
Peptide model XXVIII: An exploratory ab initio and
density functional study on the side-chain–
backbone interaction in N-acetyl-L-cysteine-
N-methylamide and N-formyl-L-cysteinamide
in their L-backbone conformations
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A. Kucsman, O. Farkas, E. Deretey, J.C. Vank, and I.G. Csizmadia

Abstract: A conformational and electronic study on the energetically preferred conformations (�L) of N- and C-
protected L-cysteine (P-CONH-CH(CH2SH)-CONH-Q, where P and Q may be H or Me) was carried out. After restrain-
ing the backbone (BB) conformation to its global minimum (�L or C7

eq ), all nine possible side-chain (SC) conforma-
tions were subjected to geometry optimization at the HF/3–21G and the B3LYP/6–31G(d,p) levels of theory. Seven of
the nine side-chain conformers were located on the potential-energy surface. All conformers were subjected to an AIM
(atoms in molecules) analysis. This study indicates that three of the seven optimized conformers exhibited either or
both SC � BB- or BB � SC-type intramolecular hydrogen bonding. Five conformers, however, had distances between
a proton and a heteroatom that suggested hydrogen bonding.

Key words: L-cysteine diamides, side-chain potential-energy surface, ab initio and DFT geometry optimization, AIM
analysis, intramolecular hydrogen bonding.

Résumé : On a réalisé une étude conformationnelle et électronique des conformations énergétiquement privilégiée (�L)
de la L-cystéine N- et C-protégée (P-CONH-CH(CH2SH)-CONH-Q; P et Q peuvent être égaux à H ou à Me). Ainsi, en
retreignant la conformation du squelette (BB) à son minimum global (�L ou C7

eq ), on a soumis les neuf conformations
possibles pour la chaîne latérale (SC) à une optimisation de la géométrie aux niveaux HF/3–21G et B3LYP/6–31G(d,p)
de la théorie. Sept des neuf conformères de la chaîne latérale se situent sur la surface d’énergie potentielle. Tous les
conformères ont été soumis à une analyse par la méthode des atomes dans les molécules (AIM). Cette étude indique
que trois des sept conformères optimisés présentent l’une ou l’autre ou les deux types de liaisons intramoléculaires
SC � BB ou BB � SC. Toutefois, dans cinq des conformères les distances entre un proton et un hétéroatome
suggèrent l’existence d’une liaison hydrogène.

Mots clés : diamides de la L-cystéine, surface d’énergie potentielle de la chaîne latérale, optimisation ab initio et DFT
de la géométrie, méthode des atomes dans les molécules (AIM), liaison hydrogène intramoléculaire.
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Introduction

Cysteine (Cys) is the sulfur analogue of serine (Ser). Both
amino acid residues may conveniently be studied
computationally in their N- and C-protected forms; Fig. 1
shows N-acetyl-L-Cys-N-methylamide (I) and N-formyl-L-

Cys-amide (II). N-Formyl-L-Ser-amide (III) has already
been studied extensively (1–5) as a continuation of a general
investigation including Gly (6, 7), Ala (6–8), Val (9), and
Phe (10–12).

In many ways the cysteine residue is similar to serine; one
therefore expects the -CH2-SH moiety of cysteine to be in-
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volved in intramolecular hydrogen bonding similar to that
demonstrated in Fig. 2 for the -CH2-OH group of serine.

Cysteine, a residue with a polar side chain, is often lo-
cated on the surface of proteins, and thus is directly involved
in various biochemical interactions. Cysteine can mediate
structural changes, improve hydration of accessible area, or
participate in intermolecular interactions. Thus, cysteine is
frequently involved in a wide range of enzymatic reactions
including those of cysteine proteases (13–15). In Scheme 1,
a simplified mechanism of cysteine protease (HS-E-Im) is
shown, where HS symbolizes the mercaptan side chain of a
cysteine residue and Im denotes the imidazole moiety in the
side chain of a histidine residue. The enzyme is not active at
low pH due to protonation at Im, and it is also inactive at
high pH due to deprotonation of the SH group. It is only ac-
tive at neutral pH when internal proton transfer is possible
from the SH group to Im.

A schematic mechanism for the hydrolysis of the peptide
bond with the catalytic action of cysteine protease is shown
in Scheme 2.

In addition to regular cysteine proteases, there are numer-
ous other enzymes that contain free-sulfhydril groups. For
example, there is a cysteine-containing enzyme called
transglutaminase, which does not hydrolyze peptide bonds,
but instead transfers an acyl group from one nitrogen to an-
other. This field of study has recently been extensively re-
viewed (16). Vigorous theoretical investigations of this
cysteine-containing pro-enzyme is currently being pursued
by other research groups (17).

The full conformational space of compound I was re-
cently explored by ab initio RHF/3–21G computations (18).
On the Ramachandran hypersurface of four independent
variables E = ƒ(�, � , �1, �2) (Fig. 1), 47 conformers were
located instead of the expected 34 = 81 stable structures. The
relative stabilities of the various conformers were analyzed
in terms of side-chain–backbone interactions covering both
hydrogen bonding and charge-transfer types. These results
indicated that the �L-backbone conformation is the preferred
form for this compound. In the present report, we have
mainly focused our attention on the conformational intrica-
cies of compound I, while restricting the backbone confor-
mation to its global minimum (�L). A comparative study
using different levels of theory of compounds I–III was also
carried out.

Methods

Conformational analysis
IUPAC-IUB (19) recommended the use of 0° � +180° in

the clockwise direction for rotation and 0° � –180° for
counter-clockwise rotation (Scheme 3). For side-chain tor-
sions, this implied the following range: –180° � �1 � 180°
and –180° � �2 � 180°. On the Ramachandran map, the
–180° � � � 180° and –180° � � � 180° cut is indicated by
the square drawn in broken lines (Fig. 3).

But for the graphical presentation of the side-chain
conformational potential-energy surface (PES), we used the
traditional cut (0° � �1 � 360° and 0° � �2 � 360°), similar to
that previously suggested by Ramachandran and
Sasisekharan (20).

Molecular computations
Initially, the nine side-chain conformations of cysteine in

its �L-backbone conformation were determined using the
topologically probable set of conformers as predicted by
multidimensional conformational analysis (MDCA) (21–23).
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Fig. 1. �L conformations of MeCO-Cys-NHMe (I), HCO-Cys-
NH2 (II), and HCO-Ser-NH2 (III). The numbering system of the
atoms and the torsional angles �0, �1, �, �, �1, and �2 are shown
in this figure.
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To investigate the side-chain–backbone conformational in-
teraction effects, calculations were performed on compounds
I and II using the Gaussian 94 (24) program at the RHF/3–
21G (25) level of theory. This lower level is suitable for the
purpose of comparing the present results with those obtained
for serine (1, 2), even though the current trend is to rely on
larger basis sets at a higher level of theory (8, 26). For this
reason, geometry optimizations were also carried out for
compounds I and II at the B3LYP/6–31G(d,p) level of the-
ory.

Stabilization energies
The stabilization energies were calculated with respect to

�L- as well as to �L(C5)-backbone conformation of N- and
C-protected glycine (9, 27) using the following isodesmic
(same number of the same type of bonds) reaction, where P
and Q may be H (II) or CH3 (I) and R = CH2-SH:

P-CONH-CH2-CONH-Q + CH3-R � P-CONH-CHR-CONH-Q + CH3-H
reference conformation �L or �L conformation X

The stabilization energy may be calculated as follows:

	Estabil = {E[P-CONH-CHR-CONH-Q]X + E[CH3-H]}

– {E[P-CONH-CH2-CONH-Q]� L or �L
+ CH3-R]}

The energy values of the components are summarized in
Table 1.

The results of the structure optimizations, namely, geo-
metrical parameters, total energies, relative energies, and sta-
bilization energies, are given in Tables 2
4. The total
energies are given in Hartrees, and the relative energies and

stabilization energies in kcal mol–1 (using the conversion
factor: 1 Hartree = 627.5095 kcal mol–1). The numbering
system used for N-acetyl-L-cysteine-N-methyl amide (P
= Q = Me) and N-formyl-L-cysteinamide (P = Q = H) is
shown in Fig. 1.

Topological analysis of electron density
The topology of the electron density was analyzed using

AIM (atoms in molecules) (28). In this analysis, the gradient
[��(r)] and the Laplacian [� 2�(r)] play important roles. A
critical point of the electron density along the line of two in-
teracting atoms in a molecule is called the bond critical
point (BCP), where ��(r) = 0.
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Fig. 3. Topological representation of the Ramachandran map for
an N- and C-protected amino acid P-CONH-CHR-CONH-Q (P
and Q may be H or CH3) showing two full cycles of rotation:
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Molecular system HF/3–21G B3LYP/6–31G(d,p)

P-CONH-CH2-CONH-Q P = Q = H P = Q = Me P = Q = H P = Q = Me
�L –373.6487900 
451.2942433 –377.9165567 
456.5553698
�L –373.6477487 
451.2931883 –377.9158533 
456.5536252

CH3-R R = CH2-SH R = CH2-OH R = H R = CH2-SH R = CH2-OH R = H

474.3472547 –153.2226808 –39.976877 
478.0228756 –155.0462074 
40.5238417

Table 1. Total energy values (Hartree) of the component molecules for isodesmic reactions.
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The bond path is made up of a pair of gradient paths,
originating at a BCP and terminating at a neighbouring nu-
clei. 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 as “a universal indicator of
bonded interaction” (29). The method is widely used for
proving the existence of hydrogen bonds (30).

Results and discussion

The comparison of structural parameters from experimen-
tal databases (X-ray and NMR) with the ab initio (RHF/3–
21G) results is an excellent validation of the computed re-
sults. Thus, the comparison of relative energies and the rela-
tive probabilities of conformers using a non-homologous
database is a possibility for this cross-validation. Let us trun-
cate the backbone of a protein into building units, e.g.,

amino acid diamides. We will assume that the probability of
conformers in proteins depends only on its relative energy.
This is a model where several stabilizing factors are ne-
glected, such as inter-residue interactions, long-range ef-
fects, and hydration. By acknowledging the limitations of
this approach, it is possible to correlate the relative energy of
a conformer and the relative probability of the same backbone
structure in an ensemble of proteins with known X-ray and
NMR structures.

Using a recent (February 2002) X-ray- and NMR-
determined protein data set of non-homologous proteins

© 2002 NRC Canada
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Fig. 5. The possible nine molecular conformations of MeCO-
Cys-NHMe. The two conformations that are crossed over are not
minima, the remaining seven were located during HF/3–21G op-
timization.

0 60 120 180 240 300 360
0

60

120

180

240

300

360

ψ

0 60 120 180 240 300 360
0

60

120

180

240

300

360

ψ

(a)

(b)

Fig. 4. (a) Backbone conformers of all 10122 Cys residues taken
from 974 non-homologous proteins (31). Using their backbone-
dihedral parameters, all of the above Cys residues were plotted
on a [�, �] map. (b) Locations of calculated ab initio RHF/3–
21G MeCO-Cys-NHMe backbone conformers (18) on a [�, �] map.
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Fig. 6. Relative energies (kcal mol–1) obtained for the different
conformations of compounds I–III.
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(31), a population-distribution map was generated (Fig. 4a).
The backbone conformers of 10122 Cys residues, found in a
total of 974 proteins, were plotted, showing � vs. � values
(Fig. 4a). The overall appearance of the Ramachandran sur-
face is similar to other previously reported Ramachandran
maps (Phe (12) and Ser (32)). Thus Cys shows an “average
conformational character.”

To perform a comparison between calculated and ob-
served backbone conformers, an additional plot was made
with the RHF/3–21G results (Fig. 4b). Comparing these data
a promising overall similarity emerged. In the highly popu-
lated extended �-strand (�L) and inverse �-turn (�L) region,
the location of the RHF/3–21G model structures and the
largest probability of experimental- backbone conformers
taken from the protein databases are similar (zone denoted
with dotted lines in Fig. 4).

It should be noted that the seven �L conformers and the
seven �L conformers, together with the three �L conformers,
are a subgroup formed by the most stable conformers of
compound I. This low-energy region of the Ramachandran

map (often quoted as the � region) is also the most dense
area if X-ray- and NMR-determined main-chain probabili-
ties are investigated. Such a correlation permit us to assume
that if the diamide model is relevant to the description of
main-chain folding of proteins, then the most stable con-
formers should have the lowest energy.

On the basis of the above results, in the present study we
focused our attention on the conformational intricacies of
the highly preferred backbone conformation of compounds I
and II, this being the �L form.

Conformational study
The nine side-chain conformations, topologically pre-

dicted on the basis of MDCA, are depicted for compound I
in Fig. 5. Two of the structures (g+g– and aa) are crossed
out, since they were not found. On the basis of the E = ƒ(�1, �2)
potential-energy surface (PES) generated for HCO-Ser-NH2
(1), one may anticipate that these minima were eliminated
due to a high-energy region or “mountain ridge” formed
along the disrotatory diagonal axis. The other seven minima,

© 2002 NRC Canada
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Cys-NH2 (centre), and HCO-Ser-NH2 (bottom).
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however, were successfully geometry optimized at the
HF/3–21G level of theory (Table 2).

The structures of I and II were geometry optimized at the
HF/3–21G level of theory and further optimized at the
B3LYP/6–31G(d,p) level of theory (Tables 2 and 3). Their
relative energy values are shown in a topological fashion in
Fig. 6. For full comparison, HCO-Ser-CONH2 (III) confor-
mations were also evaluated at the B3LYP/6–31G(d,p) level
of theory (Table 4).

The reliability of the HF/3–21G level of computations can
be investigated here since we have results from HF/3–21G
and B3LYP/6–31G(d,p) levels. The relative energies (	Erel)
of compounds I–III, computed at the two levels of theory,
are compared in Fig. 7. Since the global minimum on the
relative energy scale is, by definition, always zero, in order
for the fitted line to pass over the origin, a y = mx equation
was fitted to the data points. While the slopes of the fitted
lines are never unity, it is clear that the HF/3–21G results re-
produce the trend quite well.

In addition to the relative stabilities, the accuracy of the
key torsional angles (in the present case, �, � , �1, �2, �0,
and �1) is of great importance. The correlation of the above
torsional angles computed at two levels of theory for com-

pounds I–III are shown in Fig. 8. The least-square fit was of
the type y = mx + b. For the cysteine and serine residues, m
is not unity nor is b zero. The fitted lines, however, suggest
a surprisingly good correlation.

Stabilization energies
Stabilization energies emerging from side-chain interac-

tion with the backbone are traditionally calculated (7, 27)
with respect to the global minimum, i.e, the �L conformation.
It has been noted recently (33), however, that during the cis–
trans isomerization process, the �L conformation may disap-
pear for at least some of the amino acids. In other words, the
�L conformer does not exist as a minimum-energy conforma-
tion on some of the cis-Ramachandran maps. For this rea-
son, an alternative backbone conformation �L was selected
for calculating the stabilization energy (	Estabil). The
method of calculation, as outlined in the Computational
methods section, is the same, but instead of the �L conforma-
tion of glycine, the �L conformation is chosen as the refer-
ence conformation. Such a new standard may be important
in the future, when an ab initio peptide database may include
both cis and trans peptides. Nevertheless, the 	Estabil(�L) val-
ues are more practical if we wish to make comparisons with
previously reported values.

Figure 9 compares 	Estabil(�L) values for compounds
I–III. It is reassuring to see that the effect of the side-chain
stabilization is not affected substantially if we change the
protecting group from formyl to acetyl at the nitrogen end
and from amide to methylamide at the carboxyl end.

The N-acetyl and N-methyl amide protecting groups
of cysteine I are stabilized by the CH2-SH side chain by
�0.16 kcal mol–1 more when compared with the same side
chain stabilizing the N-formyl-cysteinamide (II) backbone.
There are, however, marked differences when the oxygen is
changed to sulfur in the side chain. Undoubtedly, such a
change between serine and cysteine, as seen in Fig. 9, is also
present in the relative energy values (	Erel) presented in
Fig. 6. The stabilization energy values are not only numeri-
cally different for Ser and Cys but they are also decreased
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side chain with respect to the glycine residue in its �L conforma-
tion are shown in brackets.

-16.0

-14.0

-12.0

-10.0

-8.0

-6.0

-4.0

-2.0

Ser Cys

-3.02

-5.08

-8.02

-10.76

-15.53

-3.31
-3.85

-4.33

-5.84

-5.02

-6.02

-8.59

-8.01

ag
+

g
-
g

+

g
-
g

-
g

-
a

ag
-

g
-
a

g
-
g

-

ag
+

ag
-

g
+
g

+

g
+
g

+

g
+
a

g
-
g

+

S
ta

b
ili

z
a

ti
o

n
E

n
e

rg
y

(k
c
a

l/
m

o
l)

Fig. 10. Spectrum of conformational dependence of the side-
chain stabilization energy on the �L-backbone conformation of
protected Ser and Cys.
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for Cys and increased for Ser, as seen in Fig. 10. When the
global minima are compared, the side chain of Cys is stabi-
lizing the backbone more than that of Phe but less than those
of Asp and Ser. Such a “spectrum” of side-chain stabiliza-
tion is presented in Fig. 11.

The size difference between O and S could play a major
role in producing such remarkable energy differences. Addi-
tionally, since both make the same kinds of hydrogen bonds
it is reasonable to assume that the Ser side chain is more fa-
vourably stabilizing than the Cys side chain because hydro-
gen bonds to and from oxygen atoms are stronger than sulfur
atoms. This result is not surprising, since methanol is a liq-
uid and methanethiol is a gas. This is in agreement with the
ordering of the g+g+, g+a, and ag– conformations discussed
in the next section.

Intramolecular interactions
The three types of intramolecular interactions, which may

occur in the various conformers of cysteine, are shown in

Fig. 12. The characteristic distances and angles, as well as
the classification of interactions, are summarized in Table 5.
Only the g+a conformer has a heteroatomic distance that is
short enough to suggest an O � S charge-transfer interac-
tion.

In agreement with the data presented in Table 6, AIM
analysis revealed that extensive side-chain–backbone
intramolecular hydrogen-bonding-type interactions exists in
three of the seven conformers. These were found to be g+g+,
g+a, and ag–. Taking into account the distances and angles,
however, we might consider that five of the seven �L confor-
mations are stabilized by hydrogen bonding interactions (Ta-
ble 5).

The g+g+ conformer has the greatest number of hydrogen
bonds, so it is not surprising that it emerges as being the
global minimum. In addition to the hydrogen bond, which is
characteristic of the seven-member ring of the �L-backbone
conformation, there are two additional hydrogen bonds
corresponding to side-chain � backbone (C=O···H-S) and
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Fig. 12. Various types of intramolecular interactions in N-acetyl-L-cysteine-N-methylamide.

Final
geometry

Energy
(Hartree)

	E
(kcal mol–1)

Type of
interactiona Distance (Å)a,b Angle (°)a

�L (g+,g+) –885.6785541 0.00 2 2.62 112.10
1 2.30 119.68

�L (g+,a) –885.6716533 4.33 2 2.63725 111.035
3 3.08 60.93

�L (a,g–) –885.6744995 2.54 1 2.43 115.77
�L (g–,a) –885.6726444 3.71 2 2.94 89.38
�L (g–,g–) –885.6729162 3.54 2 2.96 92

aDefinition is given in Fig. 11.
bMaximum threshold values are the sum of van der Waals radii (34, 35). Type 1 (O···H): 1.40 + 1.20 = 2.60 Å; Type 2 (S···H): 1.85 + 1.20 = 3.05 Å;

Type 3 (S···O): 1.85 + 1.40 = 3.25 Å.

Table 5. Summary of intramolecular interactions in N-acetyl-L-cysteine-N-methylamide.
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backbone�side-chain (N-H···S-H)-type hydrogen bonding
(Fig. 13). The three ring-critical points, associated with the
rings formed as the result of intramolecular hydrogen bond-
ing are denoted by open triangles (	). The various BCPs are
symbolized by solid dots (�).

Beyond the characteristic hydrogen bonding associated
with the seven-member ring of the �L-backbone conforma-
tion, the g+a conformer also exhibited an N-H···S-H-type
hydrogen bonding. In Fig. 14, the ring-critical points are

shown by open triangles (	) and the various BCPs are sym-
bolized by solid dots (�).

Figure 15 shows the ag– conformation, featuring a
C=O···H-S hydrogen bond in addition to the hydrogen bond
associated with the seven-member ring of the �L-backbone
conformation.

In addition to these side-chain–backbone-type of hydro-
gen bonds, there exists the backbone—backbone C=O···H-
N-type of hydrogen bond, typical in the seven-member ring
of the �L conformer.

© 2002 NRC Canada
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Bond g+a g+g+ ag–

O2···H15 �b 0.0225 0.0245 0.0294
� b

2 0.0659 0.0714 0.0679
� 0.0102 0.0114 0.0101
Hb –0.0041 –0.0047 –0.0037

H13···O8 �b — 0.0146 0.0117
� b

2 — 0.0483 0.0417
� — 0.2415 0.4547
Hb — 0.0065 0.0085

S12···H4 �b 0.0137 0.0139 —
� b

2 0.0488 0.0494 —
� 0.7443 0.7259 —
Hb 0.0113 0.0114 —

Ring
C5-C7-O8···H13-S12-C9 �b — 0.0114 0.0106

� b
2 — 0.0484 0.0439

C5-N3-C1-O2···H15-N14-C7 �b 0.0095 0.0097 0.0095
� b

2 0.0502 0.0504 0.0484

C5-C9-S12···H4-N3 �b 0.0134 0.0134 —
� b

2 0.0623 0.0631 —

Note: Covalent bonds are denoted as A–B and hydrogen bonds specified as A···B.

Table 6. The topological properties of electron-density distribution of For-L-Cys-NH2 at selected BCPs from
B3LYP/6–31G(d,p)//HF/3–21G calculations.

SH

H

O

O

H

Fig. 13. The contour map of the Laplacian of the electron den-
sity for the (g+g+) conformation of HCO-Cys-NH2 calculated at
the B3LYP/6–31+G(d,p)//RHF/3–21G level of theory. Bond paths
are denoted by lines, bond critical points (BCPs) are denoted by
black dots, ring critical points (RCPs) are denoted by open trian-
gles, and the nuclei are denoted by crosses.

Fig. 14. The contour map of the Laplacian of the electron den-
sity for the (g+a) conformation of HCO-Cys-NH2 calculated at
the B3LYP/6–31+G(d,p)//RHF/3–21G level of theory. Bond paths
are denoted by lines, bond critical points (BCPs) are denoted by
black dots, ring critical points (RCPs) are denoted by open trian-
gles, and the nuclei are denoted by crosses.
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Conclusions

In summary, we found seven different conformations for
the side chain of compounds I and II when the backbone is
in �L form. These results suggest that the side-chain stabili-
zation is not substantially affected if we change the protect-
ing group from formyl to acetyl at the nitrogen end and from
amide to methylamide at the carboxyl end. In contrast, no-
ticeable differences were found when comparing the
conformational intricacies of compounds II and III: only six
different conformations were obtained for compound III and
the order of preference is also different. DFT calculations
proved that polar side chains are able to interact with a pep-
tide backbone, eliminating some otherwise legitimate min-
ima through unfavourable backbone and side-chain
torsional-angle combinations. The comparative study be-
tween compounds II and III illustrates this point very well.
On the basis of our results, we might assume that the strength
of hydrogen bonding involved is responsible for the different
conformational behavior obtained for these compounds. On
the other hand, it is interesting to note that both levels of
theory (HF/3–21G and B3LYP/6–31G(d,p)) displayed
closely related results indicating that HF/3–21G calculations
are satisfactory to use in exploratory conformational studies.
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