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Abstract A set of six dipeptides containing pyrrolysine
invariably at their N-terminal positions is studied in gas
and aqueous phase using a polarizable continuum model
(PCM). The molecular geometries of the dipeptides are fully
optimized at B3LYP/6-31++G(d,p) level of theory and a
second derivative (frequency) analysis confirms that all the
optimized geometries are true minima. The effects of solva-
tion and identity of the varying C-terminal residue on the
energetics, structural features of the peptide planes, values
of the y and ϕ dihedrals, geometry around the α-carbon
atoms and theoretically predicted vibrational spectra of the
dipeptides are thoroughly analyzed. Solvation effects are
found to modify the gas phase conformation of the dipep-
tides around y dihedrals while the identity of the varying C-
terminal residue affect the values of ϕ, planarity of the
peptide planes and geometry around the α-carbon atoms.
The presence or absence of three types of intramolecular H-
bonds, namely O…H–N, N…H–N and O…H–C that leave
noticeable signatures in the IR spectra, play crucial roles in
influencing the geometry of the peptide planes and in deter-
mining the energetics of the dipeptides.
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Introduction

Pyrrolysine (Pyl) is an important constituent in the active site
of methylamine methyltransferases involved in methylamine

metabolism in methanogenic archaea. In this group of archaea,
pyrrolysine is co-translationally inserted into protein in re-
sponse to a canonical stop codon (UAG) which in other
organisms functions as a terminator signal during the transla-
tion process of protein biosynthesis [1]. Pyrrolysine, a lysine
homologue with chemical identity N6-[(4R,5R)]-4-methyl-1-
pyrroline-5-carbonyl]-L-lysine, is therefore considered as the
22nd genetically encoded natural amino acid [2–7]. Since its
discovery in 2002, there have been prolific studies to under-
stand the biosynthetic pathway which is still unclear [8], on
metal-binding affinity/selectivity of pyrrolysine [9] and on the
scope of synthesizing pyrrolysine analogues [10, 11]. Howev-
er, literature survey reveals that the structural aspects of pyrro-
lysine containing dipeptides are not explored yet which to a
large extent determine the dynamic properties and functional
specificity of the proteins and polypeptides containing
pyrrolysine.

A set of highly controlled reactions dictates the polymer-
ization of solitary amino acid residues on ribosome of the
cell forming the polypeptides or proteins which are at the
center of action in almost all the biological processes. Since
it is difficult to implement theoretical or computational
approaches directly to the large systems such as polypep-
tides or proteins, model systems have to be studied first to
understand the properties of the building units like the
solitary amino acids or dipeptides. Again, it is of fundamen-
tal importance to determine the structural details of a bio-
logical molecule in aqueous solution since the vast majority
of biochemical processes occur in an aqueous environment.
It has now been realized that computational techniques are
indispensable in elucidating atomic level structural informa-
tion about biologically active molecules owing to certain
limitations of experimental techniques as pointed out in the
literature [12–14]. The low-energy structures and their re-
lated properties derived from such computations have a
meaningful relationship to their presence and functional
activities performed in the macromolecular context of real
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life systems. Gas phase computational studies on dipeptides
arising from the genetically encoded amino acids [15–18]
have been carried out with a view toward understanding the
structural features of small amino acid sequences and their
possible roles in imparting the three dimensional structure to
proteins. Structural studies [15, 16] on a series of dipeptides
have pointed out that in most of the dipeptides the amide
planes are never perfectly planar; and these observations
have been explained in terms of the cumulative effect of
steric hindrance of –R group and H-bonding. It is therefore
important to take into account the intramolecular H-bond
interactions existing in the dipeptides while studying their
structures. Besides serving as model systems, dipeptides
themselves have been shown to play numerous key biolog-
ical roles [19–23].

The effects of solvation on the conformations and energies
of dipeptides have been well documented in literature
[24–29]. In these studies the energetics and structural features
of the dipeptides are analyzed in gas and in various solvent
phases in order to understand the effects of the surrounding
environment on the stabilities and conformational preferences
of the dipeptides. It has been found that in a strong polar
solvent like water the interactions among the nearest-
neighbor residues of the dipeptides are dramatically modified
as compared to those in gas phase, which consequently affects
the Ramachandran dihedrals (y, ϕ) [30, 31] conferring mark-
edly different conformations to the dipeptides in the aqueous
phase. It has also been reported that solvation effects can
enhance the planarity of the peptide planes [25].

The focus of this study is to obtain full knowledge about
the effects of solvation and identity of the varying C-terminal
residue on the energetics, structural features of the peptide
planes, geometry about the α-carbon atoms, values of the y
and ϕ dihedrals, theoretically predicted vibrational spectra,
dipole moments, rotational constants and types of intramolec-
ular H-bonding interactions that may play crucial roles in
determining the structure and stability of a series of dipeptides
containing pyrrolysine at their N-terminal positions. For the
purpose of the current work, six dipeptides are constructed by
keeping pyrrolysine as a fixed component at their N-terminal
positions while the C-terminal positions are varied with six
different combinations. The six different amino acids chosen
for the C-terminal positions are alanine (Ala), leucine (Leu),
aspartic acid (Asp), serine (Ser), asparagine (Asn) and histi-
dine (His). All these amino acid residues are taken as neutral
(non-ionic) species. The standard three letter abbreviations are
used to represent the amino acids while a particular dipeptide
is named by listing the N-terminal residue first. Thus, Pyl-Ala
dipeptide corresponds to a structure in which pyrrolysine is in
the N-terminal position and alanine in the C-terminal position.
Figure 1 schematically represents the chemical structures of
the six dipeptides studied here. The atom numbering of the
pyrrolysine molecule is given in accordance with the schemes

used earlier in various literatures [11, 32]. The C13–N16 is the
peptide bond of a given dipeptide structure while C12 and C17

are the α-carbon atoms of the N- and C-terminal residues
respectively. To facilitate a clear representation of the intra-
molecular H-bonding interactions present in the dipeptides
some of the hydrogen atoms are named as Ha or Hb. This
DFT study is expected to provide the opportunity to know the
structural features of pyrrolysine containing dipeptides at an
atomic level which in turn may help us to understand the
dynamics and functional specificity of proteins containing
pyrrolysine, to synthesize a new generation of pyrrolysine
analogues, in discovering the biosynthetic pathway of pyrro-
lysine and in understanding the nature of the genetic code or
amino acid code which is still evolving [33].

Computational methodology

The molecular geometries of all the selected pyrrolysine
dipeptides are subjected to full geometry optimization and
vibrational frequency calculations using the B3LYP/6-31++
G(d,p) level of theory [34, 35] of Gaussian 03 package [36].
These computations are conducted in gas as well as in aqueous
phase using a polarizable continuum model (PCM) [37]. The
accuracy of self-consistent reaction field (SCRF) model in
predicting the structures and energetics of dipeptides has
already been justified in literature [38]. Absence of imaginary
frequency values in the vibrational frequency calculations
proves that the optimized geometries are precise minima. Zero
point energy (ZPE) corrections are applied to the total energies
of all the dipeptides using a correction factor 0.97 [39]. The
vibrational frequencies below 1800 cm−1 are scaled with
0.977 and for those above 1800 cm−1 a correction factor
0.955 is used [40, 41]. Use of diffuse functions is important
to take into account the relative diffuseness of lone pair of
electrons when a molecule under investigation contains the
same [42] while the polarization functions are useful in study-
ing the conformational aspects where stereoelectronic effects
play an important role [43].

Results and discussion

Investigations of the numerous parameters involved in di-
peptide structure prediction have now been regarded as a
pivotal part of the computational studies concerning the
structure of proteins and energetics of protein folding [44].
The geometrical parameters considered in this study are
expected to give a clear account of the effects of solvation
and identity of the varying C-terminal residue on the struc-
tural features of the peptide planes, geometry about the α-
carbon atoms, values of the y and ϕ dihedrals and theoret-
ically predicted vibrational spectra of the pyrrolysine
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containing dipeptides. This DFT study predicts that there are
considerable changes in the structure and stability of the
dipeptides in the aqueous phase as compared to those in the
gas phase. Table 1 presents the gas and aqueous phase data
on total energies, rotational constants and dipole moments
of the dipeptides calculated at B3LYP/6-31++G(d,p) level
of theory. Tables 2 and 3 list the values of the bond lengths
and bond angles of the amide planes of the dipeptides
respectively (the gas phase values are given in brackets).
The four dihedral angles considered to monitor the planarity
of the peptide planes of the dipeptides, viz. C12–C13–N16–
C17, O21–C13–N16–H20, C12–C13–N16–H20 and O21–C13–
N16–C17, are listed in Table 4. Table 4 also lists the two
well known Ramachandran backbone dihedral angles y
(N14–C12–C13–N16) and ϕ (C13–N16–C17–C18) which are
useful in studying the effects of solvation on the dipeptide
structures as well as in predicting the overall structure of

proteins. Table 5 represents the gas and aqueous phase data
on the geometrical parameters considered to examine the
geometry around the α-carbon atoms. Table 6 lists some
important intramolecular H-bonding interactions that play
crucial roles in the energetics and in conferring the observed
conformations to the dipeptides in both the phases. Table 7
lists some of the characteristic frequency and intensity val-
ues (given in brackets) of the dipeptides calculated at the
B3LYP/6-31++G(d,p) level of theory. Figures 2, 3 and 4
depict the optimized geometries of the six dipeptides while
Figs. 5, 6 and 7 represent their theoretical IR spectra (scaled
with a correction factor 0.955).

Dipeptide structure

As listed in Table 1 all six dipeptide geometries exhibit large
values of total dipole moments, ranging from 2.361 to 7.421
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Fig. 1 Schematic
representation of chemical
structures of the six dipeptides
studied

Table 1 Calculated total ener-
giesa (kcal mol−1), rotational con-
stants (GHZ) and dipole moments
(Debye) of the pyrrolysine dipep-
tides in gas and solvent phases
using B3LYP/6-31++G(d,p) level
of theory

aZPVE corrected; scaled with a
correction factor 0.97

Dipeptides Phases Total energies Rotational constants Dipole moments

A B C

Pyl-Ala Aqueous −694596.48 0.53663 0.06229 0.05925 12.639

Gas −694582.44 0.92269 0.05179 0.05102 4.944

Pyl-Leu Aqueous −768560.15 0.50038 0.04313 0.04146 8.864

Gas −768546.80 0.39691 0.04534 0.04380 2.361

Pyl-Asp Aqueous −812925.34 0.48576 0.04369 0.04196 8.921

Gas −812908.35 0.41827 0.04483 0.04390 3.643

Pyl-Ser Aqueous −741793.41 0.52459 0.05313 0.04999 9.030

Gas −741777.38 0.60246 0.04988 0.04944 3.980

Pyl-Asn Aqueous −800454.12 0.50357 0.04451 0.04258 14.152

Gas −800434.40 0.42419 0.04490 0.04330 6.240

Pyl-His Aqueous −835780.47 0.44678 0.03749 0.03605 13.713

Gas −835762.73 0.32679 0.04014 0.03778 7.421
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D in gas phase and 8.864 to 14.152 D in aqueous phase,
indicating that they have greater polar character and conse-
quently possess greater affinity to polar solvents. Thus, the
data on the total energies of dipeptides correctly predicts
that the dipeptide geometries are thermodynamically more
stable in a strong polar solvent such as water than in gas
phase by an energy difference that may range from 13.35 to
19.72 kcal mol-1. The accuracy of DFT method in predicting
the rotational constants of conformers of some aliphatic
amino acids has been discussed in literature [45, 46]. In
the absence of any experimental data on rotational constants
and dipole moments these theoretically predicted values
may assist experimentalists in determining the other con-
formers of the six dipeptides studied here.

It is evident from Table 2, which lists the gas and aqueous
phase bond length values of the five bonds of the amide
planes, i.e., C12–C13, C13=O21, C13–N16, N16–H20 and N16–
C17, that very little variance in the bond length values results
as the identity of the C-terminal residue of a given dipeptide
changes. Maximum deviations of 0.007 Å in the gas phase
and 0.004 Å in aqueous phase from their respective average
values indicate that the bond lengths are essentially fixed.
However, due to solvation effects the aqueous phase bond
length values of the above mentioned bonds deviate from
their respective gas phase values. For example, in aqueous
phase the C13=O21 bonds are elongated up to 0.008 Å and
the N16–H20 bonds are shortened by a range of 0.003 to

0.004 Å. The C13–N16 bonds are elongated in aqueous phase
up to 0.004 Å for Pyl-Leu, Pyl-Asp, Pyl-Ser and Pyl-Asn
systems while for Pyl-Ala and Pyl-His systems the same are
shortened by 0.001 Å and 0.004 Å respectively. Table 3 lists
the values of the six bond angles of the amide planes, i.e.,
C12–C13–O21, C12–C13–N16, O21–C13–N16, C13–N16–C17,
C13–N16–H20 and H20–N16–C17. These data in both the
gas and aqueous phase indicate very little changes in the
bond angle values as the individuality of the C-terminal
residue of a given dipeptide changes. Maximum deviations
of 1.2° in the gas phase and 1.0° in aqueous phase from their
respective average values indicate that the bond angles are
also essentially fixed. The solvent effects on these bond
angles are quite apparent when their aqueous phase values
are compared with the corresponding gas phase values; a
maximum deviation up to 4.7° is observed for the angles
C13–N16–H20 and H20–N16–C17 in Pyl-His system.

Investigating the four dihedral angles of the dipeptides
viz. C12–C13–N16–C17, O21–C13–N16–H20, C12–C13–N16–
H20 and O21–C13–N16–C17, listed in Table 4, can provide
valuable information regarding the planarity of the peptide
planes. The values of the two dihedral angles C12–C13–N16–
C17 and O21–C13–N16–H20 should be close to 180° and
those for the other two, i.e., C12–C13–N16–H20 and O21–
C13–N16–C17 should be close to 0° if indeed the amide plane
is planar. The data presented in Table 4 shows that in
aqueous phase the values of the four dihedral angles deviate

Table 2 Calculated bond
lengths (in angstrom) for the
peptide planes of the pyrrolysine
dipeptides; the gas phase values
are given in brackets

aMaximum deviation from aver-
age values

Dipeptides C12–C13 C13=O21 C13–N16 N16–H20 N16–C17

Pyl-Ala 1.536 (1.544) 1.236 (1.231) 1.359 (1.360) 1.011 (1.015) 1.453 (1.446)

Pyl-Leu 1.537 (1.541) 1.237 (1.233) 1.357 (1.356) 1.012 (1.016) 1.457 (1.452)

Pyl-Asp 1.535 (1.540) 1.236 (1.232) 1.359 (1.357) 1.013 (1.017) 1.450 (1.446)

Pyl-Ser 1.536 (1.541) 1.234 (1.230) 1.362 (1.359) 1.012 (1.016) 1.453 (1.451)

Pyl-Asn 1.537 (1.541) 1.234 (1.230) 1.364 (1.360) 1.012 (1.016) 1.455 (1.458)

Pyl-His 1.536 (1.540) 1.236 (1.228) 1.359 (1.363) 1.013 (1.016) 1.452 (1.452)

Average 1.536 (1.541) 1.236 (1.231) 1.360 (1.359) 1.012 (1.016) 1.453 (1.451)

MDa 0.001 (0.003) 0.002 (0.003) 0.004 (0.004) 0.001 (0.001) 0.004 (0.007)

Table 3 Calculated bond angles (in degrees) for the peptide planes of the pyrrolysine dipeptides; the gas phase values are given in brackets

Dipeptides C12–C13–O21 C12–C13–N16 O21–C13–N16 C13–N16–C17 C13–N16–H20 H20–N16–C17

Pyl-Ala 123.4 (121.4) 115.1 (115.0) 121.5 (123.6) 122.1 (122.3) 119.3 (115.5) 118.4 (121.1)

Pyl-Leu 122.7 (120.8) 114.7 (115.4) 122.5 (123.9) 123.1 (122.4) 119.7 (117.4) 117.1 (120.2)

Pyl-Asp 123.3 (121.2) 114.8 (115.5) 121.8 (123.3) 122.3 (122.1) 120.4 (117.8) 117.0 (120.0)

Pyl-Ser 123.0 (120.9) 114.5 (115.2) 122.4 (124.0) 123.1 (122.7) 119.5 (117.1) 117.4 (120.3)

Pyl-Asn 122.9 (120.9) 114.5 (115.1) 122.5 (124.0) 123.1 (122.6) 118.6 (116.2) 118.3 (121.0)

Pyl-His 123.2 (121.1) 114.6 (114.9) 122.1 (124.0) 122.6 (122.6) 120.2 (115.5) 117.1 (121.8)

Average 123.1 (121.1) 114.7 (115.2) 122.1 (123.8) 122.7 (122.5) 119.6 (116.6) 117.6 (120.7)

MDa 0.4 (0.3) 0.4 (0.3) 0.6 (0.5) 0.6 (0.4) 1.0 (1.2) 0.8 (1.1)

aMaximum deviation from average values
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up to a maximum value of 6.4° from the expected values
whereas in the gas phase the maximum deviation observed
is 6.6°. Thus, these dihedral angles do not deviate dramat-
ically from their expected values in both the phases, how-
ever, the extent of deviations observed in the values of the
four dihedral angles obviously suggest that the geometry of
the amide planes are not perfectly planar, regardless of
whether the systems are in gas phase or in strong polar
solvents like water. A previous observation that solvation
effects can enhance the planarity of the peptide planes [25]
is found true only in the case of Pyl-Ala out of the six
systems considered in this paper. For Pyl-Leu, Pyl-Ser,
Pyl-Asp and Pyl-His systems the amide planes are predicted
to be slightly more planar in gas than the aqueous phase. It is
expected that the conformations of the six dipeptides pre-
dicted at B3LYP/6-31++G(d,p) level are reliable since it has
been pointed out that full geometry optimization of gaseous
tryptophan conformers at B3LYP/6-311G(d) and MP2/6-
311++G(d,p) levels do not produce any noticeable structural
changes, only the conformer energies change by small
amounts [47]. Thus, it is reasonable to assume that solvation
effects alone cannot drastically improve the planarity of the
amide planes and the extent of the deviations from planarity

primarily depends on two factors – (a) steric interactions of
the side chain moieties of the C-terminal residues (–SC
group) and (b) intramolecular H-bond formation by the H-
and O-atoms of the amide planes with their adjacent moie-
ties belonging to the C- and N-terminal residues. The intra-
molecular H-bond interactions that play crucial roles in
deviating the amide planes from planarity and in imparting
the observed conformations to the dipeptides in gas and
aqueous phase are listed in Table 6 and a discussion on
these interactions is also offered in a succeeding section of
this paper.

Table 4 also lists the –SC groups of the C-terminal
residues of the dipeptides as well as the values of the y
and ϕ dihedrals in both the phases. A thorough analysis
of the dipeptide structures reveals that both size as well
as the type of functional groups present in a –SC group
may influence the planarity of a given amide plane. A
large sized –SC group may compete for its physical
space requirements to accommodate itself in between
the amide plane and carboxylic group of the C-terminal
residue of a given dipeptide and consequently influence
the planarity of the amide plane. The gas and aqueous
phase values of the ϕ angles reveal that the value of ϕ

Table 4 Calculated dihedral angles (in degrees) for the peptide planes of the pyrrolysine dipeptides at B3LYP/6-31++G(d,p) level of theory; the
gas phase values are given in brackets

Dipeptides -SC Groups C12–C13–N16–C17 O21–C13–N16–H20 C12–C13–N16–H20 O21–C13–N16–C17 ψ f

Pyl-Ala -CH3 176.0 (173.7) −177.7 (−173.4) 0.8 (5.5) −2.5 (−5.2) 145.9 (9.6) −67.9 (−87.4)

Pyl-Leu -CH2CH(CH3)2 176.1 (−178.9) 178.5 (179.6) −3.4 (0.6) −2.0 (0.1) 134.9 (−14.6) −142.4 (−143.7)

Pyl-Asp -CH2CO2H 173.6 (179.3) −178.3 (−178.4) 0.1 (2.9) −4.8 (−2.1) 141.6 (−15.2) −156.4 (−160.3)

Pyl-Ser -CH2OH 174.8 (−179.9) 178.4 (179.0) −3.5 (−0.1) −3.3 (−0.8) 138.8 (−13.6) −136.8 (−142.7)

Pyl-Asn -CH2CONH2 177.2 (−178.0) 177.9 (175.8) −3.8 (−3.2) −1.1 (0.9) 139.2 (−13.0) −114.3 (−141.3)

Pyl-His -CH2(C3N2H3) 174.1 (−177.4) 179.4 (178.7) −2.7 (0.2) −3.9 (1.0) 142.8 (−15.5) −149.1 (−123.4)

MDa 6.4 (6.3) 2.3 (6.6) 3.8 (5.5) 4.8 (5.2)

aMaximum deviation from expected values

Table 5 Calculated bond angles (in degrees) for the α-carbon atoms of the pyrrolysine dipeptides; the gas phase values are given in brackets

Dipeptides α-carbon atoms C12 α-carbon atoms C17

N14–C12–C11 N14–C12–C13 C11–C12–C13 N16–C17–C18 N16–C17–C19 C19–C17–C18

Pyl-Ala 110.7 (115.2) 109.5 (111.3) 109.1 (110.4) 113.4 (114.2) 110.3 (111.3) 109.7 (109.7)

Pyl-Leu 111.0 (111.1) 109.3 (111.2) 108.8 (108.8) 107.8 (108.0) 110.9 (111.1) 111.2 (111.1)

Pyl-Asp 110.8 (111.2) 109.4 (111.1) 108.8 (108.8) 108.1 (108.1) 111.3 (111.2) 111.5 (111.5)

Pyl-Ser 110.9 (111.3) 109.4 (111.3) 108.7 (108.9) 108.7 (108.5) 110.3 (110.4) 110.4 (110.0)

Pyl-Asn 110.9 (111.3) 109.3 (111.2) 108.7 (108.7) 110.5 (107.1) 111.8 (111.3) 111.8 (111.2)

Pyl-His 110.9 (111.3) 109.5 (111.1) 108.8 (108.8) 107.9 (109.0) 110.8 (111.7) 111.8 (112.8)

Average 110.9 (111.9) 109.4 (111.2) 108.8 (109.1) 109.4 (109.2) 110.7 (111.2) 111.1 (111.1)

MDa 0.2 (3.3) 0.1 (0.1) 0.3 (1.3) 4.0 (5.0) 1.1 (0.8) 1.4 (1.7)

aMaximum deviation from average values
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increases as the size of a given –SC group increases.
This point has been well discussed in various literature
[15, 16]. Among the six dipeptides studied in this paper
the ϕ value of Pyl-Ala in aqueous phase is −67.9°
(−87.4° in gas phase) while for the other five systems,
which have much larger sized –SC groups compared to
that of Pyl-Ala, the ϕ values are observed above −114.3°
in aqueous phase (−123.4° in gas phase). On the other
hand, the –SC groups, depending on the type of func-
tional groups present in them, may exert electrostatic
repulsive or electrostatic attractive forces on their neigh-
boring atoms belonging to the peptide planes and the
carboxylic group of the C-terminal residues of the dipep-
tides which may also influence the values of the ϕ as
well as planarity of the amide planes. For example, the –
SC groups of Asp and Asn are comparable in their size
and the inconsistencies observed in the values of ϕ as
well as in the values of the other four dihedral angles of
Pyl-Asp and Pyl-Asn can be explained on the basis of
the type of functional groups present in their –SC
groups.

Regarding the solvent effects of the aqueous phase,
the optimized structures depicted in Figs. 2, 3 and 4
and data on y listed in Table 4 suggest that the aqueous
phase structures are appreciably different from those in
gas phase around the dihedral angle y. It has already
been recognized that polar solvents remarkably influ-
ence the conformational properties of dipeptides, by
weakening the intraresidue hydrogen bonds and leading
to the appearance of new energy minima [27–29]. The
results of this DFT study predict that for the Pyl-Ala
system the aqueous phase y value deviates from its
corresponding gas phase value by 136.3° while in the
other five systems the differences range from 149.5 to

158.3°. However, these changes in the values of y do
not affect the planarity of the peptide planes but affects
geometry around the C12 (discussed in the next section).

α-Carbon geometry

Since the protein structures usually contain thousands of
amino acid residues, the geometries about the α-carbon
atoms of the individual residues play important roles in
deciding the overall structure of the proteins. The three bond
angles considered to monitor the geometry around the C12

α-carbon atoms of the dipeptides are N14–C12–C11, N14–
C12–C13 and C11–C12–C13 while N16–C17–C18, N16–C17–
C19 and C19–C17–C18 are the same for the C17 α-carbon
atoms. The α-carbon atoms of the amino acids are sp3

hybridized and therefore the ideal bond angle should be
109.5°, however, this is not expected due to their stereo-
genic character. By monitoring the above mentioned bond
angles around each α-carbon atom of the dipeptides one can
get an idea about how the change in identity of the C-
terminal residues can affect the geometries about these α-
carbon atoms. This DFT study also provides the opportunity
to probe the effects of solvation on the geometries of the α-
carbon atoms. Table 5 lists the gas and aqueous phase data
on the bond angles about the α-carbon atoms. Maximum
deviations of 0.3° in aqueous and 3.3° in gas phase from
their respective average values suggest that the geometry
about a particular C12 atom does not change much with the
change in the identity of the C-terminal residue. On the
other hand, with maximum deviations up to 4.0° in aqueous
and 5.0° in gas phase from their respective average values,
the bond angles around the C17 change appreciably with the
change in identity of the C-terminal residues of the dipep-
tides. These observations can be justified by invoking the

Table 6 H-bond distancesa (in angstrom) of the intramolecular H-bond interactions detected in the pyrrolysine dipeptides in gas and aqueous
phases

Dipeptides Phases N14…H20–N16 O21…Hb–C11 O21…H–C12 O21…H–C17 O23…H20–N16 O22…H–C17 O23…H–C17

Pyl-Ala Aqueous abs abs abs 2.631 abs abs 2.554

Gas 2.141 2.470 2.762 2.439 abs abs 2.666

Pyl-Leu Aqueous abs abs abs 2.455 2.426 2.485 abs

Gas 2.184 2.664 2.579 2.454 2.487 2.494 abs

Pyl-Asp Aqueous abs abs abs 2.575 2.274 2.602 abs

Gas 2.189 2.676 2.584 2.618 2.323 2.593 abs

Pyl-Ser Aqueous abs abs abs 2.425 2.539 2.451 abs

Gas 2.173 2.653 2.584 2.468 2.578 2.453 abs

Pyl-Asn Aqueous abs abs abs 2.338 abs 2.602 abs

Gas 2.160 2.647 2.591 2.452 abs 2.448 abs

Pyl-His Aqueous abs abs abs 2.506 2.338 2.512 abs

Gas 2.145 2.672 2.584 2.350 2.414 2.589 abs

a Only the (B….H) distances are listed where B is H-bond acceptor; abs=absent
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two factors—size and the type of functional groups present
in the –SC groups as previously mentioned while discussing
the planarity of the peptide planes. The stereoelectronic
effects of the varying –SC groups on the geometry of the
C12 atoms are very little as they reside at a distance of four
bonds away from these α-carbon atoms. On the contrary,
since the varying –SC groups are situated adjacent to the C17

atoms the geometry around them are affected by the chang-
ing identity of the –SC groups. The solvation effects are
more prominent on the geometry of the C12 atoms, a max-
imum deviation up to 4.5° is observed for the angle N14–
C12–C11 in Pyl-Ala system, than that on the C17 atoms
where the maximum deviation predicted is 3.4° for the
N16–C17–C18 angle in Pyl-Asn. These alterations in the
geometry around the C12 atoms of the dipeptides can be
attributed to the changes in the values of y due to the
solvation effects.

Intramolecular hydrogen bonds

Intramolecular hydrogen bonds (H-bonds), the strongest
non-covalent interactions, play an important role in stabiliz-
ing the different conformations of a dipeptide molecule [18].
The strength of these H-bonds depends on two factors, (a)
shorter is the distance A–H….B than the sum of their van
der Waals radii and (b) closer the angle A–H….B to 180°
[48], where A–H is H-bond donor and B is H-bond acceptor.
Table 6 lists three types of intramolecular H-bonds, namely
O…H–N, N…H–N and O…H–C, whose interplay is very
crucial in imparting the observed deviations of the peptide
planes from planarity as well as in determining the energet-
ics of the pyrrolysine containing dipeptides. The gas phase
intramolecular H-bond combinations of the dipeptides are
noticeably different from those in the aqueous phase. The
three H-bonds N14…H20-N16, O21…Hb-C11 and O21…H-
C12 observed in the gas phase structures of the dipeptides
(with B….H distances ranging from 2.141 to 2.762 Å),
disappear in the aqueous phase for all the dipeptide struc-
tures. This is because in aqueous phase the intra-residue
interactions are modified appreciably so weak H-bond inter-
actions like N…H–N and O…H–C are weakened further
and as a result the ψ dihedral can afford to change from a
range of 9.6 to −15.5° in the gas phase to a range of 134.9 to
145.9° in the aqueous phase (listed Table 4). The presence
of the O21…H-C17 H-bonds in both the phases indicates that
solvent effects do not alter the conformation of the dipep-
tides about the ϕ dihedral angles (see Table 4). On the other
hand, the gas and solvent phase data on the three H-bonds
O23…H20-N16, O22…H-C17 and O23…H-C17 clearly indi-
cates the effects of size and the type of functional groups
present in the –SC groups on the conformation of the dipep-
tides as well as on the number and type of H-bond inter-
actions existing in the dipeptide molecules. For example, theT
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absence of O23…H20-N16 in Pyl-Ala and Pyl-Asn systems;
absence of O22…H-C17 and presence of O23…H-C17 only in
the case of Pyl-Ala can be explained on the basis of identify
of the –SC groups of the C-terminal residues.

Vibrational spectra

The theoretically predicted vibrational spectra of the six
pyrrolysine dipeptides in both the phases provide valuable
information to understand the existence and nature of vari-
ous types of intramolecular H-bonds in the dipeptides. Ta-
ble 7 lists the characteristic frequency and intensity (given in
brackets) values of only those vibrational modes which are
sensitive to the structural changes caused by the varying C-

terminal residues and solvent effects. It is evident from
Table 7 that the vibrational frequencies shift invariably
toward the lower side of frequency scale corresponding to
the presence of intramolecular H-bond interactions. The
presence of N14…H20-N16 bond in the gas phase structures
is well reflected by the lowering in frequency values of the
ν(N16-H20) stretching by a range of 54 to 64 cm

−1 than those
in the aqueous phase. Solvent effects also lower the frequen-
cy values of the ν(C13=O21), νs(N14-H), νas(N14-H) and Sis
(N14-H) by a magnitude up to 47 cm−1 in the aqueous phase
which can be due to elongation in the bond length values in
solvent phase (the C13=O21 bonds are elongated up to
0.008 Å in the aqueous phase). The differences in the gas
and aqueous phase values of ν(C12-H) arise because of the

Pyl-Ala (Gas phase) Pyl-Ala (Aqueous phase)

Pyl-Leu (Gas phase) Pyl-Leu (Aqueous phase)

Fig. 2 The optimized structures of Pyl-Ala and Pyl-Leu in gas and aqueous phase

Pyl-Asp (Gas phase) Pyl-Asp (Aqueous phase)

Pyl-Ser (Gas phase) Pyl-Ser (Aqueous phase)

Fig. 3 The optimized structures of Pyl-Asp and Pyl-Ser in gas and aqueous phase
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changes in conformation of the dipeptides around the y
dihedrals due to solvent effects, while the variations in the
ν(C17-H) values can be attributed to the effects of the
changing–SC groups of the C-terminal residues.

Conclusions

This DFT study on dipeptides containing pyrrolysine as a
fixed component at their N-terminal positions predicts large

values of total dipole moments for the dipeptides, 2.361 to
7.421 D in gas phase and 8.864 to 14.152 D in aqueous phase,
and as a consequence the aqueous phase structures showmore
thermodynamic stabilities by a range of 13.35 to 19.72 kcal
mol−1 than those in the gas phase. The geometrical parameters
like bond lengths and bond angles of the amide planes of the
dipeptides show very little variance as the identity of the C-
terminal residue of a given dipeptide changes. The geometry
of the amide planes are not perfectly planar regardless of
whether the systems are in gas or in strong polar solvents like

Pyl-Asn (Gas phase) Pyl-Asn (Aqueous phase)

Pyl-His (Gas phase) Pyl-His (Aqueous phase)

Fig. 4 The optimized structures of Pyl-Asn and Pyl-His in gas and aqueous phase

Pyl-Ala (Gas phase) Pyl-Ala (Aqueous phase)

Pyl-Leu (Gas phase) Pyl-Leu (Aqueous phase)

Fig. 5 Vibrational spectra of Pyl-Ala and Pyl-Leu in gas and aqueous phase
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water and the deviations from planarity primarily depends on
two factors – (a) steric interactions of the side chain moieties
of the C-terminal residues and (b) intramolecular H-bond
formation by the H- and O-atoms of the amide planes with
their adjacent atoms belonging to the C- and N-terminal

residues. The ϕ values depend on the size of a given –SC
group which is evident from the fact that the ϕ value of Pyl-
Ala in aqueous phase is −67.9° (−87.4° in gas phase) while for
the other five systems, which have much larger sized –SC
groups compared to that of Pyl-Ala, theϕ values are observed

Pyl-Asp (Gas phase) Pyl-Asp (Aqueous phase)

Pyl-Ser (Gas phase) Pyl-Ser (Aqueous phase)

Fig. 6 Vibrational spectra of Pyl-Asp and Pyl-Ser in gas and aqueous phase

Pyl-Asn (Gas phase) Pyl-Asn (Aqueous phase)

Pyl-His (Gas phase) Pyl-His (Aqueous phase)

Fig. 7 Vibrational spectra of Pyl-Asn and Pyl-His in gas and aqueous phase
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above −114.3° in aqueous phase (−123.4° in gas phase). The
solvent effects appreciably modify the gas phase y values, for
example in the Pyl-Ala system the difference of ψ values in
gas and aqueous phase is 136.3° while in the other five
systems the differences range from 149.5 to 158.3°. The
geometry around the C17 atoms are affected by the changes
in the identity of the –SC groups while the signs of solvent
effects are evident on the geometry of C12 atoms. The pres-
ence or absence of three types of intramolecular H-bonds,
namely O…H–N, N…H–N and O…H–C that leave notice-
able signatures in the IR spectra, play crucial roles in influ-
encing the geometry of the peptide planes and in determining
the energetics of the pyrrolysine dipeptides.
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