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Abstract B3LYP/6-31G(d,p) level of theory is used to carry
out a detailed gas phase conformational analysis of non-
ionized (neutral) pyrrolysine molecule about its nine internal
back-bone torsional angles. A total of 13 minima are detected
from potential energy surface exploration corresponding to
the nine internal back-bone torsional angles. These minima
are then subjected to full geometry optimization and vibra-
tional frequency calculations at B3LYP/6-31++G(d,p) level.
Characteristic intramolecular hydrogen bonds present in each
conformer, their relative energies, theoretically predicted vi-
brational spectra, rotational constants and dipole moments are
systematically reported. Single point calculations are carried
out at B3LYP/6-311++G(d,p) and MP2/6-31++G(d,p) levels.
Six types of intramolecular H-bonds, viz. O…H–O, N…H-O,
O…H–N, N…H–N, O…H–C and N…H–C, are found to
exist in the pyrrolysine conformers; all of which contribute
to the stability of the conformers. The vibrational frequencies
are found to shift invariably toward the lower side of frequen-
cy scale corresponding to the presence of intramolecular H-
bond interactions in the conformers.

Keywords DFTconformational analysis . Intrinsic
conformational properties . Pyrrolysine conformers .
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Introduction

Pyrrolysine (Pyl), a lysine homologue with chemical identity
N6-[(4R,5R)]-4-methyl-1-pyrroline-5-carbonyl]-L-lysine, is

the 22nd genetically encoded natural amino acid [1–6]. This
rarely occurring amino acid 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 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 [7]. Since its discovery in
2002, there have been prolific studies to understand the bio-
synthetic pathway which is still unclear [8], on metal-
binding affinity/selectivity of pyrrolysine [9] and on the
scope of synthesizing pyrrolysine analogues [10, 11].
However, till date no research group has investigated
the intrinsic conformational properties and energies of
this amino acid which to a large extent determine the
dynamic properties and functional specificity of pyrro-
lysine containing proteins and polypeptides.

Amino acids exist in non-ionic forms in the gas phase
while as zwitterions in solvent and solid phases [12, 13].
Computational studies on conformational behavior of neu-
tral amino acids in gas phase [14–20] have been performed
with a view toward understanding various chemical and
biochemical processes taking place in the macromolecular
context of real life systems. Experimental studies on the
neutral gaseous amino acids are limited due to the low
thermal stability and low vapor pressure of amino acids
[21, 22]. Computational techniques are indispensable in
elucidating atomic level structural information about biolog-
ically active molecules owing to certain limitations of ex-
perimental techniques as pointed out in literatures [23–25].
The low-energy conformers and their related properties de-
rived from such computations have a meaningful relation-
ship to their presence in the macromolecular context.

Here, we provide a detailed gas phase quantum chemical
conformational analysis of non-ionized pyrrolysine mole-
cule about the nine internal back-bone torsional angles.
Attempts are made to obtain full knowledge about the
relative stabilities of 13 different conformers of pyrrolysine
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on the energy surface, and to provide theoretical results such
as rotational constants, vibrational frequencies and dipole
moments of all the 13 conformers that may be helpful for
future experimentalists. Figure 1 schematically represents
the nine internal rotatable bonds of the pyrrolysine mole-
cule. The atom numbering and the torsion angle definitions
are given in accordance with the schemes used earlier in
various literatures [11, 26]. To facilitate a clear representa-
tion of the intramolecular hydrogen bond (H-bond) interac-
tions present in the pyrrolysine conformers some of the
hydrogen atoms are named as Ha or Hb. This gas phase
DFT conformational analysis of isolated pyrrolysine mole-
cule (in its unbound state), apart from external factors like
pH effects, counter ions, proteins, water etc., would provide
the opportunity to know its intrinsic conformational proper-
ties which in turn may help us to understand the dynamics
and functional specificity of proteins, in discovering its
biosynthetic pathway, to synthesize a new generation of
pyrrolysine analogues and in understanding the nature of
the genetic code or amino acid code which seems to be still
evolving without deleterious changes in the amino acid
sequences of proteins [27].

Computational methods

To carry the conformational search about the nine internal
back-bone torsional angles, the molecular geometry of the
neutral gaseous pyrrolysine molecule is subjected to full
geometry optimization and vibrational frequency calcula-
tions using the B3LYP/6-31G(d,p) level of theory [28, 29].
The accuracy of DFT B3LYP/6-31G(d,p) level in carrying
out conformational analysis has already been justified in
literature [30]. Absence of imaginary frequency value in
the vibrational frequency calculations proves that the opti-
mized geometry is a true minimum. To determine other
possible minimum/minima on the conformational potential
energy surfaces (PESs) corresponding to the nine rotatable

internal back-bone torsional angles of the pyrrolysine mol-
ecule, a particular torsional angle is changed progressively
from 0° by a 20° step in the same direction making a full 0
to 360° rotation. For each conformation, the changed tor-
sional angle is held fixed while the remaining variables are
fully optimized. The 13 stable molecular geometries
detected from potential energy surface exploration
corresponding to the nine internal back-bone torsional
angles are then subjected to full geometry optimization
and vibrational frequency calculations at B3LYP/6-31++G
(d,p) level releasing the constraints on the torsional angles.
The rotational aspects around the C5-C6 and C6-N7 bonds of
pyrrolysine are also examined by computing the exact max-
ima at B3LYP/6-31++G(d,p) level. All 13 fully optimized
geometries are characterized as precise minima by the ab-
sence of imaginary frequency values in the vibrational fre-
quency calculations while presence of one imaginary
frequency value proves that the maxima are true transition
states. Zero point energy (ZPE) corrections were applied to
the total energies of all stable conformers and transition
states using a correction factor 0.97 [21]. Single point cal-
culations are carried out at B3LYP/6-311++G(d,p) and
MP2/6-31++G(d,p) levels. The vibrational frequencies cal-
culated using 6-31++G(d,p) basis set are also scaled using a
correction factor 0.96 [31, 32]. Use of diffuse functions is
important to take into account the relative diffuseness of
lone pair of electrons present in the molecule under inves-
tigation [33] whereas polarization functions are useful in
conformational studies where stereoelectronic effects play
an important role [34]. All the calculations are performed by
using the Gaussian 03 [35] and Gaussian 09 [36] programs.

Results and discussion

Figure 2 presents the potential energy surfaces corresponding
to the nine internal back-bone torsional angles, namely χa, χb,
χc, χd, χe, χf, χg, χh and χi. As listed in Table 1, this DFT
conformational analysis at B3LYP/6-31G(d,p) level reveals
that a total of 1296 different conformers of the pyrrolysine
molecule would result if we include all the possible combina-
tions of rotations about the nine internal back-bone torsional
angles, i.e., (i) twofold rotamers for χb around C6–N7 bond
(−8.20° and 177.28°), (ii) twofold rotamers for χc around N7–
C8 bond (99.09° and −103.24°), (iii) threefold rotamers for χd
around C8–C9 bond (66.42°, 179.53° and −63.44°), (iv) three-
fold rotamers for χe around the C9–C10 bond (68.85°, 178.25°
and −66.75°), (v) threefold rotamers for χf around C10–C11

bond (64.11°, −177.31° and −63.04°), (vi) threefold rotamers
for χg around C11–C12 bond (72.3°, 170.14° and −65.21°),
(vii) twofold rotamers for χh around C12–C13 bond (163.32°
and −76.9°) and (viii) twofold rotamers for χi since the car-
boxyl group can possess syn- or anti-periplanar conformations

N

H3C

N

O N

O

O

H
a

b

c

d

e

f

g

h

i

H1
2

3

4
5 6 7 8 9 10 11 12 13

14

HbHa

Ha Hb

Ha Hb

Ha

H

Ha
Hb

15

16

Hb

a=C4-C5-C6-N7

b= C5-C6-N7-C8 c= C6-N7-C8-C9

d= N7-C8-C9-C10 e= C8-C9-C10-C11

f= C9-C10-C11-C12 g= C10-C11-C12-C13

h= C11-C12-C13-O14 i= C12-C13-O14-H

Fig. 1 Schematic representation of the nine rotatable internal back-
bone torsional angles in pyrrolysine molecule
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corresponding to 0° and 180° torsions around the C13–O14

bond (−1.99° and 178.70°).
Due to the large size of the pyrrolysine molecule it is

computationally expensive to subject all 1296 conformers
to full geometry optimization, and therefore only the 13
minima detected from the potential energy surface explo-
ration are subjected to full geometry optimization as well
as vibrational frequency calculations at B3LYP/6-31++G
(d,p) level of theory. The optimized structures of the
pyrrolysine conformers are depicted in Figs. 3 and 4
while their theoretical IR spectra are reported in the

supplementary information. Table 2 lists the values of
internal back-bone torsional angles of all 13 conformers
and Table 3 presents their relative energies, rotational con-
stants and dipole moments (the total energies of the con-
formers and transition states are given in the supplementary
information). Table 4 lists some important intramolecular H-
bonds that play crucial roles in stabilizing the various con-
formers of the pyrrolysine molecule. Table 5 lists some of the
characteristic frequency and intensity values (given in brack-
ets) of the 13 conformers calculated at the B3LYP/6-31++G
(d,p) level.

Fig. 2 The potential energy surfaces (PESs) corresponding to the nine internal back-bone torsional angles
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The rotation χa about the C5–C6 bond does not result any
rotamer, possibly because an electrostatic repulsion arise
between the nitrogen atom of the imine group and oxygen
atom of the C6=O group as they approach a cis orientation
to each other. The energy difference of 11.6 kcal mol−1

between the TSχa and its corresponding minimum, i.e.,
Pyl-1 also suggest that the above stated cis orientation is
thermodynamically unfavorable.

Conformations and relative energies

Intramolecular H-bonds, the strongest non-covalent interac-
tions, play an important role in stabilizing the different

conformations of an amino acid molecule. The number of
intramolecular H-bonds and the strength of these interac-
tions are the two important factors responsible for bringing
differences in relative energies among the various conform-
ers of an amino acid. 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° [16], where A–H is H-bond donor and B is H-
bond acceptor. In the case of pyrrolysine molecule the
carboxyl group, amino group, N-atom of the imine group,
C6=O and N7–H bonds of the amide linkage and all the CH2

groups participate actively in intramolecular H-bond forma-
tion stabilizing the various conformers. The H-bond

Table 1 Dataa generated from
DFT conformational analysis at
B3LYP/6-31G(d,p) level of the-
ory about the nine internal back-
bone torsional angles of
pyrrolysine

aAngles in degrees; bTorsional
angle values are listed from the
fully optimized conformers at
B3LYP/6-31++G(d,p)

Torsional angle Definition No. of fold Value of torsional anglesb

χa C4-C5-C6-N7 1 fold 134.07

χb C5-C6-N7-C8 2 fold −8.20 and 177.28

χc C6-N7-C8-C9 2 fold 99.09 and −103.24

χd N7-C8-C9-C10 3 fold 66.42, 179.53 and −63.44

χe C8-C9-C10-C11 3 fold 68.85, 178.25 and −66.75

χf C9-C10-C11-C12 3 fold 64.11, −177.31 and −63.04

χg C10-C11-C12-C13 3 fold 72.30, 170.14 and −65.21

χh C11-C12-C13-O14 2 fold 163.32 and −76.90

χi C12-C13-O14-H 2 fold −1.99 and 178.70

Pyl-1 Pyl-b Pyl-c

Pyl-d1 Pyl-d2

Pyl-e1 Pyl-e2

Fig. 3 The optimized structure of conformers Pyl-1, Pyl-b, Pyl-c, Pyl-d1, Pyl-d2, Pyl-e1 and Pyl-e2
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Pyl-f1 Pyl-f2

Pyl-g1 Pyl-g2

Pyl-h Pyl-i

Fig. 4 The optimized structure of conformers Pyl-f1, Pyl-f2, Pyl-g1, Pyl-g2, Pyl-h and Pyl-i

Table 2 Dihedral angles (in degrees) about the nine internal back-bone torsional angles of pyrrolysine conformers after full geometry optimization
at B3LYP/6-31++G(d,p)

Conformers χa χb χc χd χe χf χg χh χi

Pyl-1 134.07 177.28 −103.24 179.53 178.25 −177.31 170.14 163.32 178.70

Pyl-b −175.71 −8.20 −102.37 −178.94 178.32 −176.15 170.60 163.61 178.32

Pyl-c 136.33 179.17 99.09 −179.81 −178.55 −175.55 172.83 165.10 178.55

Pyl-d1 134.91 178.85 −89.97 −63.44 −178.84 −175.92 172.52 164.09 178.42

Pyl-d2 135.18 179.61 −105.62 66.42 −178.39 −174.51 173.48 164.22 178.39

Pyl-e1 134.12 177.66 −105.63 −174.91 −66.75 −173.35 170.64 161.05 178.04

Pyl-e2 134.33 178.21 −88.63 175.21 68.85 −178.21 171.89 163.51 178.31

Pyl-f1 134.48 177.54 −100.67 179.99 −175.08 −63.04 175.06 163.52 178.46

Pyl-f2 133.51 178.28 −87.32 178.47 172.69 64.11 149.54 165.19 178.28

Pyl-g1 134.30 178.27 −103.85 −177.80 179.80 −175.20 −65.21 152.20 176.93

Pyl-g2 133.37 177.65 −91.05 179.63 −179.43 178.85 72.30 179.74 −178.47

Pyl-h 133.98 177.92 −95.19 −178.53 −179.90 178.55 170.69 −76.90 177.85

Pyl-i 134.48 177.94 −90.10 177.88 179.85 178.38 167.62 138.21 −1.99
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combinations in pyrrolysine conformers are complex and
various types of intramolecular H-bonds may coexist in one
conformer. A thorough analysis reveals that six types of
intramolecular H-bonds, namely O…H–O, N…H–O, O…
H–N, N…H–N, O…H–C and N…H–C, are present in the
conformers of pyrrolysine (Table 4). All these H-bonds play
key roles in determining the energetics of the conformers.
The relative energies of the 13 conformers shown in Table 3
are determined relative to the energy of Pyl-i which is
predicted as the most stable conformer at B3LYP/6-31++G
(d,p) level of theory. Pyl-b is the least stable in the relative
stability order with an energy difference of 8.06 kcal mol−1

compared to Pyl-i. The single point calculations at B3LYP/
6-311++G(d,p) and MP2/6-31++G(d,p) levels reveal that

the stability order of the conformers depends upon the level
of theory used. The change in the stability order is very
limited at B3LYP/6-311++G(d,p); only the Pyl-d2 conform-
er is predicted to be more stable than Pyl-c by an energy
difference of only 0.05 kcal mol−1. Whereas the stability
order predicted at MP2/6-31++G(d,p) level shows signifi-
cant deviations from the one calculated at B3LYP/6-31++G
(d,p) level. However, the range of relative energies calculat-
ed at the three level of theories are very similar; 8.06 kcal
mol−1 at B3LYP/6-31++G(d,p), 7.06 kcal mol−1 at MP2/6-
31++G(d,p) while 8.67 kcal mol−1 when B3LYP/6-311++G
(d,p) is used (listed in Table 3). It has been pointed out that
full geometry optimization of gaseous tryptophan conform-
ers at B3LYP/6-311G(d,p) and MP2/6-311++G(d,p) levels

Table 3 The relative energiesa

(kcal mol−1), theoretical rota-
tional data (GHZ) and dipole
moments (D) of the conformers

aRelative energies:ΔE1=at
B3LYP/6-31++G(d,p),ΔE2=at
B3LYP/6-311++G(d,p) andΔE3=
at MP2/6-31++G(d,p) level of
theory

Conformers Relative energies Rotational constants Dipole

ΔE1 ΔE2 ΔE3 A B C moments

Pyl-i 0.00 0.00 0.00 1.272 0.101 0.098 6.802

Pyl-h 0.01 0.34 −0.29 1.234 0.101 0.098 4.005

Pyl-c 2.27 2.65 1.86 1.001 0.106 0.104 1.428

Pyl-d2 2.34 2.60 0.69 0.819 0.137 0.128 3.057

Pyl-1 2.37 2.67 2.09 1.329 0.099 0.095 3.427

Pyl-g2 2.38 2.77 1.48 1.313 0.104 0.100 1.333

Pyl-d1 2.75 2.97 1.53 0.817 0.124 0.121 5.205

Pyl-g1 2.84 3.09 2.01 1.208 0.109 0.103 3.895

Pyl-e2 3.24 3.45 2.37 1.224 0.107 0.102 1.011

Pyl-f1 3.48 3.67 2.45 0.985 0.113 0.110 5.198

Pyl-e1 3.65 3.91 2.90 1.078 0.115 0.107 3.944

Pyl-f2 4.32 4.59 3.36 1.042 0.118 0.113 4.014

Pyl-b 8.06 8.67 7.06 0.932 0.123 0.116 4.591

Table 4 H-bond distancesa (Å) of the intramolecular H-bond interactions detected in pyrrolysine conformers in gas phase

H-bonds Pyl-1 Pyl-b Pyl-c Pyl-d1 Pyl-d2 Pyl-e1 Pyl-e2 Pyl-f1 Pyl-f2 Pyl-g1 Pyl-g2 Pyl-h Pyl-i

N1…H-N7 2.18 abs 2.18 2.19 2.18 2.19 2.19 2.19 2.19 2.18 2.19 2.18 2.19

O6…Ha-C8 2.43 abs abs 2.52 2.45 2.42 2.52 2.44 2.53 2.44 2.50 2.48 2.50

O6…Hb-C8 abs abs 2.45 abs abs abs abs abs abs abs abs abs abs

O6…H-N7 abs 2.39 abs abs abs abs abs abs abs abs abs abs abs

N1…Ha-C8 abs 2.55 abs abs abs abs abs abs abs abs abs abs abs

N7…Ha-C9 2.74 2.73 2.73 abs abs 2.69 2.77 2.73 2.75 2.72 2.75 abs abs

N7…Hb-C9 2.72 2.73 2.74 abs 2.74 2.75 2.68 2.73 2.70 2.74 2.73 2.74 2.71

N16…Hb-C11 2.68 2.68 2.70 2.69 2.71 2.68 2.69 2.70 2.55 abs 2.58 2.69 abs

O13…Ha-C11 2.54 2.55 2.58 2.57 2.58 2.55 2.54 2.58 2.38 abs 2.71 abs 2.53

O13…Ha-C10 abs abs abs abs abs abs abs abs abs abs 2.59 abs abs

O14…Ha-N16 2.32 2.32 2.31 2.31 2.31 2.30 2.31 2.31 2.32 2.31 2.45 abs abs

O13…Ha-N16 abs abs abs abs abs abs abs abs abs abs abs 2.61 abs

O13…H-O14 2.29 2.29 2.29 2.29 2.29 2.29 2.29 2.29 2.29 2.29 2.29 2.29 abs

N16…H-O14 abs abs abs abs abs abs abs abs abs abs abs abs 1.88

a Only the (B…H) distances are listed where B is H-bond acceptor; abs absent
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do not produce any noticeable structural changes, only the
conformer energies change by small amounts [18]. There-
fore, we expect that the conformations of the 13 conformers
predicted at B3LYP/6-31++G(d,p) level of theory will not
change even if higher level of quantum mechanical theories
are used; only the conformer energies may change little. The
data on the energetics of the conformers presented in Table 3
suggest that though many of the conformers differ from one
another by small energy differences but their conformations
are very different (see the discussion on the vibrational
spectra of the conformers given in a succeeding section of
this paper); and therefore they may have different functional
aspects in bio-chemical processes.

It is interesting to note that in Pyl-b the N7–H and C6=O
bonds of the amide linkage orient themselves cis to each other
(χb value being −8.20°) whereas in the other 12 conformer the
N7–H and C6=O bonds are found to possess trans orientations
(χb value range 177.28 to 179.61°). The calculated rotational
barrier of the trans→cis isomerization (that is the energy
difference between the trans minimum and TSχb; Pyl-1 is
the trans minimum here) around the C6-N7 bond is 27.69 kcal
mol−1. Now as a result of this cis orientation of N7–H and C6=
O bonds the value of χa changes to −175.71° from the usual
range of 133.37 to 136.33° observed in the other conformers of
pyrrolysine. This indicates that orientation of the five-
membered methylpyrroline ring of pyrrolysine may be influ-
enced by rotation about C6-N7 bond. Similar situations are also
observed in three more cases- (a) change in χi value to −1.99°
in Pyl-i from the usual range of 176.93 to −178.47° changes
the χh value to 138.21°; (b) changes in χg , -65.21° in Pyl-g1
and 72.3° in Pyl-g2, change the χh values to 152.2° and
179.74° respectively; and (c) in Pyl-f2 when χf is changed to
64.11° the χg value changes to 149.54°. The other internal
torsional rotations are more or less independent of each other,
i.e., rotation around one dihedral angle does not alter the
conformation of the other part of the molecule.

Vibrational spectra

Study of gas phase vibrational spectra is important to under-
stand the existence and nature of various types of intramolec-
ular H-bonds in the conformers of pyrrolysine molecule. Each
conformer of the gaseous pyrrolysine molecule has a total of
111 normal modes of vibration. It is evident from Table 5 that
some vibrational modes, viz. ν(C2=N1), ν(C5-C4) stretch etc.,
basically remain unaltered along with the change of the con-
formation while some are very sensitive to even small changes
in the configurations of the conformers and consequently
leave noticeable signatures in the IR spectra.

The frequency change reflects the internal information
about each conformer and the relative strength of different
intramolecular H-bond interactions. For example, in Pyl-i the
ν(O14-H) stretching value occurs at 3300 cm−1 with a high

intensity signal of 288 km mol−1 while for the other 12 con-
formers its stretch frequencies range from 3595 to 3607 cm−1

(the intensities range from 59 to 74 km mol−1). This is because
the Pyl-i conformer possesses a strong and uniqueN16…H-O14

H-bond (with N16…Hdistance equal to 1.88 Å) due to the anti-
periplanar conformation of the carboxyl group (the value of χi
is −1.99°). This H-bond is absent in the other 12 conformers
where the carboxyl group possesses syn-periplanar conforma-
tion (the values of χi range from 176.93 to −178.47°). Simi-
larly, Pyl-h conformer is unique from the other 12 conformers
where the amino group lies cis to the carboxylic C=O group
and there exists a unique O13…Ha-N16 bond (O13…Ha dis-
tance equal to 1.61 Å) which is absent in other conformers
because of the trans orientation of the C=O group with the
NH2 group. As a result ν(C13=O) stretch frequency appears at
1736 cm−1 for Pyl-h while for others it ranges from 1744 to
1764 cm−1. Note that it appears at 1764 cm−1 in Pyl-i since in
this conformer the carboxylic C=O group does not participate
in H-bond formation. It can also be invoked that because of the
presence of the O13…Ha-N16 bond in Pyl-h the scissoring
mode Sis(N16-H) appears at 1568 cm−1 (for others it occurs
above 1588 cm−1); the asymmetric stretch frequency νas

(N16-H) appears at 3442 cm−1 (for others above 3456 cm−1);
the symmetric stretching νs(N16-H) appears at 3361 cm

−1 (for
others it ranges from 3369 to 3389 cm−1) and the rocking
bending mode γ(N16-H) appears at 208 cm

−1 (for others above
245 cm−1). In Pyl-b, because of the cis orientation of the N7–H
and C6=O bonds of the amide linkage, there exist a strong
O6…H-N7 interaction with O6…H distance equal to 2.39 Å.
Consequently this conformer possesses many distinct structur-
al features and some of the normal modes of vibration, for
example the intensity of ν(N7-H) and ν(C6=O), band position
of ν(C6-N7) etc., differ appreciably from the other conformers.
The ν(C12-H) mode for Pyl-1, Pyl-b, Pyl-c, Pyl-d1, Pyl-d2,
Pyl-e1, Pyl-e2 and Pyl-f2 is observed below 2795 cm−1 where-
as for others it appears above 2811 cm−1. Thus, it is expected
that the data listed in Table 5 would greatly aid future exper-
imentalists in detecting the gas phase pyrrolysine conformers
even though they differ by small energy differences from one
another, for example, conformers Pyl-i and Pyl-h can be dis-
tinguished by simply referring to their ν(O14-H) and ν(C13=
O) stretching frequencies, Pyl-i and Pyl-b by their ν(C6-N7)
band positions etc. The results of this DFT study also point to
the fact that vibrational frequencies are lowered corresponding
to the presence of the intramolecular H-bond interactions.

Rotational constants and dipole moments

Table 3 presents the rotational constants and dipole moments
of the gas phase pyrrolysine conformers calculated at the
B3LYP/6-31++G(d,p) level. The accuracy of DFT method
in predicting the rotational constants of conformers of some
aliphatic amino acids has been discussed in the literature [22,
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37]. In the absence of any experimental data on rotational
constants and dipole moments, the theoretical data presented
in Table 3 may be useful in predicting gas phase pyrrolysine
conformers with microwave spectroscopy (MW). We except
that the pyrrolysine conformers that have large total dipole
moments, for example 6.802 D for Pyl-i, would be easily
detected by MW spectroscopy [14].

Conclusions

The conformational study at B3LYP/6-31G(d,p) level
reveals that a total of 1296 different conformers of pyrroly-
sine would result if all the possible combinations of rota-
tions about the nine internal back-bone torsional angles are
considered. The rotation χa about the C5–C6 bond does not
result any rotamer while rotation χb about C6–N7 may affect
orientation of the methylpyrroline ring of pyrrolysine. The
relative energies, rotational constants, dipole moments and
vibrational frequencies of the 13 conformers calculated at
B3LYP/6-31++G(d,p) level are listed which may be helpful
for the future experimentalists. The amino group, carboxyl
group, N-atom of the imine group, C6=O and N7–H groups
of the amide linkage and all the CH2 groups of pyrrolysine
participate actively in intramolecular H-bonding stabilizing
the various conformers. Six types of intramolecular H-
bonds, viz. O…H–O, N…H-O, O…H–N, N…H–N, O…
H–C and N…H–C, are found to exist in the pyrrolysine
conformers and all of them contribute to the stability of the
conformers. The calculated relative energy range of the
conformers at B3LYP/6-31++G(d,p) level is 8.06 kcal
mol−1 whereas the same obtained by single point calcula-
tions at B3LYP/6-311++G(d,p) and MP2/6-31++G(d,p) lev-
els are 8.67 and 7.06 kcal mol−1 respectively. Though the
pyrrolysine conformers differ from one another by only
small energy differences, their conformations are very dif-
ferent. The vibrational frequencies are found to shift invari-
ably toward the lower side of the frequency scale
corresponding to the presence of intramolecular H-bond
ineractions in the conformers.
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