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First-principle computations were carried out on the conformational space of trans and cis peptide bond isomers
of HCO—Thr—NH,. Using the concept of multidimensional conformational analysis (MDCA), geometry
optimizations were performed at the B3LYP/6-31G(d) level of theory, and single-point energies as well as
thermodynamic functions were calculated at the G3MP2B3 level of theory for the corresponding optimized
structures. Two backbone Ramachandran-type potential energy surfaces (PESs) were computed, one each for
the cis and trans isomers, keeping the side chain at the fully extended oriengationd{ = anti). Similarly,

two side chain PESs for the cis and trans isomers were generated fop they( = anti) orientation
corresponding to approximately the backbone conformation. Besides correlating the relative Gibbs free
energy of the various stable conformations with the number of stabilizing hydrogen bonds, the process of
trans — cis isomerization is discussed in terms of intrinsic stabilities as measured by the computed
thermodynamic functions.

Introduction H H
> H

Biological Considerations of the First-Principle Study. 2\4/12
First-principle studies describing the full conformational space h{;—@é\? ;
of different amino acid$;® the building units of peptides and o wTee
proteins, have become a key factor in chemistry, biochemistry Pr‘t’g:mr?nf?:ul; at é b 07(‘01 5 Protective group at
and pharmaceutical chemistry, where they are undoubtedly ';'/2&' TNty | the Cterminus
important in correlating and understanding conformation and i 0 ¥ 19
molecular function. Y 7

Threonine is an essential amino acid that cannot be produced —
by metabolism and therefore must be taken up in the diet. Threonine Residue

Found in high concentrations in the heart, skeletal muscles andFigure 1. Numbering system employed for HCQThr—NH; with
central nervous systeff,threonine is also required to maintain  gefinitions of backbone and side chain dihedral angles.
proper protein balance in the body, as well as assist in the
formation of collagen and elastin in the sRin. groups of the respective amino acid side chains to attack the
The side chain of threonine (Thr) (Figure 1) contains a peptide bond of the substrale13
secondary alcohol functional group, explaining its role inmany  Mature proteins containing carbohydrate side chains of
proteins of the body. Threonine is often found at active sites of varying lengths are termed glycoproteins. These sugar residues
enzymes with especially important catalytic functions, pro- not only considerably influence the conformational and phys-
teases?!! components of the proteosofer members of the  jcochemical properties of the proteins but also are important
glycosylasparaginase as welljaglutamyltransferase families.  for biological recognition processes such as cellular adhesion
Threonine proteases act very similarly to their serine counter- (binding), and in immunological defense by providing coating
parts. In both cases, surrounding residues activate the hydroxylprotection against proteases or antibodfe38 A characteristic
feature of core carbohydrates is the covalent linking of the
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SCHEME 1 81 conformations at the RHF/3-21G level of theétyThis
: undoubtedly describes the conformational diversity of Thr and
H underscores the importance of a conformational study of this
O N ] amino acid residue. As such, the present study aims to fully

\(|3/ “H —_— Oic/N\-. understand the conformational space of Thr in tBeapsolute

| 2 configuration of the backbone and in the) @bsolute config-
i uration of the side chain.
Geometrical Considerations of the First-Principle Study.
For any given peptide with two optimizable dihedral angles
Structural Considerations of the First-Principle Study. In about the peptide bong,andy, the laws of multidimensional
general, trans peptide bonds are considered to be more stableonformational analysis (MDCA})®631-34 predict nine possible
than cis peptide bonds, because most peptide bonds in proteindackbone (BB) conformation®\(, v., vp, oL, Op, 0, Op, €L,
are observed to be in their trans form (Scheme 1). However, ep). These conformations are often depicted on a Ramachandran
that empirical observation does not prove that the trans map (Figure 2). In Thr, there are two additional dihedral angles
orientation is intrinsically more stable than the cis form in all of interest in the side chain (SC)! andy? (Figure 1). Like
cases, and this has been shown to be true in a number ofthe BB dihedrals, each SC dihedral can assume three possible
previous publication3—27 conformations, gauchgg™), anti (a) and gauche(g™), leading
In fact, the trans form is not truly a trans isomer because the to 3 x 3 = 9 possible side chain conformations (Figure 2). As
C—N bond is only slightly stronger than the genuine single bond. a result, 3¢) x 3(y) = 9 for the BB, and 3¢1) x 3(y?) = 9 for
This marginally increased strength is due to the conjugative the SC, leading to & 9 = 81 possible optimizable conforma-
stabilization that is operative in the=€C—NH moiety. The tions.
above two forms may differ by less than 5 keabl™%, and the These 81 possible conformers correspond only to a trans
barrier to interconversion is in the vicinity of 20 kealol~.28 isomer of the peptide bond within the backbone. However, the
This barrier height is much less than the value associated withbackbone of any amino acid residue in a peptide or in a protein
the torsional activation energy of a genuine double bond, which molecule is a triple rotor. The three dihedral anglesy, and
could be as high as 60 kealol~1. Thus, the syn and anti « measure the rotation about the-ig, the G-CO and the
designations may be more appropriate than cis and trans isomersOC—NH (i.e., the peptide) bonds respectively, leading to a
In addition to the intrinsic stability of a peptide bond potential energy hypersurfac& = f(¢,,w). w can potentially
associated with an amino acid residue, intramolecular hydrogenassume values in the vicinity of @r 18C. As a result, it is
bonds could further stabilize the cis or syn form with respect customary to consider a potential energy surface (PES) cross-
to the trans or anti form. Therefore, we have chosen to study section of the full potential energy hypersurface (PEHS) such
the threonine diamide to examine the intrinsic stabilities of the ask = f(¢,1), wherew could be optimized at abouf @r 18C.
two forms of a peptide bond. Most Ramachandran maps of the type= f(¢,1) found in the
It has been previously shown that free amino acid models literature are associated with the trans peptide bond whese
are not appropriate for modeling peptide folding, because the ~180°. However, in keeping with a full conformational study,
free amino acid model allows for special stabilizing and the present study also aims to investigate the cis peptide bond
destabilizing forces to be included that are not valid for wherew is ~0°. Therefore, a total of 8k 2 = 162 possible
peptides?® Therefore, to study the conformational behavior of optimizations will be carried out by examining both the cis and
Thr, a simple peptide model, such as the N- and C-terminally trans isomers of the peptide bond for HEDhr—NH..
protected amino acid diamide HC hr—NH,, would be more Altogether, the present study aims to explore, characterize
appropriate to model the inductive (through bond) and field and present the geometric preferences of HO@r—NH;
(through space) interactions for energetic and electronic densitydeveloped for both cis and trans isomers. Preliminary work at
contributions of neighboring peptide residues. This was previ- the RHF/3-21G level of theory and subsequent refinement at
ously shown to be an acceptable practice for the analysis ofthe DFT/B3LYP/6-31G(d) level of theory was employed to
peptide models, as only minor differences in geometry and optimize all possible (162) conformers. The G3MP2B3 method
stability are observed. was further used to yield more reliable energies and thermo-
A previous ab initio study on the trans peptide bond of dynamic functions to describe the process of peptide folding in
MeCO-Thr—NH—Me diamide resulted in 39 out of the possible terms of entropy change and backbet@ckbone (BB-BB)

Backbone or Ramachandran PES

trans or anti cis or syn

* Yp dp o
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Figure 2. 2D topology of a Ramachandran PEHES= f(¢,) of an amino acid residue in a peptide with conformers designated by traditional
conventions. An extrapolation of conformations described by the PEHSf(y,%? is also shown by IUPAC conventions.
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Figure 3. (A) Partitioning the four independent variables ¢, %,

%) to backbone¢ andy) and side chainyg andy?) domains. Unless
otherwise stated, R= R? = H in the present study. (B) Topology of
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illustration that the partitioning of the full conformational space
is arbitrary, because three rotors p, andy?) are connected
to thea-carbon and must be extensively coupled.

(2) The side chairbackbone interaction via hydrogen
bonding is expected to play a significant role in protein folding.
(3) Finally, the role of trans~ cis isomerization (Scheme 1)
has been postulated to play some role in protein folding either
during or after the synthesis of the polypeptide chain. For this

reason we shall compute thermodynamic functiohbl,(AG,
and AS) to characterize the intrinsic stability of cis and trans
forms of the peptide bond.

Method

Conformational and Configurational Specifications. Nu-
meric definitions of the relative spatial orientation of all
constituent atoms of HCOThr—NH; follow an established
standard;* shown explicitly in Figure 1. As a result, the Thr
amino acid residue as well as the protecting end groups were
exclusively defined using thematrix internal coordinate sys-
tem to characterize molecular structure, stereochemistry, and
geometry. Both cis and trans forms of the first peptide bond
(HCO—NH) were investigated.

Molecular Computations of Structures and EnergiesAll
computations were carried out using the Gaussian 03 program
package (G033° Each structure was initially optimized using
the ab initid® restricted HartreeFock (RHF§” method with
the split valence 3-21G basis $&t2° Multidimentional con-
formation analysis (MDCA)was used to define the topologi-
cally possible set of conformers represented by a grid-defined
set of catchment regions (Figure 2). Presently, it is possible to
accurately characterize the topologically probable set of stable
conformers emerging from the larger set of topologically
possible conformer&.

The RHF/3-21G geometry optimized structural parameters
were then used as the input in a subsequent theoretical
refinement step with the inclusion of electron correlation effects
at the B3LYP/6-31G(d) level of theory to obtain more reliable
geometry and stability data. Here, B3L*¥Pdenotes the
combination of Becke's three-parameter exchange functional
with the Lee-Yang—Parr (LYPY? correlation functional and
also employs the mathematically more complete 6-31G(d) basis
set. To yield more accurate energies, all stationary points were
further refined using the G3-based quantum chemistry method
G3MP2B344-46 Energies of this type are labeled Bgcorrected
Total energies are given in hartrees, and the relative energies
are given in kilocalories per mole (with the conversion factor:
1 hartree= 627.5095 kcamol™?).

the Ramachandran backbone PES. (C) Topology of the side chain PES. Additionally, each stable conformer was subjected to fre-

For both,y* = 2 = 180°.

as well as backboneside chain (BB-SC) hydrogen bonding

guency 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) values, which were scaled

interactions. Although this is only a gas phase study, this should using a correction factor and added to the total energy of each

establish a primary standard against which future solvation
studies may be compared.

Scope.Three topics will be addressed in the present paper:
peptide folding as a prelude to protein folding, the role of
hydrogen bonding in peptide folding, and the role of trans
cis isomerization in peptide folding.

(1) Peptide folding is a prelude to protein folding. Thus, an

conformer to provide more accurate energetic characterization
of the conformers as well as the vibrational frequency of each
of the normal modes. Corrected energies for these geometries
are labeled agcorected

Applied frozen core coupled cluster computations performed
at the CCSD/6-311+G(d,p) level of theory were also used to
test the accuracy of the results obtained for the cis and trans

in-depth analysis of peptide conformation is an appropriate first isomers of theop[—+] conformer at the G3MP2B3 level of

step. Peptide chemists traditionally divide the problem of the

full conformational space into the backbone and side chain

theory.
Potential Energy Surfaces.Potential energy surface scans

domains, as illustrated schematically for the case of the threoninewere made at the RHF/3-21G level of theory by varying the

diamide (Figure 3A). It is clear even from this schematic

(¢, ) and ¢, x? dihedrals in 10 increments under tight
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¢ ¢

Figure 4. Backbone (BB) PES Ramachandran topology each with two independent varigbigs (A) trans HCO-Thr—NH,; (B) cis HCO-
Thr—NH,. A total of 12 x 12 = 144 grid points were computed at the RHF/3-21G level of theory using tight optimization conditions. Note:
dihedral anglesd, v) are in degrees, and energy is in koabl?.

optimization options. The Ramachandran type backbone PES,46 and 36 stable conformers, respectively. Subsequent refine-
E = f(¢,), and side chain PEE, = f(y1,x?), are presented as  ment of these stable conformers at the B3LYP/6-31G(d) level
contour diagrams in the range360° to +360 in Figure 3B,C, of theory resulted in 40 trans and 30 cis structures. Figures A
respectively. Pseudo-3D representations of these PESs arend B and Tables A and B of the Supporting Information report

presented in the IUPAC recommended range-df8(° to these geometries, as well as thermodynamic functions computed
+180°.47 at the G3MP2B3 level of theory. Additional attempts were made
Thermodynamic Functions (AH, AG and AS) and Hy- to optimize the missing conformers, but the geometries shifted

drogen Bonding Interactions. Besides the relative energy as recorded in Table C of the Supporting Information. A pair
(AEuncorrectedgng A ECOrrectey yglues computed by the GAMP2B3  of PES cross-sections of the PEHS for the trans and cis peptide
method, the thermodynamic functional changes of enthalpy bond containing isomers is shown in Figures 4 and 5. In Figure
(AH), Gibbs free energyXG), and entropy AS) were also 4, the PES gives the backbone-fold with variation algrand
calculated for the stable conformations. The values of total 1 (Ramachandran potential energy surface). In Figure 5, the
enthalpy H) and Gibbs free energys) given in Hartrees were  other pair of PESs gives the side chain fold involving variation

converted to their respective relative valuad] and AG, in alongy! andy2. The central points of all surfaces are of identical
kcalmol~! as described above, whereas the values for entropy energies, because= ¢ = y* = > = 180".
(S and entropy changeAS) were given in camol K. Only a few mimina are shown on these 2D cross-sections.

Within the G3MP2B3 method, refinement of energy was For example, only 7 minima appear for each of the trans forms
employed using the perturbation theory with the MgtiBtesset for the PES ofE = f(¢, v) with ! = 42 = 180C°, andE =

second order (MP2) method in combination with the 6-31G(d) f(;2,2) with 8. (¢ = v = 180°) backbone, for a total of only

basis set. This was applied to determine the intrinsic stability 14 minima. In the case of 3D cross-sections of the trans form,

of HCO—Thr—NHz including the energetic contributions from  the PEHSs of = (¢, with 2 = 180° andE = f(¢,1,1?)

the side chain via intramolecular interactions involving the jth 51 = 180, a total of 34 minima may be found (Figure 6).

secondary alcohol functional group with the backbone of the This was compared to the 40 minima (Table A of the Supporting

residue. Information) located on the 4D PEHS. The situation is analogous
to the case of the cis form.

Molecular Stability. The relative energies\E) and associ-
Molecular Conformations. Geometry optimizations were ated relative thermodynamic function&H, AG, andAS) for

initially carried out at the RHF/3-21G level of theory on the all conformers of the trans and cis isomers are tabulated in

expected 81 trans and 81 cis isomeric forms resulting in only Tables A and B of the Supporting Information, respectively.

Results and Discussion
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Figure 5. Side chain (SC) PES topology each with two independent variajpteg?. (A) trans HCO-Thr—NH; (B) cis HCO-Thr—NH,. For

both panels¢ = y = 180 in an approximate, conformation. A total of 12« 12 = 144 grid points were computed at the RHF/3-21G level of
theory using tight optimization conditions. Note: dihedral angjés? are in degrees, and energy is in koabl™.
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The trans global minimum was previou¥lyreported to be
yi[*+—] at the HF/3-21G level of theory. However, the trans
global minimumy[—+] reported in this work (Table A of the
Supporting Information) was used to calculate relative values
for the conformers. It is possible that the discrepancy between
these two reported global minima with different side chain con-
formations is the result of the B3LYP/6-31G(d) level of theory
providing theoretical refinement with the inclusion of electron
correlation effects lacking in the HF/3-21G level of theory,
thereby obtaining a more reliable geometry. Figure 7 provides
the schematic comparisons for the various stabilities as well as
the relative energies of all conformers calculated with re-
spect to the trans global minimufry [—+]} (Table A of the
Supporting Information). Thus, the relative energies for all the
cis isomers are also calculated with respect to the global
minimum of the trans form. The data calculated in this fashion
are useful in assessing the relative energetics of trands
isomerization.

Hydrogen Bonding. The traditional types of hydrogen bonds
involved in backbone/backbone (BB/BB) interactions (types 1A,
1B and 1C) and side chain/backbone (SC/BB) interactions (types
2Ato 2D) are shown in Figure 8. The actual optimized structures

specifying hydrogen bond distances are shown for the trans and

cis isomers in Figures A and B of the Supporting Information,

respectively. The hydrogen bond distances are also summarized

in the Tables A and B of the Supporting Information, respec-
tively. It is interesting to note that weak hydrogen bonds between
thea-proton (i.e., @—H) and the nearest carbonyl oxygen have

been observed in some of the conformers. This type of BB/BB
hydrogen bond is labeled as Type 1C.

Two additional types of interactions (Types 2E and 2F)
involving the amide nitrogen as a proton acceptor are also
represented in Figure 8 and reported in Tables A and B. We
were interested in the 3fponding characteristic of the amide
nitrogen in this model; an attempt was made to determine

whether the interaction can serve as a type of side chain/back-

bone interaction, although previously published wétk¥ did

not classify them as true hydrogen bonds. In particular, it was
found from analyzing the hydrogen bonding patterns that the
cis local minimayp[at] and dp[a+] have relatively higher
conformational energies of 17.12 and 14.61 kwall~! at the
B3LYP/3-21G(d) level of theory, respectively, despite having
a shorter N--H—0 distance of 2.31 A as reported in Table B.
This may indicate that the type 2E and type 2F interactions
proposed in this work cannot be classified as true hydrogen
bonds.

The relative Gibbs free energG) values (from Figure 7)
were plotted against the number of hydrogen bonds present in
the various conformers (Figure 9). There are six points to note
in connection with this figure:

(i) With an increase in the number of hydrogen borti§
decreases.

(i) The cis forms (open circles) are clustered primarily where
there are fewer hydrogen bonds, and the trans forms (solid
circles) appear to have more hydrogen bonds.

(i) For hydrogen bond numbers 0 and 1, the lowest points
are of the cis form:d.[aa] andd, [—a].

(iv) During trans— cis isomerization, the number of hydrogen
bonds present in the trans form is reduced when converted
to the cis form. This is illustrated in Figure 9 for[—a] and
Bi+al.

(v) A “tilted funnel” may be drawn (solid lines) in which we
join the highest free energy points and the lowA&& points.
This funnel converges to the global minimuym[—-+].

Sahai et al.
=]
7.79 6,40 6.12 122 | 990 7.57 6.85
g ag g ge ag g e ag g
1218 10.14 10,05
ner | e | 10 | 155 749 6.95
g'a aa ga g'a aa ga ga aa ga
12.56 1639 1003 944
6,38 8.98 542
EE ag’ g F ag’ g g ag’ e
1442 12.12
1
15.84 4.84 5.55 514
Le ag’ Lz ze ag’ S ze ag’ L
s | 1004 12.7
10,54 273 601
ga aa Ea ga L ga ga aa Ea
1145 14.01 764 | 10 jk32 12.06
11.59 233 534 597
g ag’ 28 o' ad” 2 e g gg
12.60 £.47 897
L= |
6.01 768 4.43 491
g ag g ge ag g ge ag g
10.07 7.60
241 470 436
g'a aa aa g'a aa ga g'a ag wa
1144 10.56 | 724
14,97, 7.87 11.63 .10 5.51 0.00
£E ag e e'E ag 1 £ g 2y
1634 | 1147 [ 845 6,49
It a1l
783 732 .28 1145 10.26 | 7.85 7.21
[ ag’ ) [y g Ly ee ag gy
11.79 .68 9.70
123 .64 TEIN | S 503 EC
ga aa g2 g'a aa ga ga aa ga
12.33 1627 974 9.16
6.68 9.26 963
e i cal o & g e e =
14,30 11.89
Ir al
1646 | 4.19 595 5.63
£g ag’ gy g'E ag’ gE g2'g ag’ £g
Mar | 982 12.6
11.26 3.08 6.67
ga ey Ea ga il ga ga aa Ea
1144 13500l 7200 | 1008 |kl 11.98
1195 2.56 543 652
Ee ag’ g 2l g ¥ Fy -3 ag’ ry
1211 7.94 8,79
Ir —_—— —_— al
6.30 810 4.54 512
e ag’ ge e ag ge g ag’ £
Q4% T.08
884 5.37 5.00
ga 1 Ea ga il Ea g ud g
11.13 1029 | 703
1551 812 224 9.51 546 0.00
ge ag’ pe’ EXy T e EY ag 2
1611 | 1123 | 794 602
7.70 6.05 574 || 1se | sos 6.93 6.08
g’y ag’ gg g’y ag’ £g 2’8 ag’ g
9.58 B.25 817
11512 529 10.26 12.20 6.23 615
ga 1 a ga 1 ga ga aa g
10.25 || 1347 1.06 714
578 .22 2
¥ ag’ ga’ e ag’ e ge ag’ gz
1201 9.70
al
14.71 4.66 4.47 425
L ag’ ey ey ag’ Ly ey g B
49 925 525 1038
939 214 5.8
ga aa ga ga L ga ga aa ga
10.12 1204 || s.00 746 9.04 9.64
10.67 1.99% 474 4.70
ge ag’ gg 2'el ag ge’ || ze ag’ £e
1,05 6,94 6,56
——— al
515 6.79 421 450
g'E ag’ gg gy ag gL gy ag’ £g
871 591
769 343 244
ga i B Ea A ga ga aa Ea
952 8.34 5.05
1474 756 || 1000 843 193 0.00
XY ag’ gg g ag’ ge ge ag sE
1425 9.32 678 d4.58

Figure 7. (A) relative energy, (B) relative enthalpy and (C) relative
Gibbs free energy represented in 4D Ramachandran topological
matrices, for trans HCOThr—NH, (upper value) and cis HCOThr—

NH; (lower value). The conformational assignments (middle denote)
are for they! andy? orientations, respectively. The difference for the
cis energetic values are calculated with respect to the trans global
minimum y [—+] (bold). Alternatively, the cis global minimum is
oL[—+] (bold/italic).



Conformational Space af-Threonine Diamide

J. Phys. Chem. A, Vol. 110, No. 40, 20061533

Backbone-Backbone Interactions Sidechain-Backbone Interactions
(BB/BB) (SC/BB)
H,C
H,C . 3 O—H
HC__ O—H N O H e

CH CH ! 0" H

i i T | |
I | cl CH ||1 P G
SO NN b N TN AN b N SN N

0 Ll Vol
1

[ IS 0 o
Interaction Type: 1A Interaction Type: 2A Interaction Type: 2B
Distance: O7-----H® (-N%) Distance: O7-----H'" (-0™) Distance: O°-----H'” (-0")
Ring Size: 5 Ring Size: 6 Ring Size: 7

HsC
o H,C _ 3 O—H
H3C\CH/O H \CH/Q\ H \CH/,/
(€ Attt H (e} H 9 / H
U [ | I
CH N C CH N IO NN
~
N A N
/7
/

H o} H : ©
Interaction Type: 1B Interaction Type: 2C Interaction Type: 2D
Distance: 0%----H? (-N'%) Distance: 0"-----H% (-N'%) Distance: 0'%-----H® (-N%)
Ring Size: 6 Ring Size: 6 Ring Size: 5

HiC

H,C 3 O—H HsC —

U\ _0—H cH™ - . O

_ " CH |
0--—--H CH H (o} - H 0o 'H
A | &7 || i

¢ N PN SN c CH_ N

H N/ T \H H T’ ﬁ H H/ \N/ \C/ ~N

H o H © 0
Interaction Type: 1C Interaction Type: 2E Interaction  Type: 2F
Distance: 0°---H® (-C°) Distance: N*----H"" (-0") Distance: N'®--—--H" (-0")
Ring Size: 5 Ring Size: 5 Ring Size: 6

Figure 8. Classification of the types of internal hydrogen bonding for HCIr—NH,. Corresponding ring sizes indicative of the number of
hydrogen bonds are also represented.

Plot of Relative Gibbs Free Energy (AG) versus Number of Hydrogen Bonds
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Figure 9. Relative stability AG) versus the number of hydrogen bonds for all possible conformers of cis (open circles) and trans (solid circles)
HCO—-Thr—NHo.. The difference for the cis energetic values were calculated with respect to the trans global mjnimurh (bold) according to

Figure 7C. The subplot of relative stabilibhG) versus ring size uses hydrogen bonding schemes from Figure 8 for the trans and cis isomers with
one hydrogen bond. In general, the number of stable conformers changes with the number of bonds.
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(vi) From the insert at the upper right-hand side of Figure 9,  Trans — Cis Isomerization. Gibbs free energyXG) values
it is clear that a larger ring size favors trans isomers and a for trans— cis isomerization were computed for those structures
smaller ring size favors cis isomers. in the trans and the cis isomeric forms with the same backbone
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TABLE 1: Change of Thermodynamic Functions (All in
kcal/mol) for Trans — Cis Isomerization of the Peptide
Bond in HCO—Thr —NH, at the G3MP2B3 Level of Theory

Sahai et al.

op[—+] conformation, the dotted line vector has a negative
slope pointing from left to right.
Without examining the relativAG values of conformers, as

conformer ~ Apuncorrected - Afpcorrected AH AG was done in Figure 10, some important points emerge concern-

Bul++] 4.985 6.121 5.384 4.952 ing AG [trans— cis] isomerization, as shown in Figure 11. It

pu+a] 3.865 4.895 4.117 3.817 is interesting to observe the following points:

gLFﬁ% g-ggg g-;gg g-jg(l) ‘11-332 (i) The points may be classified into three domains in terms
Lla— . . . . H H H .

Bil-al 2982 5214 4622 3862 of their AG values (boxes in dashed lines):

Bul—] 3.509 4.999 4.198 3.999

yol—al 0.634 1.621 1.020 —0.013 —1.0=AG=+10

ou+-] 0.556 1.589 0.774 0.763 < <

o[—a] 1.347 2.535 1.666 1.622 t10=AG=+30

Oo[+4a] 1.898 3.088 2.408 1.570 +35=<AG =< +5.0

Oplat] 3.972 2.694 2.254 0.978

ool ] Lot o e e (i) The cis forms found to be computationally stable are at

aL[ai] y : ) y the bottom cluster within the-1.0 to+1.0 kcatmol~ range.

afa] 1.627 3.198 2.491 2.095 ; . _

oo[++] —0.026 1.370 0.601 0.137 (iii) The various conformers form four different clusters;

aplaa] 1.441 3.030 2.295 1.825 on the top and extreme righdp at the extreme lefty, anddp

op[—+] —-0.971 0.579 —-0.186  —0.777 horizontal central andy andap vertical central.

ep[++] —0.213 1.013 0.163 0.377

eo[+a] 0.338 1.007 0.187 0.727  conclusions

conformation. TheAE, AH, andAG values for the isomerization
reactions are shown in Table 1.

AEuncorrected ya|yes that were originally negative became
positive after ZPE correctiom\Eeeected> Q). In addition, the
calculatedAG values were systematically smaller for these
AEcorected yalyes. The overall change from the negative
AEuncorrectediy AG was an increase from the negative toward

The exploration of the full conformational spaceLethreo-
nine diamide included both cis and trans isomeric forms, each
considering 9 backbone (aloggandy) and 9 side chain (along
¥t and y?) geometries totaling % 9 = 81 conformations.
Geometry optimizations initially carried out at the RHF/3-21G
level of theory were then subsequently refined at the B3LYP/
6-31G(d) level of theory, resulting in 40 trans conformers and

the positive, suggesting that the trans conformers are more stable80 cis conformers. Single-point energies and thermodynamic
than the cis conformers. However, there are two exceptions: functions were further computed for these conformers at the
the op[ —+] andyp[—a] conformers assumed a slightly negative G3MP2B3 level of theory. For the trans form, all 9 backbone
AG values, indicating that the cis form of HC& hr—NH, was conformers exhibited energy minimum conformers (bg,,0p,
intrinsically more stable and less probable than the trans form, i, y., yb, 0L, O, €L, €p) whereas only 8 backbone conformers

at least for these conformers.

were obtained for the cis form as the backbone conformation

To test the accuracy of the level of theory, applied frozen was annihilated at all side chain orientations.
core coupled cluster computations were performed at the CCSD/ Of the 40 conformers for the trans form and 30 conformers

6-311++G(d,p) level of theory on the HCOThr—NH, model
peptide. The results indicated that a slightly negatfi#eturned
to a virtually thermoneutrahG, shown in Table 2.

Figure 10 was obtained by taking th& values from Figure
7C and plotting them again$§ (Table A of the Supporting

Information). There are four points to observe with respect to kcalmol™?;

the data presented in this figure:
(i) The trans forms are clustered primarily around lower

for the cis form, only 19 discrete conformers were found to
exist in both cis and trans forms. For these 19 conformers trans
— cis isomerization was studied in terms of computed thermo-
dynamic functionsAH, AS, andAG). The AG values for the
trans— cis isomerization fell within the range 1.0 to +5.0
however, only two conformersgp[—+] and
yp[—a], exhibited negativAG values. In these two conformers,
the cis isomers appeared to be intrinsically slightly more stable

entropy values, and the cis forms are clustered around higherthan the trans forms. The aig[—+] structure was in fact 0.777

entropy values.
(ii) In general, trans— cis isomerizations (shown by solid

kcalmol~! more stable than the trams[—+] form. Conse-
quently, this pair of structures was subjected to a high level of

arrows) have a positive slope; i.e., they are going from trans to computation, specifically the CCSD/6-3t*+G(d,p) level of

cis with increasingAG and increasing.
(iii) There are only two cases of trans cis isomerization
that proceed with increasindG and with entropy reduc-

theory, where the isomerization became virtually thermoneutral
but the trans form turned out to be 0.039 koabl~* more stable
than the cis form. This suggests that the transis isomer-

tion. Here, the lines (dashed arrows) have negative slopes forization Gibbs free energy computed is sensitive to the method

ep[++] and ep[+a].
(iv) The nearly thermoneutral isomerization of thg[—a]

used.
The findings from this peptide model study show that in

conformation has an almost horizontal line with the vector certain conformations, the cis and trans forms may have nearly

pointing from left to right (dotted line). Similarly for the

identical stabilities, or the cis form may be more stable than

TABLE 2: Change of Thermodynamic Functions for Trans — Cis Isomerization of the Peptide Bond in HCO-Thr —NH,, at the

CCSD/6-31H+G(d,p) (Frozen Core) Level of Theory

energy (uncorrected) Gibbs free energy
total relative total relative
conformer trans cis trans— cis trans cis trans— cis
ap[—+] —530.552861 —530.553108 —0.155 —529.857488 —529.8574257 0.039

aNote: total energies are given in hartrees and relative energies are given-imdcal
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Relative Gibbs Free Energy (AG) versus Entropy (S)
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Figure 10. Relative stability AG) versus entropy (S) for all possible conformers of cis (open circles) and trans (solid circles)y HEONH..
The difference for the cis energetic values were calculated with respect to the trans global minifauhj (bold) according to Figure 7C.

Gibbs Free Energy Change (AG) versus Entropy Change (AS)
of trans —cis isomerization
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Figure 11. Variation of Gibbs free energy chang@@) with entropy change AS) associated with the trans> cis isomerization of
HCO—Thr—NHa.

the trans form. However, there is still a notable preference for unreported in the course of structure determination at lower
the trans peptide bond over the cis form, which agrees with the resolution. However, what is clear is that the occurrence of non-
traditional observation that the majority of all peptide bonds in Pro cis peptide bonds in proteins has been associated with steric
proteins occur in the trans conformation. As long as the forces strain. Their peculiar location near the active sites or binding
that govern protein folding and stability are not completely pockets or at dimerization interfaces could imply that there is
understood, there can be no exact explanation for the observeda natural tendency to conserve non-Pro cis peptide bonds,
rare occurrence of these cis conformations. Some plausibleemphasizing their importance in protein structure and function.
explanations could include the restriction of conformational  Taking this into account, the threonine peptide model
space available in the presence of a cis peptide bond, 3-D proteinpresented in this paper lays the foundation for future studies
structures preferentially stabilizing the trans peptide bond as awhereby a better understanding of the conformational preference
consequence of function, kinetics during the protein folding and rarity of non-Pro cis peptide bonds can be determined. It is
process, or that some cis peptide bonds might have goneanticipated that theoretically calculat&ds values of the most
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probable cis conformers can be compared to the most probable (18) Csonka, G. I.; Schubert, G. A.; Perczel, A.; Sosa, C. P.; Csizmadia
trans conformers in this gas phase study while subsequently!- G: €hem. Eur. J2002 8, 4718.

comparing the results with data extracted from the Protein Data

Bank (PDB) and observed results from X-ray or NMR experi-
ments.
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