhancing HIV-1 en-
try intro cells was greatly reduced [10]. Also, it was found
that there exists aspartic acid-specific sites in granzyme B
that are important in cytotoxic T lymphocytes and in the
apoptosis-related caspase family [11]. In turn, these aspar-
tic acid-specific sites allow for the probing of target pro-
teins in their normal or disease states [11]. In neurology,
the quantification of N-acetylaspartate, an aspartic acid
residue, was shown to be a potential relative measure-
ment of cellular dysfunction and neuronal loss for cere-
bral injury in stroke patients [12]. It has been shown that
aspartic acid also plays a crucial role in protein decom-
position [13], where its conformation directly influences
the rate of racemization. In another experiment, carbonyl-
carbonyl interactions, comparable to the energy of hydro-
gen bonds, were shown to provide stabilizing effects for as-
partic acid and asparagines [14]. This experiment provides
an explanation for which aspartic acid adopts conforma-
tions in certain regions of the Ramachandran plot (γL,
βL, δL, αL, εL, γD, αD) more readily than any other non-
glycyl amino acids [14]. Other examples of aspartic acid-
related studies include antibody selectivity [15], lipase ac-
tivities [16], protein modification of aspartic acid bond
isomerization in Alzheimer’s Disease [17], enzyme kinetics
in bacteria [18], antiproliferative activities for immuno-
logical studies [19], probing of HIV-1 protease binding
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Fig. 2. Atomic numbering and definition of torsional angles
for N-acetyl-L-aspartic acid N′-methylamide.

site [20], gene sequences in mycobacterium’s proteins [21],
and functional roles in bacteriorhopdopsin [22]. In these
studies, it is always reported that certain conformations
of the aspartic acid are critical in the functionality of a
system. In this paper, we wish to report all possible back-
bone (BB) and side-chain (SC) conformers that may exist
for the aspartic acid residue in N-acetyl-L-aspartic acid
N′-methylamide with a side-chain carboxyl group which is
capable to intra- and inter-residual as well as intermolec-
ular hydrogen bonding.

1.2 Stereo chemical background

N-acetyl-L-aspartic acid N′-methylamide, shown in Fig-
ure 2, has a methyl group in each of the N- and
C-protective groups. This differs from N-formyl-L-aspartic
acidamide, which has H atoms instead of methyl
groups [23]. The backbone geometry of the aspartic acid
residue is expected to be analogues to that of an alanine
residue with the exception that a –COOH group has re-
placed one of the H atoms of the α-methyl group of ala-
nine. In earlier studies on the alanine molecule [24–29], it
was found that both the αL and εL backbone conforma-
tions, shown in Figure 3, did not exist. Since alanine is the
simplest chiral amino acid having a backbone that other
peptide residues also contain; it would not be surprising
at all if the aspartic acid residue would not have stable
geometries associated with the αL and εL backbone con-
formations. Besides alanine [24–29], various single amino
acids have been subjected to ab initio calculation. These
attempts include glycine [30,31], valine [32], phenylala-
nine [33–35], serine [36–38], asparagines [39], proline [40],
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Fig. 3. Topology of a Ramachandran potential energy surface
(PEHS), E = E(φ, ψ) of an amino acid residue in a peptide;
(left) conformers are designated by IUPAC conventions; (right)
conformers are designated by traditional conventions.

Fig. 4. A schematic representation of the 4D Ramachandran
PEHS E = E(φ,ψ, χ1, χ2). Each of the nine backbone con-
formations (γL, βL, δL, αL, εL, γD, δD, αD, and εD) has nine
side-chain conformation as shown by the εL conformation.

cysteine [41] and selenocysteine [42]. Using alanine, ex-
tensive studies have been made on oligopeptides [43]. The
present study includes the backbone (φ, ψ) and side-chain
(χ1, χ2) variations leading to a 4D-Ramachandran poten-
tial energy hypersurface (PEHS): E = E(φ, ψ, χ1, χ2).
Hence, on a 4D-Ramachandran PEHS, shown in Figure 4,
34 = 81 geometries need to be optimized. The backbone
conformations could lead up to 32 = 9 structures (γL, βL,
δL, αL, εL, γD, δD, αD, and εD) on the 2D-Ramachandran
map which are to be coupled with 32 = 9 side-chain ori-
entations.

Also, the N-acetyl-L-aspartic acid N′-methylamide
side-chain, similar to N-formyl-L-aspartic acidamide [23],
can be modeled by propionic acid [CH3–CH2–COOH]
where CH3 represents the α-carbon on the peptide residue.
The internal H-bond within the carboxyl moiety appeared
to be more stable both for the model propionic acid as well
as for the aspartic acid residue. There exist two possible
forms for the carboxyl group of the propionic acid side-
chain: the endo form where χ3 = 180◦ and the exo form
where χ3 = 0◦, shown in Figure 5. Due to this feature of
the propionic acid side-chain, it is obvious that the aspar-
tic acid residue, N-acetyl-L-aspartic acid N′-methylamide,
also exists in both endo and exo forms. In this paper,
we investigate the exo form of N-acetyl-L-aspartic acid
N′-methylamide as it seems reasonable to assume that the
exo form of propionic acid side-chain allows the aspartic

Fig. 5. Definitions
of endo and exo
conformations for
the propionic side-
chain of N-acetyl-
L-aspartic acid
N′-methylamide.

acid residue to form external hydrogen bonding. This ex-
ternal hydrogen bond formation may be biologically im-
portant, as it allows the aspartic acid residue to interact
with other substrates, such as amino acid residues in pro-
teins as well as with other substrates or ligands. If the
propionic acid side-chain remains in the endo form, then
the internal side-chain-side-chain hydrogen bonding can
prevent the carboxyl group from forming external hydro-
gen bonds.

Prior to this research, Salpietro et al. [23] had per-
formed a study to find the side-chain conformational
potential energy surface, E = E(χ1, χ2) of N-formyl-
L-aspartic acidamide and its conjugate base N-formyl-
L-aspartatamide in their γL backbone conformations. In
that study, the parent amino acid diamide and its conju-
gate base with deprotonated side-chain were used to ex-
amine all side-chain conformations. Also, the side-chain in
the neutral form and in the anionic conjugate base form,
were mimicked using propionic acid and propionate ion.

We now explore the full backbone and side-chain con-
formational space with the exo orientation in the side-
chain carboxylic acid moiety.

2 Computational methods

In this analysis, ab initio calculations were carried out us-
ing GAUSSIAN 94 [44] and GAUSSIAN 98 [45] on the
nine backbone conformations (γL, βL, δL, αL, εL, γD, δD,
αD, and εD) for all possible conformers of N-acetyl-L-
aspartic acid N′-methylamide. These ab initio calculations
on the aspartic acid residue were used to determine its
minima on the potential energy hyper surface (PEHS), as
shown in Figure 4. The side-chain geometric characteris-
tics can be related to propionic acid, CH3–CH2–COOH,
where the carboxyl group, in its exo form shown in Fig-
ure 5, has a χ3 of 0◦. With these parameters, and under
normal conditions where FOPT = Z-Matrix, partially re-
laxed PES scan calculations of the type: E = E(χ1, χ2)
were first performed on the exo form (χ3 = 0◦) of N-acetyl-
L-aspartic acid N′-methylamide. Consequently, all critical
points for these scan calculations had gradients of less than
4.5× 10−4 a.u. By specifying and restricting the φ and ψ
(and of course, χ3 = 0◦) torsional angles, the backbone
of the exo aspartic acid residue were fixed to their respec-
tive backbone conformations (γL, βL, δL, αL, εL, γD, δD,
αD, and εD). Meanwhile, the two side-chain variables for
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CH3–CO–(NH–CH2–CO)–NHCH3 + CH3–R → CH3CO–(NH–CHR–CO)–NHCH3 + CH4 +∆Estabil (γL) (1)
γL any conformation

−456.5375150 −268.3872059 −40.5183829
hartree hartree hartree

CH3–CO–(NH–CH2–CO)–NHCH3 + CH3–R → CH3CO–(NH–CHR–CO)–NHCH3 + CH4 +∆Estabil (βL) (2)
βL any conformation

−456.5357122 −268.3872059 −40.5183829
hartree hartree hartree

the propionic acid, χ1 and χ2, were rotated with 30.0◦
increments, producing a total of 12 × 12 = 144 points.
From the double-scan results, obtained at the RHF/3-21G
level of theory, preliminary estimates were made of where
possible conformers might be found. Tight geometry opti-
mizations were then performed at the RHF/6-31G(d) and
B3LYP/6-31G(d) levels of theory using Berny Optimiza-
tion: FOPT = TIGHT, Z-Matrix; producing at termina-
tion a gradient of less than 1.5 × 10−5 a.u. for all critical
points. In this paper, only the B3LYP/6-31G(d) results
are reported.

The stabilization or destabilization energy exerted by
the side-chain on the backbone was calculated with the
aid of CH3–CH2–COOH using the following isodesmic re-
actions with respect to the γL and βL backbones of the
glycine residue again quoting only the B3LYP/6-31G(d)
energy values:

see equations (1, 2) above

where CH3–R stands for CH3–CH2–COOH and CH3CO–
(NH–CHR–CO)–NHCH3 stands for N-acetyl-L-aspartic
acid N′-methylamide respectively. An example of the sta-
bilization energy calculation is illustrated in Figure 6.
Note that the two stabilization energy values are shifted
with respect to each other by 1.13 kcal/mol, which corre-
sponds to the difference of relative energy of the βL confor-
mation of glycine diamide with respect to its γL backbone
conformation

∆Estabil(βL)−∆Estabil(γL) = 1.13 kcal/mol. (3)

In the past, the ∆Estabil(γL) was favoured as most single
amino acid diamides have their global minima at γL in
the gas phase. However, the fully extended βL conforma-
tion is more symmetrical and it is a unique structure on
the Ramachandran map. Consequently, ∆Estabil (βL) is
becoming a more accepted parameter [46–48].

3 Results and discussion

The side-chain PESs, E = E(χ1, χ2), were first gener-
ated for each one of the nine backbone conformations (γL,
βL, δL, αL, γD, δD, αD, εD) of N-acetyl-L-aspartic acid
N′-methylamide. These PESs revealed numerous minima,
shown in landscape representation (Fig. 7) and contour
representation (Fig. 8). However, subsequent optimiza-
tions on these apparent minima revealed that only some

Fig. 6. Definition of stabilization energies of N-acetyl glycine
N′ methylamide with respect to the γL or βL conformers of
N-acetyl-L-aspartic acid N′-methylamide. This is a schematic
illustration and the diagram is not to scale.

were true minima. Since the torsional angles φ and ψ were
frozen, such discrepancy may well be expected. In addi-
tion, in a double-scan such as E = E(χ1, χ2), grid points
are optimized at fixed χ1 and χ2 values. As a result, these
semi-rigid optimizations do not precisely correspond to
“true” optimized structures where any minimum appear-
ing on a surface may not be a minimum on the hyper-
surface. Such “false” minima may represent higher order
critical points such as transition structures. Also, a min-
imum appearing on a surface may be shifted somewhat
to a regional neighbour. After the optimization process,
all minima were categorized as either “converged” or “not
found”, shown in Table 1. The position of the minima
which were located successfully (i.e. “converged”) during
the optimization process are also shown by arrows in Fig-
ures 7 and 8. All optimized dihedral angles, including the
relative energies and stabilization energies, are shown in
Table 2 where only 27 out of the 81 expected structures
were found.
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Table 1. A summary of all conformers “converged” or “not found” for N-acetyl-L-aspartic acid N′-methylamide in its exo form
for all its stable backbone (γL, βL, δL, αL, εL, γD, δD, αD, and εD) conformation computed at the B3LYP/6-31G(d) level of
theory.

When examining the optimized values in Table 2, it is
shown that when the planar –COOH moiety was rotated
against the tetrahedral β-carbon (χ2), sometime there
exist noticeable shifts in the torsional angle away from
the typical g+ value (60◦) or from the typical g− value
(−60◦) toward the anti orientation (+180◦ or −180◦ re-
spectively). Such values that fell within the range of +90◦
and +150◦ (i.e. +120◦ ± 30◦) were labelled as syn+(s+),
indicating that the oxygen of –OH in the carboxyl moi-
ety was in an syn orientation arrangement with the proton
attached to the β-carbon, positioned at about +120◦. Sim-
ilarly, values that fell within the range of −90◦ and −150◦
(i.e. −120◦ ± 30◦) were labelled as syn−(s−), indicating
that the –OH oxygen of the carboxyl moiety was in syn
orientation with the proton attached to the β-carbon, po-
sitioned at about −120◦. It is interesting to note that a
g−g+ side-chain conformer, shown in Figure 9, was found
in the εL backbone conformation, a backbone that is not
known to harbour stable conformers. In this particular
g−g+ conformer, it is found that a backbone-backbone
internal hydrogen bond, calculated to be 2.297 Å, may
be the stabilizing energy needed by the conformer to
remain stable. In addition, a rather unusual hydrogen

2.297 Å
1.918 Å

Fig. 9. A picto-
rial representation of
the stable conformer
found at g−g+ of the
εL backbone.

bond, H19···N2, which has an intermolecular distance of
1.918 Å (result not tabulated but shown in Fig. 9), may
also contribute to the stabilizing force that allows for the
existence of this εL [g−g+] conformer. Figure 10 illustrates
the various traditional hydrogen bonds that may exist in
the exo form of N-acetyl-L-aspartic acid N′-methylamide.
In this case, since the carboxyl group in the side-chain is in
the exo form, there is no side-chain-side-chain interaction
in the aspartic acid residue. Still, there exist two kinds of
stabilizing hydrogen bonds: backbone-backbone (BB/BB)
or side-chain-backbone (SC/BB). In total, there are two
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Table 3. The relative distances of potential hydrogen bonds of N-acetyl-L-aspartic acid N′-methylamide in its exo form for all
its stable backbone (γL, βL, δL, εL, γD, δD, αD, and εD) conformations computed at the B3LYP/6-31G(d) level of theory. No
conformers were found for the αL backbone and hence no hydrogen bond distances for the αL backbone could be tabulated.
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BB/BB hydrogen bond interactions and six SC/BB hy-
drogen bond interactions. The corresponding distances for
these hydrogen bond interactions are tabulated in Table 3.
It is also interesting to note that almost all stable conform-
ers, with the exception of g+g− and g−a in the αD con-
formation, there exist at least one type of hydrogen bond
interaction. This may suggest that hydrogen bonding, at
least in part, contribute significantly to the stability of a
conformer for the aspartic acid residue. Here, the BB/BB
interaction can be considered as an internal stabilizing

factor that allows fundamental stability for the aspartic
acid residue while at the same time allowing the side-
chain to participate in external interactions with other
substrates. On the other hand, the SC/BB interaction can
induce even greater internal stability to the aspartic acid
residue. An example to illustrate this phenomenon exists
in the γL [ag−] conformation where type 1B (BB/BB)
and type 2C (SC/BB) of the hydrogen bond interactions
seems to contribute major stabilizing forces that allow for
the existence of the conformer at this particular backbone.
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Fig. 10. Classification
of the types of internal
hydrogen bonding for
N-acetyl-L-aspartic acid
N′-methylamide.

Fig. 11. A trend showing the interrela-
tion between hydrogen-bonded distance
and ring size (RS) of internal hydro-
gen bonds of N-acetyl-L-aspartic acid N′-
methylamide. Note: HQ may be H–N or
H–O.

A correlating trend between hydrogen bond distance and
ring size (RS) is shown in Figure 11. Here, it is apparent
that the shorter the hydrogen bond distance, the greater
the RS. The overall correlation equation shows a least
square value of R2 = 0.998, showing convincingly that
such trend is significant. We did not observe any Type 2B
hydrogen interactions for the aspartic acid residue.

In Figure 12, various stabilization energies, with re-
spect to either βL or γL of the glycine residue, are shown
in a bar-graph format. The difference in stabilization en-
ergy, ∆Estabil, with respect to βL and with respect to γL

is constant (1.13 kcal/mol), as shown in Figure 5. Conse-
quently, it is enough to discuss only one set of the stabi-
lization energy data. Here, we choose to discuss the values
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Fig. 12. Computed stabilization energies of N-acetyl-L-aspartic acid N′-methylamide with respect to γL and βL backbone
conformation of N-acetyl-L-aspartic acid N′-methylamide.
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with respect to the γL glycine residue. One can observe
that the L subscripted conformations (i.e. βL, δL, εL, γL)
of the aspartic acid residue are stabilized more extensively
than its D subscripted forms (i.e. αD, γD, δD, εD). As il-
lustrated in Figure 12, most of the stabilization energies
for the L conformers, having a more negative value, in-
dicated that the conformers are truly stabilized. This is
shown by the fact that stable L subscripted conformers
for N-acetyl-L-aspartic acid N′-methylamide either have
great negative values or small positive values for their sta-
bilization energies. This trend is observed in the γL, βL,
δL and εL backbones for the aspartic acid residue. On the
other hand, most conformers found for the D subscripted
form of the aspartic acid residue are de-stabilized. Again,
the D-subscripted conformers, shown in Figure 12, have
either great positive values or small negative values for
their stabilization energies. This trend exists in the αD,
γD, δD and εD backbones for the aspartic acid residue.
Even though the εL and the εD conformers seem to rep-
resent an apparent exception to the trend (where both L
and D subscripted conformers appeared to be stabilized),
nevertheless, the actual magnitudes for their ∆Estabil still
followed the trend outlined above.

We also observed that in some cases, the ω0 torsional
angle of the stable conformers (such as those found in the
αD conformation) deviated from the ideal value of 180◦.
One possible reason for such apparent discrepancy is that
there exist strong hydrogen bond interactions that act as
stabilizing forces in these conformers. For example, in the
αD [g+g+] conformation as well as in aa and g−g+ of the
εD conformation, where the ω0 torsional angle deviates
the most from the ideal, there exist strong SC/BB inter-
actions (i.e. having hydrogen bond lengths of less than
2.000 Å). This may suggest that as the conformer seeks a
stabilizing force, it is willing to rotate its terminal methyl
groups, changing its ω0 torsional angles, in order to form
a hydrogen bond interaction that is strong enough to sta-
bilize itself. Also, such observation from the optimization
results for N-acetyl-L-aspartic acid N′-methylamide may
provide insights on the aspartyl residue’s role in the in-
tramolecular interactions of RGD. Such an example may
be found in the conformers of the δL, δD, αD and εD con-
formations, which possess the SC/BB interactions shown
in Table 3. Meanwhile, it is reasonable to infer that an
ideal stabilizing situation for the aspartyl residue in a pep-
tide chain would involve both BB/BB as well as SC/BB
being present. In γL, βL, and γD conformations, such in-
stances of having both BB/BB and SC/BB interactions
exist. Interestingly, these three backbones are tradition-
ally recognized as where most of the stable conformers for
an amino acid would be found in the gas phase. The study
of SC/BB and BB/BB interactions in N-acetyl-L-aspartic
acid N′-methylamide may deem significant as these inter-
actions may represent the internal stabilizing force within
a peptide chain when it is binded to a substrate, such as a
receptor (charged or uncharged). The fact that 19 out of
the 27 optimized conformers for the exo form of N-acetyl-
L-aspartic acid N′-methylamide possess a SC/BB interac-
tion suggest that the ability of the aspartic acid residue to

form an external hydrogen bond, whether to itself, to an
adjacent neighbour or to a binding substrate, may deem
significant to the molecule’s stability as well as the relative
stability of a binding assay involving the amino acid.

4 Conclusions

Using quantum chemical calculations at the B3LYP/6-
31G(d) ab initio level, the conformational preferences for
the exo form of N-acetyl-L-aspartic acid-N′-methylamide
were determined. We found and optimized a total of 27
stable conformers (out of the possible 81) for the aspartic
acid residue at this level of theory. All relative energies, in-
cluding the stabilization exerted by the side-chain on the
backbone, were calculated for the 27 stable conformers.

Various BB/BB (N–H···O=C) and BB/SC (N–
H···O=C; N–H···OH) hydrogen bonds were analyzed.
There was no SC/SC interaction in the carboxyl group
of the aspartic acid residue, indicating that the side-chain
may be involved with external hydrogen bonding to sta-
bilize the amino acid. A total of two BB/BB interactions
and six SC/BB interactions were identified amongst the
stable conformers. However, only five of the possible six
SC/BB interactions were observed. In addition, 25 of the
27 conformers exhibited at least one or more hydrogen
bond types. External hydrogen interactions are signifi-
cant when the aspartyl residue participates in intra- or
inter-molecular interactions in polypeptides, such as in the
RGD tripeptide. In the case of RGD, the presence or ab-
sence of these external stabilizing forces will directly affect
the folding or unfolding of the tripeptide moiety.

In this work, the stable g−g+ conformer found at
the εL backbone may represent a novel geometry in which
the aspartyl residue may arrange itself during such peptide
folding.

The authors would like to express their gratitude for the gen-
erous allocation of CPU time provide by the National Cancer
Institute (NCI) at the Frederick Biomedical Supercomputing
Center.
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