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Abstract The cis Gly–Gly peptidic bond observed in
dihydrofolate reductase, which takes place between a
beta sheet and an alpha helix is chosen as an example
to study the various factors which influence this confor-
mation. The peptidic chain of 16 amino acids is studied
by a QM/MM scheme (6-31+G* B3LYP—Amber 99).
Both electronic and classical contributions to the total
energy take part to the stabilization of the cis conforma-
tion. A special role is played by the alpha helix when it
is bonded to the carbonyl group of the bond of interest.

Keywords Cis peptidic bond · Alpha helix ·
Beta sheet · QM/MM

1 Introduction

In proteins, the great majority of the peptidic bonds
adopt the trans conformation. However, it is not excep-
tional to find some bonds with the cis conformation. This
often happens when one of the amino acids is proline
and the reduced energy difference between the cis and
the trans conformations has been related to the polari-
zation of the alkyl chain attached to the nitrogen atom
in this residue, which gives rise to a better induction
energy in the cis conformation [1]. There are also some
examples involving other amino acids (see Ref. 2(b) Pro-
tein Data Bank 1DRE.pdb) [2–4] and some attempts to
explain these exceptions have been done with the help
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of quantum chemical studies [5–8]. An interesting exam-
ple can be found in Escherichia coli dihydrofolate reduc-
tase in which a cis bond is observed between Gly95 and
Gly96 [2]. It happens that this bond takes place between
a beta sheet and an alpha helix and one may think that
in this special instance the presence of these secondary
structures plays an important role in the stabilization of
the unusual cis conformation. In order to better under-
stand the factors which may contribute to this kind of
uncommon feature, we decided to analyse the influence
of these neighbouring structures on the relative stability
of the possible conformations. We focused our attention
on the sequence from Ile 91 to Lys 106 which contains all
the residues entering the beta sheet and the alpha helix.
This 16 residue sequence is rather large for a full quan-
tum chemical treatment at a reasonable level. Therefore,
we chose a QM/MM approach in which the quantum
part contains the two glycine residues involved in the
cis bond and part of the amino acids bonded to them,
in order to link the QM part to the MM ones by a C–C
bond far enough from the bond of interest (Scheme 1).
Our study involves comparison of the energies of a series
of systems exhibiting the cis and the trans conformation
of the Gly–Gly peptidic bond. We did not consider the
possible transition states between these conformations
because it is established that no equilibria take place in
the protein. The information expected in this study does
not pretend to give a definite answer to the complex
problem of protein synthesis, but we hope to emphasize
some factors which may play a role in this vital process.
The systems that we considered are the whole peptide
defined above and the structures which derive from this
peptide by removing either the beta sheet, or the alpha
helix or both and by exchanging the position of these
sequences.
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Scheme 1 Beta-B-Alpha

2 Computational methodology

The QM/MM computations are performed by means of
the LSCF method that we developed earlier [9–11] and
which is implemented in our local Gaussian03 suite of
programs [12]. In this method, the link between the QM
and the MM parts is achieved by means of a strictly
localized bond orbital (SLBO). In order to avoid some
kind of spurious polarization of this bond, we usually
manage to choose a carbon–carbon single bond. In the
present case, the SLBOs are located between the α car-
bon and the carbonyl of an amino acid. This SLBO is
derived from a computation on a model molecule con-
taining the kind of bond of interest and with the same
method and basis set as those used in study. In the pres-
ent case, the computations are performed with the DFT
formalism using a 6-31+G* basis set and the B3LYP
functional [13,14]. The classical fragments are described
with the help of the Amber 99 force field [15,16] in which
the charges of the methyl groups added at both ends
of the peptide have been slightly modified to ensure a
neutral charge to these fragments. The van der Waals
parameters for the atoms of the quantum fragment are
given with the values defined in the force field for the
classical atoms. The peptides considered in this study
are made of a sequence of residues terminated by an
acetyl group at the N terminus and an N methyl amide
group at the C terminus. In all the systems that we con-
sidered in this study the quantum fragment is made of
the carbonyl group of Ile 94, Gly 95, Gly 96 and the
NH–CH2 moiety of Gly 97 as indicated on Schemes 1,
2, 3, 4, 5, 6, 7. This fragment containing the peptidic
bond of interest will be denoted by B. We shall denote
the peptide derived from the dihydrofolate reductase
structure, including the 16 residues from Ile 91 to Lys
106 as Beta-B-Alpha. We also considered the Beta-B
(Scheme 2), the B-Alpha (Scheme 3), the Alpha-B-Beta
built by exchanging the chains bonded to the central
tetrapeptide (Scheme 4) the Alpha-B (Scheme 5) the
B-Beta (Scheme 6) and finally the Tetrapeptide made of

the sequence Ile-Gly-Gly-Gly, terminated as indicated
above, in which the quantum fragment is the same as in
the other structures (Scheme 7). According to the exper-
imental structural determination performed at pH = 6
[2], we assumed that Arg 98 and Lys 116 are protonated,
Glu 101 is deprotonated and Tyr 100 is neutral. These
assumptions have been checked against the empirical
prediction of pKa [17]. In order to avoid collapsing of
the secondary structure of the beta sheet and of the
alpha helix, the backbones in the classical fragments are
fixed in the crystallographic structure. The side chains
and the quantum fragment are fully optimized in all our
computations.

3 Results and discussion

In Table 1 are collected the energies of the cis and trans
conformations of the Beta-B-Alpha peptide and of the
reduced peptides derived from this one. The total energy
is also split into two contributions: the electronic con-
tribution which is the sum of the energy of the quan-
tum fragment and the electrostatic interaction of this
fragment with the classical charges of the fragments
described at the MM level on one hand, and the classi-
cal contribution which is the sum of the conformational
energy of the classical fragments and the van der Waals
interaction energy of these fragments with the quantum
atoms on the other hand. Finally, we also report the
differences of these quantities between the cis and trans
conformations. From these results, it clearly appears that
the cis conformation is energetically favoured in the
whole peptide. If one looks at the influence of the vari-
ous contributions to the total energy, one sees that the cis
conformation is stabilized by the classical contribution
which mainly arises from the interaction between the
beta sheet and the alpha helix which are closer in the cis
conformation than in the trans one. In the tetrapeptide,
the trans conformation is the most stable, as expected.
The presence of the alpha helix alone reduces the energy
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Scheme 2 Beta-B

Scheme 3 B-Alpha

Scheme 4 Alpha-B-Beta

Scheme 5 Alpha-B
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Scheme 6 B-Beta

Scheme 7 Tetrapeptide

Table 1 Energy data for the Beta-B-Alpha molecule and the derived systems

Energies System Beta-B-Alpha Tetrapeptide B-Alpha Beta-B

Total (a.u.) Cis −625.29792 −624.78220 −625.30883 −624.77713
Trans −625.28663 −624.78826 −625.31130 −624.78338

Electronic (a.u.) Cis −624.71805 −624.71884 −624.72942 −624.71778
Trans −624.72389 −624.72531 −624.72218 −624.72417

Classical (a.u.) Cis −0.57986 −0.06336 −0.57942 −0.05935
Trans −0.56274 −0.06295 −0.58912 −0.05921

Cis-trans difference (kcal/mol) Total −7.08 3.80 1.55 3.92
Electronic 3.66 4.06 −4.54 4.01
Classical −10.75 −0.26 6.09 −0.09

Table 2 Energy data for the Alpha-B-Beta molecule and the derived systems

Energies System Alpha-B-Beta Tetrapeptide Alpha-B B-Beta

Total (a.u.) Cis −625.18519 −624.78220 −625.25033 −624.76490
Trans −625.21962 −624.78826 −625.25304 −624.77044

Electronic (a.u.) Cis −624.70399 −624.71884 −624.70909 −624.71137
Trans −624.71763 −624.72531 −624.71777 −624.72355

Classical (a.u.) Cis −0.48120 −0.06336 −0.54124 −0.05352
Trans −0.50198 −0.06295 −0.53527 −0.04689

Cis-trans difference (kcal/mol) Total 21.60 3.80 1.70 3.48
Electronic 8.56 4.06 5.45 7.64
Classical 13.04 −0.26 −3.75 −4.16
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Fig. 1 a Cis Beta-B-Alpha. b Trans Beta-B-Alpha

difference, but the reduction is not enough to favour the
cis conformation and in this case, it appears that the elec-
tronic contribution is in favour of the cis conformation,
but it is counterbalanced by the classical term. The beta
sheet alone has exactly the opposite effect. Finally, an
examination of Tables 1 and 2 shows that the influence
of both classical fragments is not additive. This comes
obviously from the fact that the whole peptidic system
and the truncated ones have been optimized separately
by means of a QM/MM computation.

Exchanging the beta sheet and the alpha helix has
a dramatic effect on the stability of the cis conforma-
tion as shown in Table 2. In particular, one notices in
Fig. 1 that, contrary to the Beta-B-Alpha case in which
the beta sheet and the alpha helix are close together
in the cis conformation, so that the classical contribu-
tion to the total energy favours this conformation, in the

Fig. 2 a Cis Alpha-B-Beta. b Trans Alpha-B-Beta

present case, they are pushed apart probably because
of unfavourable electrostatic interactions. Similarly, the
alpha helix alone has now an electronic contribution to
the total energy which is unfavourable to the cis confor-
mation contrary to the previous case.

These remarks focus our attention on the alpha helix
which is known to have a strong electrostatic influence
on its neighbouring residues, thanks to its regular struc-
ture which keeps its peptidic bonds parallel to each other
and generates a network of hydrogen bonds as shown in
Figs. 1 and 2. A quite visible effect of this influence is the
polarization of the peptidic bond which interacts with
the helix [18] and which shows an increased electron
transfer from the nitrogen lone pair to the carbonyl car-
bon atom so that the C–N bond order increases. The typ-
ical example of maximum electrostatic interaction can
be found in the case of a molecule in solution in a solvent
of high dielectric constant like water. In Table 3 we give
the results of a computation on trans and cis N methy-
lacetamide as a prototype of peptide [6]. These results
are obtained at the same level of computation as in the
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Table 3 Electronic polarization of N methyl formamide

Vacuum Aqueous solution

Relative energy
(kcal/mol)

Dipole
moment
(D)

C–N bond
order

Relative energy
(kcal/mol)

Dipole
moment
(D)

C–N bond
order

Trans 0 4.07 1.20 0 5.52 1.28
Cis 2.29 4.36 1.28 2.48 5.88 1.33

Table 4 Mayer bond orders
of the Gly–Gly C–N bond

Beta-B-Alpha Beta-B B-Alpha Alpha-B-Beta Alpha-B B-Beta Tetrapeptide

Cis 1.25 1.04 1.15 1.03 1.03 1.13 1.04
Trans 1.35 1.13 1.30 1.18 1.16 1.16 1.14

present study, with the help of the SCRF method devel-
oped in our group [19,20]. One notices that, although
the dipole moments of both conformations have differ-
ent orientations, polarization has the same consequence
on C–N Mayer’s bond order [21] and that there is a rela-
tionship between the polarization and the stabilization
of the structures. The role of electron delocalization in
amides has been analysed in detail by Gao et al. [22].

The results regarding the Gly–Gly bond in our models
listed in Table 4 show some difference. In this case, the
trans conformation in all systems has a greater C–N bond
order than the cis, probably thanks to the substituents on
the carbon atoms. But one sees that in the original Beta-
B-Alpha system the influence of alpha helix is greater
than that of the beta sheet. This can be understood by the
fact that the helix is larger and better organized than the
beta sheet. One also notices the difference of the effect
of the alpha helix, whether it stands at the C terminus
of the peptidic bond or at the N terminus. The effect is
strong in the first case and negligible in the second one.
To a smaller extent, the beta sheet shows a comparable
effect in the cis B-Beta peptide. This may indicate an
easier polarization by the group bonded to the C ter-
minus of the peptidic bond. A simple explanation may
be the change of the orientation of the polarizing field
with respect to the bond of interest but there could also
be some non-linear effects which may arise from the
strong and inhomogeneous local electric field acting on
this bond and would deserve a more detailed study.

4 Conclusion

The example of the cis Gly–Gly peptidic bond in
dihydrofolate reductase shows that the stability of the
cis conformation is the result of several contributions to
the intramolecular interaction, which may act in oppo-
site ways. Among them, the polarizing effect of the alpha

helix plays a special role especially when the helix is
bonded to the carbonyl end of the peptidic group. On
the contrary, this effect is rather limited when the helix
stands at the other end of the group. These remarks
explain the rare occurrence of non-proline cis peptidic
bonds in proteins, which require, to be formed, a con-
junction of several favourable features.
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