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Abstract A total of 16 pyrrolysine conformers in their
zwitterionic forms are studied in gas and simulated aqueous
phase using a polarizable continuum model (PCM). These
conformers are selected on the basis of our study on the
intrinsic conformational properties of non-ionic pyrrolysine
molecule in gas phase [Das and Mandal (2013) J Mol Model
19:1695—1704]. In aqueous phase, the stable zwitterionic
pyrrolysine conformers are characterized by full geometry
optimization and vibrational frequency calculations using
B3LYP/6-311++G(d,p) level of theory. Single point calcula-
tions are also carried out at MP2/6-311++G(d,p) level. Char-
acteristic intramolecular hydrogen bonds present in each
conformer, their relative energies, theoretically predicted
vibrational spectra, rotational constants and dipole moments
are systematically reported. The calculated relative energy
range of the conformers at B3LYP/6-311++G(d,p) level is
5.19 kcal mol ™" whereas the same obtained by single point
calculations at MP2/6-311++G(d,p) level is 4.58 kcal mol .
A thorough analysis reveals that four types of intramolecular
H-bonds are present in the conformers; all of which play key
roles in determining the energetics and in imparting the
observed conformations to the conformers. The vibrational
frequencies are found to shift invariably toward the lower
side of frequency scale corresponding to the presence of
the H-bonds. This study also points out that conformers
with diverse structural motifs may differ in their thermody-
namical stability by a narrow range of relative energy. The
effects of metal coordination on the relative stability order
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and structural features of the conformers are examined by
complexing five zwitterionic conformers of pyrrolysine with
Cu"? through their carboxylate groups. The interaction
enthalpies and Gibbs energies, rotational constants, vibra-
tional frequencies and dipole moments of the metal com-
plexes calculated at B3LYP level are also reported. The
zwitterionic conformers of pyrrolysine are not stable in gas
phase; after geometry optimization they are converted to the
non-ionic forms.

Keywords DFT study - Interactions with metal ions -
Pyrrolysine - Vibrational frequencies - Zwitterionic conformers

Introduction

Nature has expanded the genetic code by including
pyrrolysine (Pyl) as the 22nd member in the family of genet-
ically encoded amino acids. In certain methanogenic archaea
and bacteria, pyrrolysine is co-translationally incorporated
into protein in response to an in-frame UAG codon which in
other organisms terminates the translation process of protein
biosynthesis. Thus, pyrrolysine, a lysine homologue with
chemical identity N°-[(4R,5R)]-4-methyl-1-pyrroline-5-car-
bonyl]-L-/ysine, has been recognized as the 22nd genetically
encoded natural amino acid [2—-8]. Known for its catalytic
activities, pyrrolysine is an important constituent in the active
site of methylamine methyltransferases involved in methyl-
amine metabolism in methanogenic archaea [4, 9]. Since its
discovery in 2002, there have been prolific studies to under-
stand the biosynthetic pathway which is still unclear [10], on
metal-binding affinity/selectivity of pyrrolysine [11], on the
scope of synthesizing pyrrolysine analogues [12, 13] and on
the intrinsic conformational properties of non-ionic
pyrrolysine molecule in gas phase [1]. However, neither ex-
perimental nor theoretical investigations are carried out to date
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concerning the stability and structural features of zwitterionic
conformers of pyrrolysine as well as their metal complexes,
which to a large extent determine the dynamic properties and
functional specificity of proteins and polypeptides containing
pyrrolysine residues.

It is difficult to implement theoretical or computational
approaches directly for large systems such as proteins.
Therefore, over the last few decades, solitary amino acids
and their analogues have served as important model systems
for the computational studies concerning the structure of
protein and energetics of protein folding. The low-energy
structures and their related properties derived from such
computations have a meaningful relationship with their
presence and functional activities performed in the macro-
molecular context of real life systems. Besides structural
knowledge, conformational flexibility is also important to
understand the reactivity and biological roles of bioactive
molecules [14-16]. Amino acids are highly flexible mole-
cules since they possess many rotatable single bonds. Inter-
nal rotations around these single bonds require a very small
amount of energy and therefore even at room temperature a
particular amino acid molecule may change form one con-
formation to another [17]. Often it has been found that the
conformers of an amino acid differ from one another by
small energy differences though their conformations are
very different [1, 18, 19]. The knowledge of different con-
formers of an amino acid is important since they may have
different functional aspects in bio-chemical processes. Ami-
no acids are known to exist in non-ionic forms in gas phase
while as zwitterions in solvent and solid phases [19, 20].
The predominance of the zwitterionic forms of the amino
acids in solid and solution phases has been attributed to
electrostatic, polarization and H-bonding interactions with
the solvent [21-25]. Amino acid molecules in their zwitter-
ionic forms are of special importance since amino acids
normally occur in zwitterionic forms in biological media
[26-28]. Thus, it is of fundamental importance for the
theoretical studies concerning conformational details of a
biological molecule to include solvent effects of aqueous
phase since the vast majority of biochemical processes occur
in an aqueous environment. Solvation effects may be esti-
mated either by considering the solvent molecules explicitly
or alternatively by modeling the solvent as a dielectric
continuum following the Onsager reaction field approach
as developed by Kirkwood [29, 30]. However, on many
occasions it has been found that several explicit water mol-
ecules are required to stabilize a particular zwitterionic
conformer of an amino acid and consequently such quantum
chemical studies become computationally expensive [31].
Moreover, the complexity of the different possible arrange-
ments of such solvent molecules also makes such investiga-
tions complicated. As a result, the use a continuum model to
simulate solvent effects has turned into an efficient
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alternative approach. Computational studies on zwitterionic
conformers of amino acids [31-34] have been performed
with a view toward understanding various chemical and
biochemical processes taking place in the macromolecular
context of real life systems. It has now been realized that
computational techniques are indispensable in elucidating
atomic level structural information about biologically active
molecules owing to certain limitations of experimental tech-
niques as pointed out in the literature [35-37].

Here, attempts are made to obtain full knowledge about the
relative stabilities of 16 different zwitterionic conformers of
pyrrolysine in gas phase as well as in simulated aqueous
phase; and to provide theoretical results such as rotational
constants, vibrational frequencies, dipole moments and the
characteristic intramolecular hydrogen bonds present in each
conformer that may be helpful for future experimentalists. The
effects of metal coordination on the relative stability order and
structural features of the conformers are examined by
complexing five zwitterionic pyrrolysine conformers, viz.
Pyl-1, Pyl-c, Pyl-gl, Pyl-b and Pyl-p5, with Cu*? through
their carboxylate groups. These five conformers are selected
on the basis of their positions in the relative stability order of
the 16 different zwitterionic conformers of pyrrolysine in
aqueous phase (see the discussion on the relative energies of
the zwitterionic conformers of pyrrolysine offered in a
succeeding section of this paper). Interaction enthalpies (metal
ion binding affinities) and Gibbs energies, rotational con-
stants, vibrational frequencies and dipole moments of the
metal complexes calculated at B3LYP level are also analyzed.
Figure 1 schematically represents the zwitterionic form of
pyrrolysine molecule. The atom numbering and the torsion
angle definitions are given in accordance with the schemes
used earlier in various literatures [13, 38]. To facilitate a clear
representation of the intramolecular hydrogen bond interac-
tions present in the zwitterionic pyrrolysine conformers some
of the hydrogen atoms are named as H,, Hy, or H.. This DFT
study on the zwitterionic pyrrolysine conformers and their
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Fig. 1 Schematic representation of the eight rotatable internal back-
bone torsional angles in zwitterionic pyrrolysine
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Table 1 Dihedral angles (in degrees) about the eight internal back-bone torsional angles of zwitterionic pyrrolysine conformers after full geometry
optimization at B3LYP/6-311++G(d,p) level in aqueous phase

Conformers Xa xo Xe Xd Xe X Xe n

Pyl-1 127.05 178.28 -97.37 179.82 178.15 -178.21 171.70 124.36
Pyl-b -168.67 -3.59 -115.21 -177.60 179.77 -177.56 172.37 123.59
Pyl-c 127.61 -179.72 97.81 179.01 179.72 -178.81 172.18 124.40
Pyl-d1 129.83 179.11 —88.75 -63.98 -179.67 -178.12 172.71 123.70
Pyl-d2 128.86 179.76 -113.53 65.71 -179.86 -179.07 171.77 124.91
Pyl-el 127.49 178.88 -102.62 -175.53 —69.75 -177.48 171.52 123.83
Pyl-e2 124.83 178.90 -93.08 176.43 68.73 179.84 172.80 124.67
Pyl-fl 125.89 178.52 —95.68 -179.91 -176.22 —67.42 171.93 124.40
Pyl-f2 127.54 178.39 -92.65 -179.83 172.89 67.63 160.32 122.77
Pyl-gl 124.94 179.14 —94.66 ~178.40 -179.33 -179.25 ~55.69 121.01
Pyl-g2 128.39 177.97 -92.61 -178.68 -179.15 178.99 70.82 102.80
Pyl-pl 129.21 177.82 -93.51 -178.56 -170.78 —68.15 —46.44 —62.43
Pyl-p2 126.53 178.45 -97.56 -178.34 175.35 67.60 69.54 ~77.10
Pyl-p3 128.23 178.16 -96.56 179.43 -179.88 -92.85 64.31 —84.66
Pyl-p4 126.34 178.42 -97.74 -179.08 173.59 71.42 —65.15 —58.05
Pyl-p3 -162.68 2.12 96.88 177.44 179.40 -179.21 171.78 124.23

metal complexes is expected to provide the opportunity to
know its conformational properties at an atomic level 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, in
understanding the nature of the genetic code or amino acid
code which seems to be still evolving [39] and in enhancing

this rapidly expanding area of research.

Table 2 The relative energies

Computational methodology

The molecular geometries of all the zwitterionic pyrrolysine
conformers are subjected to full geometry optimization and
vibrational frequency calculations using the B3LYP/6-311++
G(d,p) level of theory [40, 41] of Gaussian 09 package [42].
The efficiency of B3LYP/6-311++G(d,p) in studying confor-
mational behavior and various other properties of amino acids

(kcal mol™"), theoretical rota- Conformers Relative energies Rotational constants Dipole moments

tional data (GHZ) and dipole

moments (D) of the zwitterionic AE; AE, A B C

pyrrolysine conformers at

B3LYP/6-311++G(d,p) level in Pyl-1 0 0 1.28243 0.10052 0.09675 13.427

aqueous phase Pyl-c 0.24 0.02 0.94667 0.10770 0.10601 13.478
Pyl-d1 0.53 —0.52 0.83943 0.12370 0.12158 16.378
Pyl-d2 0.57 —0.62 0.83189 0.13325 0.12751 15.639
Pyl-gl 0.99 —0.36 1.16511 0.11220 0.10641 16.816
Pyl-fl 1.03 0.39 1.01296 0.11253 0.11107 16.222
Pyl-el 1.16 0.57 1.02908 0.11614 0.10943 17.340
Pyl-e2 1.17 0.57 1.16214 0.10752 0.10394 11.024
Pyl-g2 1.25 0.62 1.25755 0.10499 0.10163 10.575
Pyl-f2 2.17 1.49 1.08358 0.11562 0.11322 16.256
Pyl-p2 2.26 0.77 0.99372 0.12596 0.11945 15.982
Pyl-p4 3.03 1.04 0.84886 0.14821 0.14413 11.623
Pyl-pl 3.22 0.88 0.97839 0.13238 0.12611 11.755

Relative energies: AE, = at Pyl-p3 3.98 2.04 0.97111 0.13150 0.12287 9.029

B3LYP/6-311++G(d,p) and AE, Pyl-b 5.18 4.58 0.93315 0.11972 0.11192 15.157

= single point at MP2/6- Pyl-p5 5.19 4.04 0.77596 0.12510 0.11889 10.890

311++G(d,p)

@ Springer



2984

J Mol Model (2013) 19:2981-2991

w)
&
=
[=%}
<t
&
=
[=%}
o
o™
=
[=%
[}
i
=
[=%
[0
[72]
B
<
el —
2| &
8| =
Z
&
=
B=1 I
v | oh
-
o =
gn.
&£
=
15)
Q| —
o | %°
£l =
"
Y
S
g
ol o
o | =
L2 =
=
g | &
=
(5]
8
R
—
S =
o | >
= | &
R
Bl «
K
3| &
<
[72]
=
19
2| .
Q| 2
5 >
2| &
K=
k=)
g
S8
| =
| A
=
=
Q
2
S | =
£ =
S| >
5| &
R=
2
|2
S| =
~| &
=
1)
=]
w)
o e
s =
= | &
a2
w2
3
gl =
S| =
2| A~
LS}
=)
=
19)
<
ot
“© 3
2| 2
-g.o
;
==

@ Springer

abs

2.17
abs

2.17
abs
abs
abs

2.17
abs

2.17
abs

2.17
abs

2.16
abs

2.17
abs

2.17
abs

2.17
abs

2.16
abs
abs
abs

2.16
abs

abs 2.16 2.17
abs abs

2.17
abs

2.41
abs

2.40
abs

H—N;
JH,—Cy
. H,—Cg

Hy—Cs

Og.

abs

2.50
abs
abs

2.50 abs 245 2.52 abs 2.53 abs 2.53 2.52
abs abs abs abs abs abs

abs

Oe..

2.64
abs

abs

abs

abs

abs

2.63
abs

abs

N

2.50
2.73
2.73
abs

2.51
2.73
2.73
abs

abs abs

2.52
2.73
2.75
abs

abs

2.50
2.72
2.74
abs

abs

2.47
2.69
abs
abs
abs
abs

2.49 abs 2.56 abs
2.74 abs

2.73
abs

O..

abs

2.73
2.72
2.54
abs

2.74
2.71
abs

2.74
2.73
abs

2.72
2.73
abs

2.70
2.75
abs

abs

2.74
2.72
abs

2.71
2.73
abs

H,—Co
Hy—Cy

Ny..

2.72
abs

2.73
abs

abs

Ny..

abs

...H,—Cyo
...Hy,—Cjo

013

abs

abs

abs

abs

abs abs 2.55
2.63
abs

abs

abs

abs abs abs abs abs

abs

013

2.64 2.64 abs abs
abs

abs abs abs 2.72
abs abs

abs

abs abs abs abs

H,—Cyy
...H,—Cy,

16+

013

2.61
2.73
abs

abs

abs

2.53
2.68
abs

2.61
2.71
abs

2.60
2.74
abs

2.62
2.72
abs

2.61
2.73
abs

2.62
2.73
abs

2.62
2.73
abs

2.62
2.74
abs

2.61
2.73
abs

2.75 abs 2.73 2.67 abs
abs abs

abs

abs

Hy—Cpy
.Hy—Cyy

Nie..

abs

abs

abs

013

1.75
abs

1.76 1.76 1.76 1.76 1.76 1.76 1.76 1.74 1.78 1.81 abs abs abs abs
abs abs abs abs abs abs abs abs abs abs

-Hp—Ni¢

014..

1.82 1.87 1.78

1.79

...Hy—N¢ abs

013

Only the (B....H) distances are listed where B is H-bond acceptor; abs = absent

has been explained in literature [43]. The computations are
conducted in gas phase as well as in solvent phase using a
polarizable continuum model (PCM) [44]. The accuracy of
self-consistent reaction field (SCRF) model in predicting the
structure and energetics of conformers of alanine dipeptide
has already been justified in literature [45]. The B3LYP hybrid
functional in combination with 6-311++G(d,p) (for H, C, N
and O atoms) and LANL2DZ (for Cu atoms) [46—48] basis
sets is used to optimize the molecular geometries of the metal
complexes. Absence of imaginary frequency values in the
vibrational frequency calculations proves that all the opti-
mized geometries are precise minima. Zero point energy
(ZPE) corrections are applied to the total energies of all the
conformers using a correction factor 0.9877 [49]. The vibra-
tional frequencies below 1800 cm™' are scaled with 1.01 and
for those above 1800 cm ™' a correction factor 0.9679 is used
[49]. Use of diffuse functions is important to take into account
the relative diffuseness of lone pair of electrons when a
molecule under investigation contains lone pair of electrons
[50] while polarization functions are useful in studying the
conformational aspects where stereoelectronic effects play an
important role [S1].

Results and discussion

With a large number of possible rotational degrees of freedom,
the pyrrolysine molecule is a highly flexible molecule and it
has been found that a total of 1296 different conformers may
result for the non-ionic pyrrolysine molecule if all the possible
combinations of rotations about the nine internal back-bone
torsional angles are included [1]. The zwitterionic conformers
of pyrrolysine considered in this study are selected on the
basis of our previous study on the intrinsic conformational
properties of non-ionic pyrrolysine molecule in gas phase [1].
The zwitterionic conformers of pyrrolysine are not stable in
gas phase; after geometry optimization they are converted to
the non-ionic forms. It is needless to mention that there are a
number of theoretical studies which have indicated that amino
acids like leucine [52], lysine [53], cysteine [33] etc. do not
exist as zwitterions in gas phase. Table 1 lists the aqueous
phase values of the internal back-bone torsional angles of all
16 stable zwitterionic conformers of the pyrrolysine molecule.
Table 2 presents the aqueous phase data on their relative
energies, rotational constants and dipole moments calculated
at B3LYP/6-311++G(d,p) level of theory (the total energies of
the conformers are given in the Supplementary information).
Table 3 lists some important intramolecular H-bonds that play
crucial roles in determining the energetics and in conferring
the observed conformations to the zwitterionic conformers of
pyrrolysine in aqueous phase. Table 4 lists some of the char-
acteristic frequency and intensity values (given in brackets) of
the 16 conformers calculated at the B3LYP/6-311++G(d,p)
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Table 5 Calculated relative en-

ergies (kcal mol™Y), interaction Complexes  Relative energies  AH AG Rotational constants Dipole moments

enthalpies AH (kcal mol ') and

Gibbs energies AG (kcal mol ), A B C

theoretical rotational data (GHZ)

and dipole moments (D) of the Pyl-1-Cu 0 -9.05 —4.05 0.70590 0.06392  0.06082  18.399

metal complexes of the con- Pylc-Cu  0.20 —9.09 -3.73 051678  0.07126  0.06643  18.385

formers in aqueous phase Pyl-gl-Cu  0.68 936 —461 053029 0.08310 0.07376 21.981
Pyl-p5-Cu 5.20 —9.04 342 046549 0.08104 0.07368  15.409
Pyl-b-Cu 5.40 —-8.83 229 0.79205 0.06648  0.06334 19917

level. Table 5 presents the relative stability order, interaction
enthalpies and Gibbs energies, rotational constants and dipole
moments of the metal complexes of the zwitterionic con-
formers of pyrrolysine calculated at B3LYP level while
Tables 6 and 7 list their eight back-bone dihedral angles and
data on the vibrational spectra (intensity values are given in
brackets) respectively. The optimized structures of the con-
formers are depicted in Figs. 2 and 3 while their theoretical IR
spectra are reported in the Supplementary information (scaled
with a correction factor 0.9679). Figure 4 schematically rep-
resents the chemical structure of Pyl-1-Cu complex in aqueous
phase.

Conformations and relative energies

Intramolecular H-bonds are the strongest non-covalent inter-
actions that play important roles in stabilizing the different
conformations of an amino acid molecule. The number of
intramolecular H-bonds and the strength of these interactions
are the two important factors responsible for bringing differ-
ences in relative energies among the various conformers of an
amino acid. The strength of these H-bonds depends on two
factors, (a) the shorter the distance A—H...B is than the sum of
their van der waals radii and (b) closer the angle A-H...B to
180° [18], where A-—H is H-bond donor and B is H-bond
acceptor. In the case of zwitterionic pyrrolysine molecule the
COO™, NH;", N-atom of the imine group, C¢&=0 and N,—H
bonds of the amide linkage and all the CH, groups participate
actively in intramolecular H-bond formation stabilizing the
various conformers. The H-bond combinations in zwitterionic

pyrrolysine conformers are complex and various types of
intramolecular H-bonds may coexist in one conformer. A
thorough analysis reveals that four types of intramolecular
H-bonds, namely O...H—N, N...H—N, O...H—C and
N...H—C, are present in the conformers (Table 3). All these
H-bonds play key roles in determining the energetics of the
conformers. The relative energies of the 16 zwitterionic con-
formers shown in Table 2 are determined relative to the energy
of Pyl-1 which is predicted as the most stable conformer at
B3LYP/6-311++G(d,p) level of theory. Pyl-p5 is the least
stable in the relative stability order with an energy difference
of 5.19 kcal mol ' compared to Pyl-1. The single point calcu-
lations at MP2/6-311++G(d,p) level reveal that the stability
order of the conformers depends upon the level of theory used.
However, the range of relative energies calculated at the two
level of theories are very similar; 5.19 kcal mol ' at B3LYP/6-
311++G(d,p) while 4.58 kcal mol ' when MP2/6-311++G(d,
p) is used (listed in Table 2). It has been pointed out that full
geometry optimization of gaseous tryptophan conformers at
B3LYP/6-311G(d,p) and MP2/6-311++G(d,p) levels do not
produce any noticeable structural changes, only the conformer
energies change by small amounts [54]. Therefore, it is
expected that the conformations of the 16 conformers predict-
ed at B3LYP/6-311++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 a little. The data on
the energetics of the conformers presented in Table 2 suggest
that many of the conformers differ from one another by small
energy differences though their conformations are very differ-
ent (see the discussion on the vibrational spectra of the

Table 6 Dihedral angles (in degrees) about the eight internal back-bone torsional angles of the metal complexes of the zwitterionic pyrrolysine

conformers after full geometry optimization in aqueous phase

Complexes Xa Xo Xe Xe xe Xe Xh

Pyl-1-Cu 127.61 177.48 —93.85 179.70 179.03 —179.48 171.61 123.97
Pyl-c-Cu 128.85 179.99 97.10 178.62 178.62 179.66 173.13 123.74
Pyl-g1-Cu 125.53 178.88 —100.32 —179.52 178.56 179.60 —56.66 127.25
Pyl-p5-Cu —163.58 1.51 97.84 175.93 177.97 178.71 170.53 124.02
Pyl-b-Cu —168.53 0.60 —132.24 —178.89 177.88 179.80 172.38 121.35
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the conformers, except for three cases Pyl-gl, Pyl-pl and
Pyl-p4, can be attributed to the fact that the C;;—H,, bonds
in the conformers participates in H-bond formation with the
Nig¢ and O;3 atoms. Similarly, increase in v(C;;—H,)
stretching value up to 3000 cm ™' in the case of Pyl-p4 is
because the N4 and O3 atoms do not form any H-bonds
with the C;;—H, bond of the conformer. Thus, it is
expected that the data listed in Table 4 would greatly aid
future experimentalists in detecting the zwitterionic
pyrrolysine conformers even though they differ by small
energy differences from one another, for example, conform-
er Pyl-b and Pyl-p5 can be distinguished from others by
simply referring to their v(Cs—N-) band positions occur-
ring at 1515 cm™ ' and 1444 cm™ ! respectively while for the
other conformers the same occur above 1567 cm_l; similar-
ly Pyl-e2 by its v(N,—H) stretching occurring at 3428 cm '
(for others the same appear above 3446 cm ).

Rotational constants and dipole moments

Table 2 presents the rotational constants and dipole mo-
ments of the zwitterionic pyrrolysine conformers calculated
at the B3LYP/6-311++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 [55, 56]. The results of this DFT study suggest
that the geometries of all 16 zwitterionic pyrrolysine con-
formers exhibit large values of total dipole moments ranging
from 9.029 to 17.340 D. These high values of dipole mo-
ments indicate that the conformers have greater polar char-
acter and consequently possess greater affinity to polar
solvents. In the absence of any experimental data on rota-
tional constants and dipole moments, the theoretical data
presented in Table 2 may be useful for experimentalists.

@ Springer

Interactions with metal ions

In recent years, interactions of metal ions with amino acids
have been extensively studied due to their immense impor-
tance in the life supporting processes [57—59]. The optimized
geometries of the five metal complexes of the zwitterionic
conformers of pyrrolysine at B3LYP level of theory reveal that
the metal cations are bicoordinated to the carboxylate groups
of the zwitterionic conformers in unsymmetrical fashion,
where the Cu™...0,3 bond distances are about 2.04 A while
the Cu'?...0,4 are about 3.25 A (see Fig. 4). This type of
unsymmetrical binding pattern of Cu™? to the zwitterionic
forms of phenylalanine, tyrosine and tryptophan has been well
discussed in literature [60]. Table 5 lists the aqueous phase
data on relative energies, interaction enthalpies (AH) and
Gibbs energies (AG), rotational constants and dipole mo-
ments of the five metal complexes. As evident from Table 5,
the range of relative energies of the five metal complexes,
5.40 kcal mol ', is very similar to that of their corresponding
free zwitterionic pyrrolysine conformers. Similarly, the stabil-
ity order of the metal complexes also remains relatively
unaltered after metal coordination, except for Pyl-pS which
attains more thermodynamic stability than Pyl-b as a result of
metal coordination. The negative values of interaction en-
thalpies and Gibbs energies for all five metal complexes
indicate that the interaction of metal ions with the free zwit-
terionic pyrrolysine conformers lowers the total electronic
energies of the metal complexes, and that the metal complexes
are thermodynamically stable. On the other hand, all five
metal complexes, like their corresponding free zwitterionic
pyrrolysine conformers, exhibit larger values of total dipole
moments ranging from 15.409 to 21.981 D.

It is evident from Table 6, which lists aqueous phase data
on the eight back-bone dihedral angles of the metal
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Fig. 3 The optimized structure

of conformers Pyl-f1, Pyl-f2, "'f ? s vl 9 9

Pyl-gl, Pyl-g2, Pyl-pl, Pyl-p2, 8,9 H P '

Pyl-p3, Pyl-p4 and Pyl-p5 / J ‘ 9 » “3 ' y ) “ ’/‘
[ J

Pyl-fl Pyl-f2

Pyl-p3 Pyl-p4

Pyl-p5

complexes, that the internal structural features of the zwit-
terionic pyrrolysine conformers remain relatively
unchanged due to metal coordination through their carbox-
ylate groups. Most of the dihedral angle values of the metal
complexes deviate within a range of 0.01 to 6.24° from their
corresponding free zwitterionic conformers, except for x.
value of Pyl-b which deviates up to a magnitude of 17.03°.
Similarly, the data on the vibrational spectra of the metal
complexes, presented in Table 7, also suggests limited
Fig. 4 Schematic representation of the Pyl-1-Cu complex in aqueous ~ changes in the structural features of the conformers as a
phase result of metal coordination.

@ Springer



2990 J Mol Model (2013) 19:2981-2991
Conclusions 10. Gaston MA, Zhang L, Green-Church KB, Krzycki JA (2011)
Nature 471:647—650
. 11. Dudev T, Lim C (2009) J Phys Chem B 113:11754-11764
This DFT study at B3LYP/6-311++G(d,p) level of theory 12. Fekner T, Li X, Lee MM, Chan MK (2009) Angew Chem
investigates the relative stabilities, theoretically predicted 121:1661-1663
vibrational spectra, rotational constants, dipole moments  13. Fekner T, Li X, Chan MK (2010) Eur J Org Chem 2010:4171-
N 4179
?nd chare?cter.lstlic intramolecular hydroger.l bonds present 14. Peterson JR, Bickford LC, Morgan D, Kim AS, Ouerfelli O,
in 16 zwitterionic Conformeri of pyrrolysine. It has been Kirschner MW, Rosen MK (2004) Nat Struct Mol Biol 11:747-755
observed that the COO , NH; ", N-atom of the imine group, 15. Plaxco KW, Gross M (1997) Nature 386:657-659
C¢=0 and N;—H bonds of the amide linkage and all the ~ 16. Uversky VN (2000) Proteins 41:415-427
CH, groups participate actively in intramolecular H-bond 7 iieElszi ISZ?% 4J_’4]Iele7KJ » Park YD, Kim SK (2002) Angew Chem
formation. A thorough analysis reveals that four types of ;3 Kaur D, Sharma P, Bharatam PV, Kaur M (2008) Int J Quant Chem
intramolecular H-bonds, namely O...H—N, N...H—N, 108:983-991
O...H—C and N.. H_C, are present in the Confon’ners; 19. Rak J, Skurski P, Simons J, Gutowski M (2001) J Am Chem Soc
: . ‘s : 123:11695-11707
all O,f ‘,Nthh p 1ay key roles in determm,mg the energ.e tics 20. Maksic ZB, Kovacevic B (1999) J Chem Soc Perkin Trans
and in imparting the observed conformations to the zwitter- 2:2623-2629
ionic pyrrolysine conformers. The calculated relative energy ~ 21. Levy HA, Corey RB (1941) J Am Chem Soc 63:2095-2108
range of the conformers at B3LYP/6-311++G(d,p) level is ~ 22. Donohue J (1950) J Am Chem Soc 72:949-953
519 keal mol™! whereas the same obtained by single point 23. Takagi S, Chihara H, Seki S (1959) Bull Chem Soc Jpn 32:84-88
. . 1 24. Junk G, Svec H (1963) ] Am Chem Soc 85:839-845
calculations at MP2/6-311+-G(d,p) level is 4.58 kecal mol . 55 [ chmann MS, Koetzle TF, Hamilton NC (1972) J Am Chem Soc
Though the pyrrolysine conformers differ from one another 94:2657-2660
by only small energy differences, their conformations are ~ 26. Lehninger AL (1987) Principles of biochemistry. CBS, Delhi, pp
very different. The vibrational frequencies are found to shift 97-98
. Yy bl d the 1 . dq £ the f | 27. Geoffrey L, Zubay (1984) Biochemistry. Addison-Wesley, USA, p 7
mnvariably toward the lower side of the frequency scale g \egilvery RW, Goldstein G (1979) Biochemistry—a functional
corresponding to the presence of intramolecular H-bond approach. Saunders, USA, p 15
ineractions in the conformers. The zwitterionic conformers ~ 29. Wong MW, Wiberg KB, Frisch MJ (1992) J Am Chem Soc
of olysine are not stable in gas phase; after geomet 114:1645-1652
pyrr y h d & h p .. fg T}I;y 30. Woodcock S, Green DVS, Vincent MA, Hillier IH, Guest MF,
optimization they are converted to the non-ionic forms. he Sherwood P (1992) J Chem Soc Perkin Trans 2:2151-2157
effects of Cu'~ coordination on the relative stability order,  31. Rai AK, Xua X, Lina Z, Rai DK (2011) Vib Spectrosc 56:74-81
structural features and vibrational frequencies of the zwit- ~ 32. Selvarengan P, Kolandaivel P (2004) J Mol Struct (THEOCHEM)
terionic conformers of pyrrolysine are examined. The inter- 671:77-86
. haloi d Gibb . . | 33. Ramos AF, Lago EC, Ramon JMH, Nunez EM, Gallego AP
actlon. enthalpies an 1bbs energies, rotational constants (2000) J Mol Struct (THEOCHEM) 498:191-200
and dipole moments of the metal complexes calculated at 34, Tajkhorshid E, Jalkanen KJ, Suhai S (1998) J Phys Chem B
B3LYP level are also reported. 102:5899-5913
35. Wormald MR, Petrescu AJ, Pao YL, Glithero A, Elliott T, Dwek
Acknowledgments GD is thankful to Council of Scientific and Indus- RA (2002) Chem Rev 102 :37_173 86
trial Research, New Delhi, India, for generous allocation of computational 36. Fg]oppe N, Hartmann B, Nilsson L, MacKerell AD Jr (2002)
facilities through the Research Project No. 37(1481)/11/EMR-II. Biophys J 82:1554-1569 ,
37. Sponer J, Zgarbova M, Jurecka P, Riley KE, Sponer JE, Hobza P
(2009) J Chem Theory Comput 5:1166—1179
38. Hao B, Zhao G, Kang PT, Soares JA, Ferguson TM, Gallucci J,
Krzycki JA, Chan MK (2004) Chem Biol 11:1317-1324
References 39. Osawa S, Jukes TH, Watanabe K, Muto A (1992) Microbiol Rev
56(1):229-264
40. Becke AD (1993) J Chem Phys 98:5648-5652
1. Das G, Mandal S (2013) J Mol Model 19:1695-1704 41. Lee C, Yang W, Parr RG (1988) Phys Rev B 37:785-789
2. Atkins JF, Gesteland R (2002) Science 296(5572):1409-1410 42. Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA,

3. James CM, Ferguson TK, Leykam JF, Krzycki JA (2001) J Biol
Chem 276:34252-34258

4. Hao B, Gong W, Ferguson TK et al. (2002) Science 296:1462—
1466

5. Srinivasan G, James CM, Krzycki JA (2002) Science 296:1459—
1462

6. Lukashenko NP (2010) Russ J Genet 46:899-916

7. Krzycki JA (2004) Curr Opin Chem Biol 8:484-491

8. Rother M, Krzycki JA (2010) Archaea doi:10.1155/2010/
453642

9. Mahapatra A, Patel A, Soares JA, Larue RC, Zhang JK, Metcalf
WW, Krzycki JA (2006) Mol Microbiol 59:56-66

@ Springer

Cheeseman JR, Scalmani G, Barone V, Mennucci B, Petersson
GA, Nakatsuji H, Caricato M, Li X, Hratchian HP, Izmaylov AF,
Bloino J, Zheng G, Sonnenberg JL, Hada M, Ehara M, Toyota K,
Fukuda R, Hasegawa J, Ishida M, Nakajima T, Honda Y, Kitao O,
Nakai H, Vreven T, Montgomery JA Jr, Peralta JE, Ogliaro F,
Bearpark M, Heyd JJ, Brothers E, Kudin KN, Staroverov VN,
Kobayashi R, Normand J, Raghavachari K, Rendell A, Burant
JC, lyengar SS, Tomasi J, Cossi M, Rega N, Millam JM, Klene
M, Knox JE, Cross JB, Bakken V, Adamo C, Jaramillo J,
Gomperts R, Stratmann RE, Yazyev O, Austin AJ, Cammi R,
Pomelli C, Ochterski JW, Martin RL, Morokuma K, Zakrzewski
VG, Voth GA, Salvador P, Dannenberg JJ, Dapprich S, Daniels


http://dx.doi.org/10.1155/2010/453642
http://dx.doi.org/10.1155/2010/453642

J Mol Model (2013) 19:2981-2991

2991

43.

44.
45.

46.
47.
48.
49.
50.

51.
52.

AD, Farkas O, Foresman JB, Ortiz JV, Cioslowski J, Fox DJ
(2009) Gaussian 09, Revision A.1. Gaussian, Inc, Wallingford
Tehrani ZA, Tavasoli E, Fattahi A (2010) J Mol Struct
(THEOCHEM) 960:73-85

Miertus S, Scrocco E, Tomasi J (1981) Chem Phys 55:117-129
Gould IR, Hillier IH (1993) J Chem Soc, Chem Commun
doi:10.1039/C39930000951

Hay PJ, Wadt WR (1985) J Chem Phys 82:270-283

Hay PJ, Wadt WR (1985) J Chem Phys 82:299-310

Wadt WR, Hay PJ (1985) J Chem Phys 82:284-298

Andersson MP, Uvdal P (2005) J Phys Chem A 109:2937-2941
Foresman JB, Frisch A (1996) Exploring chemistry with electronic
structure methods, 2nd edn. Gaussian, Inc., Pittsburgh

Freeman F, Le KT (2003) J Phys Chem A 107:2908-2918

Rai AK, Song C, Lin Z (2009) Spectrochim Acta Part A 73:865-870

53.

54.
55.

56.

57.

58.

59.
60.

Leng Y, Zhang M, Song C, Chen M, Lin Z (2008) J Mol Struct
(THEOCHEM) 858:52-65

Huang Z, Lin Z (2005) J Phys Chem A 109:2656-2659
Stepanian SG, Reva ID, Radchenko ED, Adamowicz L (1998) J
Phys Chem A 102:4623-4629

Stepanian SG, Reva ID, Radchenko ED, Rosado MTS, Duarte
MLTS, Fausto R, Adamowicz L (1998) J Phys Chem A
102:1041-1054

Frausto da Silva JJR, Williams RJP (1991) The biological chem-
istry of the elements. Claredon Press, Oxford

Bertini I, Sigel A, Sigel H (eds) (2001) Handbook on
metalloproteins. Marcel Dekker, New York

Dudev T, Lim C (2003) Chem Rev 103:773-787

Remko M, Fitz D, Broer R, Rode BM (2011) J Mol Mod 17:3117—
3128

@ Springer


http://dx.doi.org/10.1039/C39930000951

	Zwitterionic conformers of pyrrolysine and their interactions with metal ions—a theoretical study
	Abstract
	Introduction
	Computational methodology
	Results and discussion
	Conformations and relative energies
	Vibrational spectra
	Rotational constants and dipole moments
	Interactions with metal ions

	Conclusions
	References


