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Transition State Infrared Spectra for the Trans—Cis Isomerization of a Simple Peptide
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Trans—cis isomerization oN-methylacetylamide (MeCO-NHMe) has been studied at the G3MP2B3 level

of theory and the vibration spectrum has been calculated as a function of the torsional mode of motion along
the peptide bond. Noticeable spectral differences have been observed for the transition state interconnecting
the cis and trans isomers.

Introduction I? C|)H3
Peptide bonds in general prefer a trans conformation by about A Hac\[ﬁN\CH H3C\ﬁ<N\H
2.5 kcal/mol over the cis isomeric fortnAs amino acids are S
polymerized into a polypeptide chain on ribosomes in the cell ©
the more stable trans peptide bond is formed. However, during trans cis
the subsequent folding process the biologically active folded H o HoH
protein may require a cis peptide bond in certain positions. As 5"'-0 ,}f’ H
long as the forces that govern protein folding and stability are B |;|/2\<é:/7\cf9
not completely understood there can be no exact explanation il H’s “H
for this observation. ¢ non
The occasional occurrence of cis-type arrangements mainly Figure 1. (A) Trans—cis isomerizations of the peptide bond in the
involves proline amino acids in theX-Pro— sequence3This simple peptide model MeCO-NHMe. (B) Schematic illustration of the

can be explained structurally since the peptide bond involving numbering system applied to MeCO-NHMe.
proline has a dialkyl-substituted nitrogen, therefore, the cis and
trans forms are not that different. Additionally, the occurrence .rssJ ‘
of non-Pro cis peptide bonds in proteins has been associated ‘s/ J
with steric strain. Their peculiar location near the active sites ’ 0

or binding pockets or at dimerization interfaces could imply 9 9

that during the course of evolution there is a natural tendency // . \\_\ > 2 N
to conserve non-Pro cis peptide bonds emphasizing their 3 4 : ‘3 7 N z
importance in protein structure and function. % 0
Trans-cis isomerization of the peptide [1] may occur from J)“J ¥ ’ Ve j‘u w{ ﬂ\ " J"‘J
cis - il trans 2 A cis
O R2 (o) R1 ™ A 1
e A N

---- CHR R' - CHR/ \R2 1] 1 &
the more stable trans to the less stable cis form in a kinetically E ‘J "*J’
feasible way-2 Such processes have been studied extensively it ¢
for secondary 7 (R = H and R = alkyl) as well as tertiarg® 1B 1B
amides (R and R = alkyl). Figure 2. Chemical representations for the topology of the MeCO-

NHMe PES.
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Figure 3. A schematic representation of the thermodynamic functiais, AG, AS) for the trans—cis isomerization of the model peptide MeCO-
NHMe, computed at the G3MP2B3 level of theory.

According to TS theoR}#12 at the first-order critical point regions. Presently, it is possible to accurately characterize the

(i.e., transition state) the frequency associated with the reactiontopologically probable set of stable conformers emerging from

coordinate becomes imaginary. This frequency usually corre- the |arger set of topologically possible conform&rs.
sponds to the lowest of all the frequencies associated with

positive force constants for the trans and cis isomers. Along he RHF/3-21G geometry optimized structural parameters
the reaction coordinate, at about the inflection point of the curve, were then used as the input in a subsequent theoretical
the force constant becomes negative and hence the frequencyefinement step with the inclusion of electron correlation effects
becomes imaginard Other spectral shifts may also occur in at the B3LYP/6-31G(d) level of theory to obtain more reliable
the vicinity of the TS. For this reason the isomerization process geometry and stability data. Here, B3L%¥Pdenotes the

of the system could perhaps be followed by vibrational combination of Becke’s three-parameter exchange functional
spectroscopy.

with the Lee-Yang—Parr (LYPY? correlation functional and

Methods also employs the mathematically more complete 6-31G(d) basis

Molecular Structures. All computations were carried out
with the Gaussian 03 program package (G8&ach structure
was initially optimized by using the ab inifi® Restricted
Hartree-Fock (RHF}® method with the split valence 3-21G
basis set’~1° MultiDimensional Conformational Analysis (MD-
CA)?° was used to define the topologically possible set of
conformers represented by a grid-defined set of catchmen

set. To yield more accurate energies all stationary points were
further refined by using the G3-based quantum chemistry
method G3MP2B34-26 Within the G3MP2B3 method, refine-
ment of energy was employed by using the perturbation theory
with the Mgller-Plesset second order (MP2) method in
combination with the 6-31G(d) basis set. Energies of this type

tare labeled aguncorrected Totg| energies are given in hartrees,

TABLE 1: Selected Parameters for the Differing Species of the MeCO-NHMe Peptide Model Calculated at the G3MP2B3 Level
of Theory?

species
parameters trans 18 1Brignt cis 1Aet 1 Avight
stretch C2-C3 1.52 1.52 1.52 1.52 1.51 151
C3-04 1.22 1.21 1.21 1.22 1.21 1.21
C3—N7* 1.37 1.45 1.45 1.37 1.46 1.46
bend N7#H10 1.01 1.02 1.02 1.01 1.02 1.02
N7—C8 1.45 1.47 1.47 1.45 1.48 1.48
C2-C3-04 121.71 121.90 121.90 122.49 123.77 123.77
C2—-C3—N7 115.24 117.78 117.78 116.40 113.25 113.25
C3—N7-C8* 122.57 114.79 114.77 127.23 111.32 111.32
C3—N7—H10* 118.74 108.36 108.34 113.16 105.77 105.77
04—C3—N7 123.05 120.32 120.32 121.10 122.98 122.98
H10—N7—-C8* 118.69 109.11 109.09 118.18 107.22 107.22
torsion C2-C3—N7-C8* —179.98 58.10 —58.08 9.52 123.50 —123.50
energy total —248.141239 —248.111476 —248.111477 —248.137723 —248.116567 —248.116567
relative 0.00 18.68 18.68 221 15.48 15.48
enthalpy total —248.140295 —248.110532 —248.110533 —248.136779 —248.115623 —248.115623
relative 0.00 18.68 18.68 221 15.48 15.48
Gibbs free energy  total —248.178441 —248.146136 —248.146133 —248.174531 —248.150728 —248.150728
relative 0.00 20.27 20.27 2.45 17.39 17.39
entropy total 79.66 74.40 74.39 78.84 73.35 73.35
relative 0.00 —5.27 —5.28 —0.82 —6.31 —6.31
imaginary freq N/A —198.3039 —198.0880 N/A —193.3393 —193.3392

2 An asterisk indicates where significant differences in values are observed.
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Figure 4. Infrared spectra for four differing species of the MeCO-NHMe peptide model: trans, TS (1A and 1B), and cis structures.
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Figure 5. IR spectra as am?unction of @C—N—C dihedral angle.

and the relative energies are given in kilocalories per mole (with
the following conversion factor: 1 hartreee 627.5095
kcakmol™1).

Molecular Vibrations. Additionally, each stable conformer
was subjected to frequency calculations at the B3LYP/6-
31G(d) level of theory to confirm their identity as being true
minima. The results also provided Zero Point Energy (ZPE)

energetic characterization of the conformers as well as the
vibrational frequency of each of the normal modes. Corrected
energies for these geometries are labele&@gected

Vibrational spectra were also plotted as a function of the
C—C—N-—C dihedral angle associated with the rotation about
the C—N bond.

Thermodynamic Functions AH, AG, and AS). Besides the
relative energy AEuncorrectedgnd AECoectey values computed
by the G3MP2B3 method, the thermodynamic functional
changes of enthalpy\H), Gibbs free energyXG), and entropy
(AS) were also calculated for the stable conformations. The
values of total enthalpyH) and Gibbs free energys) given in
hartrees were converted to their respective relative valids,
and AG, in kcakmol™! as described above, while the values
for entropy © and entropy changeA§) were given in
cakmol~t-K~1,

Results and Discussion

For the present study-methylacetylamide (MeCO-NHMe)
was used as a small peptide model, because it contains the
characteristic CO-NH peptide bond. Its molecular structure, as
prepared for computations, is illustrated in Figure 1B, while its
isomerization scheme is shown in Figure 2. The trans and cis
structures are interconnected by two pairs of transition states,
1Aset, 1Avight and 1Best, 1Byign, corresponding to two enantio-
meric pairs. The structures labeled as “2” correspond to maxima
on the potential energy surface (PES).

values, which were scaled by using a correction factor and added The TS structure in the present work was defined according
to the total energy of each conformer to provide more accurate to the C-C—N—C dihedral angle rather than according to the
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TABLE 2: Computed Vibrational Frequencies? and IR Intensities for MeCO-NHMe Trans—Cis Isomerization

trans TS(1A) TS(1B) cis
mode frequency IR intensity frequency IR intensity frequency IR intensity frequency IR intensity mode
1 56.5 3.0 —185.6 12.7 —190.4 6.0 67.1 1.2 1
2 78.9 0.0 163.9 0.8 95.2 0.5 119.7 2.0 2
3 157.6 11.5 203.7 0.6 195.9 0.8 140.4 0.8 3
4 278.0 7.1 252.5 5.3 264.0 1.2 271.6 1.3 4
5 415.8 11.2 375.2 8.6 407.9 4.4 457.0 15.5 5
6 417.9 94.4 488.1 23.7 523.2 14.5 498.8 38.3 6
7 598.9 2.1 598.5 8.2 559.9 15.5 551.6 8.3 7
8 607.9 1.3 740.2 57.5 667.7 84.5 605.1 72.3 8
9 840.8 7.1 785.8 15.6 770.2 11.7 774.6 0.3 9
10 963.5 6.8 964.1 12.0 951.7 36.1 959.8 27.2 10
11 1023.2 9.9 986.7 17.3 986.3 9.5 1021.2 6.2 11
12 1072.7 0.9 1026.1 21.0 1030.1 16.3 1057.5 19.4 12
13 1117.7 0.4 1120.8 23.6 11125 16.2 1110.1 8.0 13
14 1132.0 40.9 1132.9 62.8 1131.1 77.3 1156.8 4.9 14
15 1231.3 109.9 1195.3 135.8 1164.0 81.6 1305.4 126.8 15
16 1368.6 20.9 1358.8 46.8 1354.1 28.9 1367.3 60.1 16
17 1399.5 16.7 1377.8 5.8 1390.2 35.6 1421.1 26.8 17
18 1441.3 5.7 1415.2 2.3 1421.4 1.6 1430.6 26.0 18
19 1454.0 44.0 1428.4 16.3 1433.3 9.2 1446.1 55 19
20 1461.0 41.0 1439.9 6.2 1450.5 14.5 1453.9 10.6 20
21 1469.8 6.4 1459.2 8.9 1467.4 10.5 1462.7 9.6 21
22 1518.5 128.9 1484.4 7.9 1482.0 9.8 1487.0 27.3 22
23 1719.3 239.9 1751.7 173.8 1771.2 208.0 1727.9 336.8 23
24 2922.4 60.3 2909.4 48.4 2866.7 72.7 29014 57.4 24
25 2940.5 10.4 2935.1 15 2930.6 5.3 2932.9 7.1 25
26 2970.6 38.9 2978.0 30.9 2971.4 34.0 2978.6 29.0 26
27 3012.1 21.7 2990.3 6.4 2987.3 9.2 2988.8 13.1 27
28 3016.5 7.0 3010.0 26.2 3010.7 20.9 3016.2 20.9 28
29 3047.7 1.0 3042.4 14.8 3041.4 10.8 3051.8 7.2 29
30 3492.7 16.3 3309.7 1.7 3328.8 1.6 3459.0 19.2 30

@ Frequencies are scaled by 0.96

orientation of the €O group against the lone electron pair of Figure 5. Most of the spectral shifts occur at the left-hand side,

the amide nitrogen. The two methods are in fact equivalent but involving the frequency associated with the reaction coordinate,

the current method is easier to define rigorously as the positionand on the right-hand side of the spectra, where theHN

of the lone pair is not uniquely defined. The tabulated dihedral stretching frequency is found. As far as the-N bond is

angles (Table 1) for the TS structures are within the range of concerned, starting with the cis isomer € 0), there is a red

90 4 30°, which corresponds to a gauche orientation, and the shift from 3500 cnm! to smaller values. However, after the TS,

lone pair is in either the syn or anti orientation of the=Q moving toward the trans isomep & 180), a blue shift occurs

bond as can be inferred from Figure 2. that gives a larger value than originally observed. These
Thermodynamic functionsAH, AG, AS) were calculated at ~ frequencies for the minima and transition structures are sum-

the G3MP2B3 level of theory and schematic reaction profiles marized in Table 2.

are shown in Figure 3. The numerical values of the thermody- The trans>cis isomerization of peptide bonds is of great

namic functions together with selected geometrical parametersbiological interest’ 42 Since 1958 it has been studied

are summarized in Table 1. The reaction profiles Adt and experimentall§® 47 as well as theoreticall§#~5? More recent

AG were both positive, with each having greater thermodynamic work®354focused extensively on the energetics of the cis and

separation for the 1B TS than the 1A TS. The situation is the trans isomers in small peptide models. Additionally, tempera-

opposite forAS, where the 1A TS displays a greater thermo- ture-dependent infrared spectroscopy was used, successfully, to

dynamic separation than the 1B TS. Interestingly enough, the study the torsional mode of motion of a similar structafg],

AS entropy changes computed foN3- 6 freedom of motion

for the cis isomer and forl8 — 7 freedom of motion for the |c|> |°|
o . _ U
transition states turned out to be negative with respect to the _ @o = /C(¢o _H
trans isomer. [ 21
H

According to Table 1, where the last two columns correspond
to the TS structures of 14 and 1Ay, the most favorable
barrier height is computed to be 15.48 kcal/mol on the energy
scale, which compares favorably to previously reported barrier
heights of 16.34 kcal/mdiThe energetic transcis separation

which is analogous to the tran<is isomerization mode of
motion of peptides [3]. The results found herein no doubt add

0 0

was found to be 2.21 kcal/mol, comparing favorably to a !:' ..... g H
separation of 2.53 kcal/mol for a previously reported gas-phase - - @N/ — .. e KQN/

study and 2.3 kcal/mol found experimentaily. ,L i 3]

The corresponding spectra for the two isomers and the two
different transition states 1A and 1B are depicted in Figure 4. additional information to the importance of tramsis isomer-
Clearly the change of spectra along the torsional mode of motionization. Therefore, it is hoped that some IR spectroscopic
involving the C-N bond is of great interest, which is shown in  technique may be developed to study the motion from stable
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structures toward the transition state of a peptide bond isomer-

ization, rather than only the two forms independently.
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