2660 J. Phys. Chem. R005,109, 2660-2679

First Principle Computational Study on the Full Conformational Space of L-Proline
Diamides

Michelle A. Sahai,*"+8! Tara A. K. Kehoe,*8” Joseph C. P. Kod'&# David H. Setiadi;*%/!
Gregory A. Chass#$®* Bela Viskolcz| Botond Penke!'£ Emil F. Pai," and

Imre G. Csizmadia*+8@

Department of Medical Biophysics, Ueirsity of Toronto, Ontario Cancer Institute,

Princess Margaret Hospital, 610 Usérsity Avenue, Toronto, Ontario, Canada M5G 2M9, Department of
Chemistry, Uniersity of Toronto, 80 St. George Street, Toronto, Ontario, Canada M5S 3H6, Global Institute
of Computational Molecular and Materials Science (GIOCOMMS), 1422 Edenrose St.,

Mississauga, Ontario, Canada L5V 1H3, Department of Medical Chemistryelsity of Szeged, Do ta 8,
Szeged, Hungary 6720, Bolyai Institute, barsity of Szeged, Aradivtanuk Tere 1, Szeged, Hungary 6720,
Department of Pharmaceutical Sciences and Institutes of Drug Researcterkity of Toronto,

19 Russell Street, Toronto, Ontario, Canada M5S 2S2, Instituto de Biocomputa€&isica de los Sistemas
Complejos (BIFI), Edificio Carantes, Corona de Ardgo42, Zaragoza, Spain 50009, Departmento deida
Tewica, Facultad de Ciencias, Upersidad de Zaragoza, Pedro Cerbuna 12, Zaragoza, Spain 50009,
Department of Chemistry and Chemical Informatics, dénsity of Szeged, Boldogasszony sgt. 6,

Szeged, Hungary 6725, Protein Chemistry Research Group, Hungarian Academy of Sciences,
University of Szeged, Do te 8, Szeged, Hungary 6720, Department of Organic Chemistry,

University of Szeged, Do ta 8, Szeged, Hungary 6720

Receied: September 1, 2004; In Final Form: December 27, 2004

Ab initio molecular orbital computations were carried out at three levels of theory: RHF/3-21G, RHF/6-
31G(d), and B3LYP/6-31G(d), on four model systems of the amino acid proline, HE®-NH; [I], HCO—
Pro—NH—Me [lI], MeCO—Pro—NH [1ll], and MeCO—Pro—NH—Me [IV], representing a systematic variation

in the protecting N- and C-terminal groups. Three previously located backbone conformations,and

oL, were characterized together with two ring-puckered forms syn (gaecige) or “DOWN” and anti
(gauche= g7) or “UP”, as well as transtrans, trans-cis, cis-trans, and ciscis peptide bond isomers. The
topologies of the conformational potential energy cross-sections (PECS) of the potential energy hypersurfaces
(PEHS) for compounds [{#}[IV] were explored and analyzed in terms of potential energy curves (PEC), and
HCO—Pro—NH; [I] was also analyzed in terms of potential energy surfaces (PESs). Thermodynamic functions
were also calculated for HC&Pro—NH; [I] at the CBS-4M and G3MP2 levels of theory. The study confirms

that the use of the simplest model, compound [I] with=P Pc = H, along with the RHF/3-21G level of
theory, is an acceptable practice for the analysis of peptide models because only minor differences in geometry
and stability are observed.

1. Introduction the presence of proline residues in biomolecules limits the
flexibility of chain formation® This may also account for
proline’s positional preference at the beginningxefielicess”
forming kinked a-helical structured.Structural studies show
proline frequently stabilizeg-turng1° and y-turns*12n the
cell, proline residues are important not only in the formation of
helices but also in receptor oligomerizatimeceptor activation,
' and ligand binding# Proline also reduces nonspecific proteolytic
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1.1. Rationale for the First Principle Computational Study.
Proline (Pro), a cyclic aliphatic amino acid, is a major
component of the protein collagefound in connective tissues
and is incorporated into other proteins at a rate of approximately
4% with respect to all other amino aciéis' Due to the rigid
nature of its five-membered pyrrolidine side chain (SC) ring
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The majority of these theoretical studies included structural H o xR
investigations of the free parent amino acid proline and its side O | b ” o N
chain pyrrolidine ring, but no study to date has allowed for @\ JZRNNZ i QP ”_Ca’"(.ACONH
variation in the N- and C-terminally protected proline diamide ¢ ﬁ 1 g“‘\ T ¢i/‘NHCO
(HCO—Pro—NH [1], MeCO—Pro—NH [ll], HCO —Pro—NH— ) x.;:\ H H

Me [Ill], and MeCO—-Pro—NH—Me [IV]) to investigate the

subsequent effects on the geometry of the parent amino acid Top-view Side-view
proline. The implications of such a study are valuable, consider- LoH
ing that proline does not exist by itself in proteins but is flanked . \/ o H
both on the N- and C-terminal sides by other amino acid Xi cf,i //H
residues, including selenocysteine (Sec). Such a study would O Cr
seek to explicitly mimic the nearest-neighboring residues of the b /CéN N J _X'H
polypeptide chain and any steric and electronic effects they may o/ o &: /<,”,\H
impose upon the proline residue. N Xi N
It has been established that a database consisting of all H \Va@ N
theoretically _possm_le c_onfprmanns_ of N- an_d _C-terml_nally // o\
protected amino acid diamides, previously optimized using ab o] |'T_CI
initio QM methods, may facilitate the application of multidi- Figure 1. Schematic illustration of (a) a general amino acid with side
mensional conformational analysis (MDC®).55 By applying chain R and (b) the amino acid residue proline, showing the charac-

established method;5* nonexistent conformations could be ~ teristic torsional anglessi—y, wi, ¢, yi, andy’. The protecting end
eliminated and established structures could be used as inputsy oqo° used in this studycRind R are also illustrated; whereyRnd
L ... Pc denote H and CH
for the optimization of larger systems. Inputs can then be built
up by extracting the internal coordinates of re-optimized amino The only exception to this rule is glycine, in which-=RH has
acid residues. This can be readily done using a recently the following energetic description:
introduced modular numbering of the atomic nuéféi* Even
though this method does not take into account the structure- E = f(¢;,y) )
stabilizing role of long-range interactions and the effect of
solvation, it is still possible to obtain a wealth of structural and The situation is further complicated if the amino acid residue
electronic information of the conformers populated, based only is proline. As illustrated in Figure 1b, the side chain R group
on the conformational preferer®e® of single amino acid of a proline residue forms a five-membered ring with the
residues. backbone. One may consider that proline is essentially an amino
Therefore, the precomputed amino acid structure of proline acid with its nitrogen situated in a pyrrolidine ring. Because
would be important for future investigations of larger oligopep- the already definegi backbone torsion is contained within the
tides, such as PrePro—Thr—Pro and Pre-Pro—Gly—Phe five-membered ring, it has been shown that possible stable
occurring as significant tetrapeptide segments in the antibody structures of the proline residue may only exist, almost
Immunoglobulin A1 (IgA1§%61 and Bradykinirf23 respec- exclusively, in they., €., anda, backbone conformations as
tively. The authors do recognize that any larger structure making only i is an unrestrained, and therefore continuous, vari&ble.
use of precomputed data would have to undergo a geometryConsequently, it is not trivial to obtain conformational informa-
optimization once again; however, it has been shown that usetion about the proline residue either theoretically or experimen-
of precomputed data affords a more optimal input structure, tally.
increasing computational and methodological efficietfcy. Proline side chains can adopt two different conformational
1.2. Structural Considerations for First Principle Com- states denoted by either syn (gauthke g*) or anti (gauche
putational Study. Given that the backbone of any amino acid = g~), which correspond to “DOWN” or “UP” ring puckerings,
residue in a peptide or a protein may be considered as a triplerespectively?:-3:Regardless of the terminology used to identify
rotor (Figure 1a), the torsional angles, vi, andw;, allow for the ring puckering, the differences can be identified by consider-
characterization of the rotation about the-N, the G-CO, and ing the distribution of proline side chain dihedral angles. In
the OCG-NH (i.e., the peptide) bonds, respectively. Conse- particular, syn (gauchie= g*) or “DOWN?” ring puckering is
quently, the energy associated solely with BB conformational characterized by positive values gft and y® and negative

change would lead to a potential energy hypersurface (PEHS)values ofyi? andy;.* Accordingly, anti (gauche= g-) or “UP”
of the following form: ring puckering is characterized by negative valueg;bfand

xi® and positive values gfi? andy;.* This paper makes use of
E=1f(¢,v,0) 1) the simplified notation for representing ring puckering whereby
syn (it = g") represents “DOWN” ring puckering, and anti
The general orientation of a peptide side chain is predetermined(,,1 = g-) represents “UP” ring puckering.
by the rotation about the ©€-C/ single bond denoted gg". In its neutral form, the proline residue has no peptidieh
Further side chain torsiongi{) may be defined depending on  group that may act as an H-bond dofbit has been shown
the length of the side chain. As Figure 1a (side view) suggests, that when proline is N-protonated, the global minimum of the
i, yi, andy* may be coupled substantiafiyas they describe  proline residue assumes the syp!(= g*) or “DOWN”
the internal rotation of functional groups located on the conformation as a cis isomer whereas the structure is stabilized
geminally substitutedr-carbon atom. Thus, considering only  py an intramolecular hydrogen boftAs there are two carbon
trans peptide bonds)(-, = 180° andw; = 180C°) a single amino  atoms connected to the pyrrolidine nitrogen, the stability of the
acid residue is governed by a PEHS as shown in (2), rather proline residue may be highly dependent on cis/trans isomer-
than the more commonly studied potential energy surface (PES).ization of the peptide bond, in conjunction with the existence
of syn @i = g*) or “DOWN” and anti §* = g~) or “UP”
E =f(¢yix") 2) puckeri?\Cg in the ring. ‘



2662 J. Phys. Chem. A, Vol. 109, No. 11, 2005 Sahai et al.

SCHEME 1
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Although the pyrrolidine ring is considered to permit only Consequently, in this study, we wish to explore, characterize,

oneg; value in the vicinity of the gaucheg(g™) (i.e., ¢ = —60°), and present the geometric preferences of H&Bo—NH; [1],

y; may assume three different “poses” in the vicinity of gatiche MeCO—Pro—NHj [Il], HCO—Pro—NH—Me [lll], and MeCO—
(@); (i.e., yi = 60°), anti (a); (i.e.,yi = 18C°) and gauche Pro—NH—Me [IV] (hereinafter referred to as the,”&CO—Pro—
(9); (ie., yi = —60°), corresponding toy., €, and oL NH—Pc family) developed for both cis and trans isomers (Figure
conformers, respectively. Therefore, rather than the nine MDCA- 2y
predicted conformer® as indicated in Scheme 1, only three
discrete conformers correspondingtp, €, ando, may be
expected for the proline residde.

Thus,¢; may be regarded as a static parameter, whereby the . . . -
typical Ramachandran PES of type (3) becomes a Ramachandran 2.1. Standardized Input Files.Numeric definitions of the

potential energy curve (PEC) of type (4) for the proline residue. relative spatial orientation of all constituen_t atoms of the P
CO—Pro—NH—Pc systems follows an established stancf,

E="1(y,) 4) shown explicitly in Figure 3. The proline residue as well as the
protecting end groups is therefore exclusively defined. The
Only the traditional PEC (4), a cross-section of the full Gaussian 03rogram packag®,was used in all computations
Ramachandran type PES (3), was previously calcuiatied of this work.
HCO—Pro—NH; for the trans peptide bond with;—; optimized
at about 180 In addition, the puckering patterns of proline were
also previously reporte#f 496566
The peptide bond can theoretically assume a cis or a trans
configuration, withw values in the vicinity of @ or 18C,

2. Method

2.2. Calculating Pseudorotational Parameters for the R—
CO—Pro—NH—P¢ Family. The concept of pseudorotation first
introduced by Kilpatrick et & has been examined exten-

sively by many previous experimental and theoretical
respectively. A cigo peptide bond following a proline residue ~ Methodsi®3:33395979 The concept of pseudorotation describes
is only biochemically significant for oligoprolines and polypro- & method of representing the conformations of five-membered
lines$566thus justifying the scope of the present study whereby Saturated rings, which are likely to be puckered (e.g., the
a proline database consisting of all theoretically possible Cyclopentane ring and the pyrrolidine ring of proline) in contrast
conformations may be instrumental in efficient investigation of to aromatic rings (i.e., pyrrole), which are plaf&According

larger oligopeptides containing proline. Therefore, as a single to this concept, because the ring is flexible, the maximum
amino acid diamide residue, thg-; andw; torsions for proline puckering rotates around the ring adopting the “envelope”,

could lead, in principle, to tranrdrans, transcis, cis—trans, “twist”, and “half-twist” forms, with minor interference to
or cis—cis configurations (Figure 2). energy barrieré?73For the pyrrolidine ring, these barriers were
trans-cis trans-trans
O 4 R | o y r M
NS LA
o, =180" [ - S\T ﬁg ~s | ... _ Q\T (i'g N
H e} H o]
—_— R a— — —_—
trans cis trans trans
cis-cis cis-trans
. : : N
| o | | o' |
oL =0 Cn AT AN c %V SN
o7 @T ﬁ9 H o7 @T ﬁg ~---
H o) H o]
cis cis cis trans
=0 o= 180°

Figure 2. Schematic illustration of the characteristig-; and w; torsions for proline leading to trans$rans, transcis, cis-trans, or cis-cis
configurations.
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TABLE 1: Schematic Topological Pattern of Occurrence of
Minimum Energy Conformers of Compounds [I] and [lI] at
the RHF/3-21G Level of Theory

In this work, the concept of pseudorotation is used to describe
the puckering of the ring across thePCO—Pro—NH—Pc
family. The simplest model is employed, with only two derived

trans cis parameters, a puckering amplitude which gives a maximum

sc BB | I | T threshold to the five endocycligl values,y®, xit, %2, xi® and
- o xi% (illustrated in Figure 1b), whereas the phase angle,

@ J J J J describes the state of pucker in the pseudorotation pathway,

" v J characterizing in some sense their ratios.
g o v v v v Using the algorithms described previou$hpseudorotational

;L J J j v coordinatesA and P were calculated from the valugs’, y:t,

L

¥ xi%, andyi*. The following three steps were taken to calculate
estimated to be on the order of-2 kF}mol~! on the basis of AandP using the assumptions given in (5a) and (5b).

electronic structure method?7.78 Taking into account that
Many pararrggeters of pseudorotation have been defined. 22 = AcosP (52)
Kilpatrick et al®® and the improvements proposed by Cremer

and Poplé describe the puckering of cyclopentane by pseudo-
rotation on the basis of the displacements of each atom
perpendicular to the mean plane of the ring. Following the use SiEP+ codP=1 (5b)
of endocyclic torsion angl€, which precluded the need to

define the mean plane, it was shown that in the case of then, as a First Step,

infinitesimal displacements of a pentagon from planarity, there .

is a direct linear relationship between the torsion angles andASINP =

displacementd! These parameters were found to be related to —(1/2)(;0l - xi2+ xi3 - xﬁ)(sin 1424 + sin 72’)7l (6)
those in the original definition® however, finite displacements

deviate from these linear relationshiffsThe concept of as a Second Step,

pseudorotation has been further modified by introducing cor- ) 5 21/

rection terms for describing nonequilateral rirff§s. A=[(AsinP)"+ (Xio) ] (1)

and that
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Figure 6. Potential energy curve (PEE)= f (y;) cross-sections of the conformational PES of compounds [I] and [Il], showing both ring puckerings
represented by syryit = g*) or DOWN (solid lines) and antiy(* = g~) or UP (broken lines).

TABLE 2: Schematic Topological Pattern of Occurrence of SCHEME 2
Minimum Energy Conformers of Compounds [lll] and [IV] , .
at the RHF/3-21G Level of Theory @.,= 180 ®4=0
i somers
trans-trans trans-cis cis—trans cis-cis fsomers ' "
SC BB ] v ] \Y 1 v n v
g v v J N o ] nil — o]
L
€L \/ \/ \/ \/ \/ nH — gl
Y A AV VAV J el — wi U :
g oV N N Y N N
oV v VY 5 Y 5 v el — vl Wb -l
p4"
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and as a Third Step, peptide bonds for compounds [lll] and [IV] result inx4 2 =
. _ 8 structures for thev;—; and w; torsional angles. Therefore, a
_ 1., 0 i—1 i ,
If AsinP = 0,P = cos (;/A) (82) total of (4 + 8)6 = 72 structures are predicted by MDCA to
exist.
. _ 1, 0 ) ) )
If AsinP < 0,P = —cos “(y; /A) (8b) 2.3.2. Generation of Cross-Sections of Potential Energy

_ o Hypersurfaces (PEHS}or compound [I], a PEHS (9) of the
2.3. Exploratory Computations. 2.3.1. Geometry Optimiza-  following form would have to be considered:
tions. In the first phase of the exploratory study, geometry

optimizations were performed on all topologically possible E:fd’i(wi,wi,xil) ©)
MDCA-predicted conformers of HCOPro—NH; [I] at the
RHF/3-21G level of theory.

Geometry optimizations were performed in the same manner
on the remaining amino acid diamide homologues, MeCO
Pro-NH, [ll], HCO—Pro-NH—Me [lll], and MeCO-Pro—  mizeq e, or preset and optimizeg?, values were calculated
NH—Me [IV], to determine the location of all minima on their ¢, compound I].
respective conformational PEHS. Because only three backbone
torsional anglesy(, €., a.) and two ring puckerings, either E=f* (X_l w)
syn (it = g*) or “DOWN” or anti (1 = g~) or “UP”, are KA
expected to exist, then, 8 2 = 6 conformations are anticipated "
for each of the homologues. Regarding theorsional angles, E=1 (o) (11)
two isomers (trans and cis) may exist for compounds [I] and
[11], which can lead to 2x 2 = 4 structures, whereas four  Four one-dimensional relaxed cross-sections (12), corresponding
isomers with transtrans, transcis, cis-trans, and ciscis to initially preset but optimized; andy;* values, were computed

whereg; is regarded as an optimized parameter.
A pair of relaxed cross-sections (10) and (11) with two
independent variables corresponding to either preset but opti-

(10)
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puckerings represented by syn'(= g*) or DOWN (solid lines) and antiy* = g~) or UP (broken lines).

for compounds [I] and [ll]. The preset values wese; = 0°
(cis) and 180 (trans) as well as synyft = g*) or “DOWN"

and anti ' = g~) or “UP”.

wi andy;! values were also computed for compounds [Il1] and

[IV]. The preset values werei—; = 0° (cis) and 180 (trans)
andw; = 0° (cis) and 180 (trans) as well as syry = g*) or

“DOWN?” and anti (;* = g~) or “UP”.

All cross-sections of the PEHS were plotted.

2.4. Detailed Computations.Geometry optimizations were
Eight one-dimensional relaxed cross-sections of the same typecarried out at two further levels of theory, RHF/6-31G(d) and
described in (12), corresponding to initially preset but optimized B3LYP/6-31G(d), on all four compounds f]1V], allowing

E=1,,.) (12)
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for the assessment of the role of electron correlation, basis sets In conjunction with Figure 3, Table 3 illustrates the geo-
effects, as well as the relative importance of small and large N- metrical and energetic characteristics of HERro—NH,, [I],
and C-protecting groups. HCO—Pro—NH—Me [ll], MeCO—Pro—NH [lll], and MeCO—

2.5. Advanced Computations.Two composite methods, Pro—NH—Me [IV] computed at the RHF/3-21G level of theory.
Complete Basis Set-4 Modified (CBS-4#)82and Gaussian-3 ~ The calculatecA andP values are also included in Table 3. A
(G3MP2B3$3-85 type procedures, were employed to generate total of 50 conformers out of the 72 topologically possible
accurate relative energies of compound [l], previously geometry- structures were located. The remaining (72 50) = 22
optimized at the RHF/3-21G and B3LYP/6-31G(d) levels of structures migrated to the corresponding minima as illustrated
theory, respectively. The frequency calculation for both opti- in Scheme 2.
mization levels confirmed that all stationary points selected were  One exception was also noted in the case of the-ciis

residing at minima on the PEHS. isomer of compound [lll] where the shift took place fram-
[+] to yL[+], which was distorted toward@ [+] conformation
3. Results and Discussion (just outside the normap; value). This distortion happened

despite the fact that thia conformation normally does not exist
in the case of proliné The ¢; andy; values were-121.65
and +66.7T, respectively, as listed in Table 3 undaf+]*

3.1. Exploratory Computations. A pair of cross-sections
with two independent variables of the type (10) and (11) were

generated at the RHF/3-21G level of theory to present an initial for HCO—Pro—NH—Me [lll]. This indicates the possibility of

first-prediction of the conformations that may reside at minima ) o : X X
ad_ conformation existing for proline, using electronic structure

ZnatnfzjesP%l:Segi;ygfﬂ(]%). pz:gsﬁefffasl?/}rg gg;grg:eigL:pe':i?uresmethods, although it has been found from a search of 1135
. - [BER 4

associated with the trans and cis peptide bonds, along each Oponhomogenequ§ proteins in the Brookhaven PDB.
the two linesyt = g* andy = g-, three minimafy, €., and The global minima for compounds [I] and [ll] was found to

ay) are expected. Similarly, on each of the pair&et f (wi, ) be transy [+]; for compounds [Ill] and [IV] it was alsqy.-
PESs (Figure 5) associated wigit = g* and xi' = g~ ring [+], butin the trans-trans isomer. For compounds [I] and [1],
puckering, along the two linesi_; = 0° (cis) andw; = 18C° the local minimum was at the cig:[+] conformation. Likewise,

(trans), three minimaj{, ., and o) are also expected. A for the cis-trans isomers of compounds [lll] and [IV], the -
number of the expected six minima for each of the two surfaces [T] conformer was at the lowest energy values. However, for
presented in Figures 4 and 5 were annihilated. the cis-cis isomers of compounds [Ill] and [IV], the [+]
Although the relative stabilities of local minima for the four conformer was found to be the local minima. Additionally, for
compounds, [IF[IV], differ from each other, there are no the trans-cis an_d_transtrans isomers of compognds [11] and
significant differences in the overall PESs as indicated in Figure [1IV], the local minima were at the, [+] conformation. Clearly,

4 for E = f (3%,y1) and Figure 5 foE = f (wi,i7) . Even though the orientation of both peptide bonds determines the stability

compound [I] was used to generate these PESs at the RHF/3-Of the eventual structure.

21G level of theory, these results are similar to previous studies 3-2- Detailed Computations.Increasing the basis set size
done on compound [IV] utilizing various methods and basis ©N theoretical refinement from RHF/3-21G to RHF/6-31G(d)

Sets34.38,41,48 resulted in the disappearance of some minima. This is seen
For further details, cross-sections of a single independent through comparisons of the data presented in Tables 3 and 4.

variable of type (12) were computed for compound [1]. The four Unlike the 50 conformers found at Fhe RHF/3.-21G level of
curves, transyf! = g*] and trans fit = g] as well as cis ji* theory, only 41 out of the 72 topologically possible structures
— g*] and cis ;! = g], are depicted graphically in the upper  Were located at the RHF/6-31G(d) level of theory. The remain-

portion of Figure 6. Two observations may be made at this point, N9 (72— 41)= 31 structures migrated to minima corresponding
The two trans PEC are very similar in shape, and the two cis to minima, as |Ilu§trated in Scheme 2, in additionctg—]
PEC also portrayed a similar shape. On the other hand, the pa“x:onformers_mlgratlng tou[~] for w1 = 180" anda; = 180",
of trans PEC is quite different from the two cis PEC. The energy corresponding to trandrans Isomers. The PEHS. becomes
barriers of the cis PEC are only about half as high as those ofsmoother anpl the relatively shallow RHF/3-21G minima become
the trans PEC from the baseline. This means that energetically,'nﬂe_Ct'On points on the RHF/6-31G(d) PEHS.
the cis proline residue is considerably more flexible than the ~Disappearance as well as appearance and reappearance of
trans proline residue. In fact, the trans residue is quite rigid with Minima occurred at the B3LYP/6-31G(d) level of theory. The
respect to the cis residue. results are summarized in Table 5. Similarly to RHF/6-31G(d),
Similarly, four PEC were generated for compound [Il]. The 41 conformers were found at the B3LYP/6-31G(d) level of
results obtained from compound [Il] are remarkably similar to theory with the same migration pattern.
the results generated for compound [I]. These are shown at the It would now be important to consider a comparison of the
lower part of Figure 6, whereas those of Compound [|] are eXiSting minima found at the three levels of theory. For
presen[ed in the upper part of Figure 6 for the sake of illustrative purposes, a Comparison of the existing minima found
comparison. A schematic topology of the occurrence of the at the three levels of theory is shown in Table 6, whereas a
minima (., e, anday ) associated with compounds [I] and [!] schematic depiction is given in Figure 8. It should be noted
is shown in Table 1. that the distribution of local minima at RHF/3-21G is different
Compounds [l11] and [IV] were also subjected to an analogous from those at the RHF/6-31G(d) and B3LYP/6-31G(d) levels
study and the PEC are shown in Figure 7. It should be noted Of theory.
that the cis-cis isomer of MeCG-Pro—NH—Me [IV] showed However, it would be necessary to assess the role of electron
cis—trans isomerization with respect ég_, aty; values from correlation, basis sets effects, as well as the relative importance
0° to 105, although it would be necessary to perform dynamic of the use of small and large N- and C-protecting groups.
simulations to confirm the results seen in Figure 7. The topology  First, for an overall correlation, the relative energies listed
of the occurrence of the minima(, ¢, andoy) is shown in in Tables 3-5 are plotted in Figure 9. As is seen in Figure 9,
Table 2 for compounds [lll] and [IV]. the increased basis set size reducedARevalues, measured



TABLE 3: Selected Parameters of R—L-Pro—Pc Conformers Obtained at the RHF/3-21G Level of Theory

energy pseudorotation
conformer relative (kcaimol™) dihedral angles parameters
isomer BB[SC] total (Hartrees) AEgL AE. o Pi-1 Wi-1 i Pi Wi biv1 xi° it %2 xi® 2t AP P
HCO—Pro—NH; [Compound 1]
c o [+] —488.945374 5.63 0.00 10.30 —96.60 2.09 —0.64 —17.21 34.56 —39.61 29.15 -—7.50 39.91 115.55
o [—] —488.943170 7.01 1.38 9.33 —67.47 —26.14 4.76 9.98 —30.03 39.01 —32.33 14.15 3884 -—75.11
e[+] —488.941638 7.98 2.34 —7.70 —62.43 172.35 —-3.32 —13.42 32.75 —40.22 31.83 —11.64 40.14 109.53
e[—] —488.940219 8.87 3.23 —-3.77 —51.10 17850 —0.96 6.21 —27.42 38.18 —33.79 17.54 3850 —80.72
yil+] not found— migrated tooy [+]
yil—1 —488.937926 10.30 4.67 1.80 —59.15 101.39 4.66 4.88 —26.49 38.06 —34.11 18.65 38.43 82.70
t o [+] not found— migrated toy, [+]
a[—] —488.941002 8.37 8.37 —171.42 —74.41 -—23.50 10.14 4.62 —26.80 38.49 —34.99 19.32 39.13 83.22
e [+] —488.943850 6.59 6.59 175.82 —70.97 150.61 —12.83 —15.47 33.62 —39.78 30.18 —9.29 39.80 —112.87
e[—] not found— migrated toy [—]
yul+] —488.954348 0.00 0.00 —173.03 —83.32 67.91 —4.13 —15.18 33.49 —39.99 30.32 —-9.61 39.85 —112.39
-] —488.951950 1.50 1.50 —171.87 —82.66 68.69 —5.36 —12.75 —11.63 30.27 —37.02 31.71 38.14 109.53
MeCO—-Pro—NH,[Compound I1]
c o [+] —527.775130 5.49 0.00 171.03 10.65—-90.35 —1.95 —2.00 —13.86 32.98 —40.04 31.46 —11.08 40.02 —110.26
o [—] —527.772518 7.13 1.64 179.04 9.50 —74.30 —23.67 4.64 5.37 —27.24 38.59 —34.75 18.63 39.10 82.11
e [+] —527.770883 8.16 267 -—174.11 —-2.60 —70.87 17470 —2.30 —15.75 34.18 —40.25 30.61 -—9.33 40.36 —112.97
el[—] —527.768549 9.62 413 —169.74 —-3.51 —65.28 178.08 —0.68 —4.29 -—19.89 35.60 —37.43 26.63 39.08 96.30
yu[+] not found— migrated toay [+]
yiu[—] not found— migrated tooy [—] or € [—]
t au[+] not found— migrated toy, [+]
o [—] —527.769629 8.94 8.94 —-169.43 —-175.19 —66.88 —29.72 11.58 8.66 —29.20 38.61 —32.82 15.29 38.65 77.05
e[+] —527.773665 6.41 6.41 172.70 176.58 —72.05 150.55 —13.54 —16.99 34.18 —39.17 28.82 —7.45 39.46 115.50
e[-] not found— migrated toy [—]
yul+] —527.783880 0.00 0.00 178.52—173.27 —84.96 69.05 —-3.80 —16.57 34.31 —39.87 29.54 —8.23 39.97 114.49
yul—1 —527.779963 2.46 246 —175.45 —-17495 —83.26 71.27 —5.45 —15.12 —9.33 28.84 —37.20 33.20 38.38 113.20
HCO—Pro—NH—Me [Compound Il1]
cc  ou[t] not found— migrated toy, [+]
o [—] —527.744027 15.20 3.56 7.08 —54.34 —46.09 —6.11 152.13 13.86 —31.98 38.65 —29.91 10.12 38,53 —68.92
e[+] —527.749696 11.65 0.00 —7.25 —65.03 165.74 —8.61 177.82 —14.35 33.29 —40.34 31.38 —10.72 40.25 —110.89
e[—] —527.747500 13.02 1.38 —481 —48.39 167.08 —7.41 -—178.49 7.80 —28.62 38.77 —33.37 16.23 38.80 78.40
yi[+]* —527.747193 13.22 1.57 13.58—-121.65 66.71 —1.99 167.48 —33.43 38.87 —31.16 11.68 13.64 40.08 146.51
yul—1 —527.745141 14.50 2.86 0.65 —51.94 107.25 5.63 —177.09 9.70 —29.88 39.17 —32.42 14.45 38.89 75.56
ct o [+] —527.760029 5.16 0.00 10.28 —96.09 1.58 179.86 119.88—17.02 3452 —39.72 29.34 —7.74 39.97 115.20
a[—] —527.757696 6.63 1.46 9.48 —67.51 —25.27 -—176.92 117.30 9.91 —29.97 38.97 —32.34 14.20 3881 -—-75.21
e [+] —527.756121 7.61 2.45 -797 —62.40 171.27 178.47 119.85—-13.72 33.01 —40.36 31.79 —11.41 40.28 109.91
e[—] —527.754661 8.53 3.37 —3.95 —50.53 177.44 179.17 120.72 6.49-27.70 38.26 —33.69 17.30 3855 —80.31
yu+] —527.754546 8.60 3.44 240 —82.31 89.81 —176.17 120.39 —15.81 32.66 —38.07 28.01 —7.78 38.07 114.54
yil—1 —527.752674 9.78 4.62 1.69 —59.45 102.79 —178.58 123.23 4.47 —26.30 38.00 —34.27 19.03 38.47 83.33
tc o [+] not found— migrated toy, [+]
o [—] —527.742672 16.05 8.42 —173.22 —58.83 —39.64 7.72 —165.73 9.92 —29.81 38.61 —32.10 14.06 38.53 —75.08
e [+] not found— migrated toy, [+]
e[—] not found— migrated toy [—]
yul+] —527.756087 7.64 0.00 —177.15 —88.04 110.07 —4.87 —163.61 —18.44 33.56 —37.02 2550 —4.42 37.50 119.45
yi[—] —527.754786 8.45 0.82 —175.55 —95.77 105.04 —0.71 —-163.90 —24.40 -—0.95 23.92 —37.69 39.66 41.21 126.30
tt ac[+] not found— migrated toy, [+]
o [—] —527.755436 8.04 8.04 —171.27 —75.89 —21.20 -—178.81 124.09 3.56 —26.02 38.25 —35.38 20.24 39.12 84.78

€|_[+]

not found— migrated toy, [+]
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TABLE 3: (Continued)

energy pseudorotation
conformer relative (kcaimol™2) dihedral angles parameters
isomer BB[SC] total (Hartrees) AEgL AEo Yi1 i1 oi i o dir1 2° it 22 1 1t AP P
HCO—Pro—NH—Me [Compound Il1] (Continued)
e[—] not found— migrated toy [—]
] —527.768256 0.00 0.00 —173.08 —83.71 68.84 —178.90 112.88 —15.56 33.69 —40.00 30.08 —9.21 39.87 —112.97
il —527.765765 1.56 1.56 —172.01 -82.60 69.89 —178.97 —167.63 —12.73 -11.65 30.28 —37.01 31.69 38.13 109.50
MeCO—Pro—NH—Me [Compound IV]
cc o [+] —566.573533 15.21 3.21 171.74 6.38-83.09 —5.54 —8.64 —166.84 —13.34 32.04 —38.97 30.67 —10.93 38.95 —110.03
a[—] —566.574132 14.83 2.84 —172.47 6.72 —62.22 —37.02 —-0.05 -164.77 8.81 —28.92 38.16 —32.42 1493 38.21 76.67
e[+] —566.578656 11.99 0.00 —173.53 —-250 -70.31 167.49 —9.62 178.00 —14.79 33.73 —40.51 31.37 —10.40 40.49 —111.42
e[-] —566.575777 13.80 181 -—166.19 -4.09 -61.64 16758 —7.60 —179.03 -—-2.39 -21.41 36.38 —37.02 25.15 39.05 -93.51
yu+] not found— migrated toe [+]
yu—1 not found— migrated toe [—]
ct o [+] —566.589742 5.04 0.00 170.59 10.81-90.83 —1.58 —178.89 116.19 —14.15 33.19 —40.13 31.37 —10.85 40.12 —110.65
a[—] —566.586932 6.80 1.76 177.95 9.20-75.12 —22.27 —175.48 116.02 4.46 —26.61 38.40 —35.08 19.43 39.09 83.45
e[+] —566.585367 7.78 275 —173.89 —2.86 —70.35 174.08 179.00 119.72-15.81 34.30 —40.40 30.71 —9.36 40.50 —112.98
e[—] —566.583009 9.26 423 —169.42 —-3.93 —-65.00 176.73 178.72 120.64 —3.77 —20.32 35.82 —37.32 26.24 39.08 95.54
yul+] not found— migrated toe [+]
yul—] not found— migrated toe [—]
tc o [+] not found— migrated toy,[+]
o] —566.571548 16.45 856 —171.87 —175.79 —-55.82 —41.04 9.30 —165.86 11.22 —30.50 38.34 —31.19 12.61 38.28 —72.96
e[+] not found— migrated toy, [+]
e[—] not found— migrated toy [—]
] —566.585190 7.89 0.00 178.62—178.99 —84.17 11756 —9.01 -163.03 -—17.59 33.39 —37.40 26.47 —5.58 37.76 —117.76
yul—] —566.582558 9.55 1.65 -—176.80 —179.89 —89.58 111.49 —3.24 -164.25 —-2351 —2.00 24.81 —38.15 39.26 41.22 —124.77
tt oy [+] —566.587879 6.21 6.21 —175.07 -171.87 -97.04 7.85 177.46 123.43-17.96 35.54 —40.29 29.48 —7.28 40.75 116.15
o [—] —566.583983 8.65 8.65 —169.55 —175.46 —67.17 —28.80 —178.79 125.66 8.47 —29.02 38.60 —32.91 15.47 38.63 77.33
e[+] —566.588094 6.07 6.07 172.62 176.82-72.09 147.55 178.28 110.34—-16.84 34.06 —39.12 28.82 —7.55 39.38 115.32
e[—] not found— migrated toy,[—]
] —566.597769 0.00 0.00 178.68—173.34 —85.28 69.95 —178.91 113.00 —16.81 34.43 —39.88 29.38 —7.97 39.99 114.86
-] —566.593778 2.50 250 —175.56 -175.15 -83.04 7255 —178.81 —165.92 —-15.08 —9.40 28.91 —37.24 33.21 38.42 113.11

a Asterisk indicates distortion toward| [+]. ® AverageA value = 39.25.
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TABLE 4: Selected Parameters of R—L-Pro—Pc Conformers Obtained at the RHF/6-31G(d) Level of Theory

energy pseudorotation
conformer relative (kcaimol™?) dihedral angles parameters
isomer BB [SC] total (Hartrees)  AEg. AE o Yi-1 Wi-1 i Pi Wi bit1 xi° 2t 22 21 it A2 P
HCO—Pro—NH; [Compound 1]

c o [+] —491.684915 2.93 0.00 10.81—-91.70 —2.30 —0.18 —14.23 31.75 —37.86 29.02 —9.28 37.84 —112.09
o [—] —491.683803 3.63 0.70 10.56—71.98 —19.89 2.19 7.37 —27.66 37.53 —32.58 15.93 37.67 —78.73
e[t] —491.681233 5.24 2.31 —5.23 —67.37 164.21 —11.22 —16.84 32.76 —37.11 26.86 —6.23 37.45 —116.72
el[—] —491.680530 5.68 2.75 —-3.75 —-51.04 167.03 -1.71 497 —25.92 36.89 —33.33 18.00 37.42 82.36
yu+] not found— migrated tooy [+]
yu—1 not found— migrated tooy [—] or e.[—]

t o [+] not found— migrated toy, [+]
o [—] not found— migrated toy [—]
e[+] not found— migrated toy, [+]
e[—] not found— migrated toy [—]
yu[+] —491.689585 0.00 0.00 —172.14 —85.00 74.05 —12.00 —13.38 31.17 —37.80 29.21 —-10.00 37.61 —110.84
-] —491.687963 1.02 1.02 —170.51 -—83.92 78.84 —16.44 —9.05 -15.20 32.40 —37.12 29.42 38.18 —103.72

MeCO—-Pro—NH, [Compound I1]

c o [+] —530.727729 3.28 0.00 168.64 10.38-90.12 —7.05 0.62 —13.20 31.32 —37.96 29.76 —10.41 37.93 —110.36
o[—] —530.725980 4.37 1.10 177.65 7.20-75.48 —23.92 7.26 3.06 —24.80 36.78 —34.48 19.88 37.80 —85.36
e[+] —530.723811 5.74 246 —175.91 -3.14 -—-72.15 161.97 —0.62 —17.95 33.48 —37.07 26.26 —5.13 37.67 —118.45
e[—] —530.722402 6.62 3.34 —157.18 —5.03 —57.90 158.25 —-1.15 —-0.28 —22.31 35.81 —3541 22.70 37.77 90.42
yu+] not found— migrated toay [+]
-] not found— migrated tooy [—] or €.[—]

t au[+] not found— migrated toy, [+]
o[—] —530.726166 4.26 426 —166.87 —171.13 —-69.59 —22.00 29.33 6.71 —27.43 37.62 —33.19 16.71 37.95 -—79.82
e[+] not found— migrated toy, [+]
e[-] not found— migrated toy [—]
yu[+] —530.732951 0.00 0.00 —178.99 -—-172.85 —85.80 76.70 —12.91 —14.34 31.83 —37.81 28.80 —9.12 37.78 —112.31
yul—1 —530.729921 1.90 190 -—169.57 -—175.15 —-81.41 86.26 —20.30 —9.93 -14.17 31.74 —37.13 29.88 38.01 —105.14

HCO—Pro—NH—Me [Compound 1]

cc o [+] —530.701948 11.07 2.72 8.05—-84.00 —11.30 —3.64 —169.07 —12.53 30.10 —36.77 28.83 —10.27 36.64 —110.00
o [—] —530.703427 10.14 1.79 6.47—-60.19 —37.07 —1.83 —161.58 9.59 —28.64 37.16 —30.97 13.48 37.08 —75.01
e[t] —530.706285 8.34 0.00 —570 —-68.13 164.52 —12.63 174.25 —17.76 33.04 —36.78 26.01 —5.08 37.29 —118.44
e[—] —530.705147 9.06 0.71 —484 -50.55 161.63 -—11.77 175.03 4.08 —25.33 36.81 —33.72 18.82 37.48 83.75
yi[+] not found— migrated tooy [+]
yu—1 not found— migrated toe [—]

ct o [+] —530.715341 8.66 0.00 10.97—-91.55 —1.34 -179.64 -—-174.02 —14.06 31.69 —37.94 29.17 —-9.49 37.89 —111.78
o [—] —530.714177 3.39 0.73 10.73—72.04 -—17.80 —175.12 73.66 7.32 —27.64 37.54 —32.60 15.97 37.68 —78.80
e[+] —530.711422 5.12 2.46 —5.17 —67.63 158.97 177.27 168.79—-16.87 32.69 —36.96 26.66 —6.08 37.30 —116.89
e[-] —530.710769 5.53 2.87 —4.03 —49.73 162.54 175.17 170.79 5.66—26.41 37.05 —33.07 17.40 37.45 -81.31
yu+] not found— migrated tooy [+]
yi[—] not found— migrated toe [—]

tc a[—] —530.702280 10.86 4.96 —169.61 —-64.73 —34.95 14.15 —170.52 8.48 —28.76 38.18 —32.61 15.27 38.26 77.19
o [+] —530.710184 5.90 0.00 178.04—69.05 133.91 —21.41 -168.00 —12.08 29.11 —35.61 27.89 —9.99 35.46 109.92
e[—] —530.709419 6.38 0.48 179.47—-64.87 131.65 —20.66 —169.46 —6.07 —17.88 34.07 —36.80 27.39 38.22 —99.14
e[+] not found— migrated toe [+]
yu—1 not found— migrated toe [—]

tt o [+] not found— migrated toy, [+]
a[—] —530.713761 3.65 3.65 —167.07 —78.26 —12.42 175.39 168.33 2.16 —24.55 37.14 —35.32 21.04 38.42 —86.78
e[+] not found— migrated toy, [+]

e[-]

not found— migrated toy, [—]
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TABLE 4: (Continued)

energy

pseudorotation

conformer relative (kcaimol™?) dihedral angles parameters
isomer BB [SC] total (Hartrees) AEgL AEL o Pi-1 Wi-1 i Pi 0] bit1 Xio Xil Xiz Xia Xi4 A2 P
MeCO—Pro—NH—Me [Compound IV] (Cont'd)
yul+] —530.719582 0.00 0.00 —172.15 —85.36 73.40 —175.72 67.54 —13.93 31.50 —37.84 28.93 —9.46 37.67 —111.70
yul—] —530.717938 1.03 1.03 —170.36 —84.64 78.02 —17452 —172.31 —9.29 -1494 32.32 —37.18 29.61 38.20 —104.07
MeCO—-Pro—NH—Me [Compound IV]

cc a[+] —569.744771 11.38 2.51 169.85 7.91-83.62 —12.80 —4.40 -169.05 -—-12.32 30.01 —36.65 28.92 —10.45 36.59 109.68
o[—] —569.745760 10.76 1.89 72.96 6.28-63.66 —38.04 —0.24 —164.86 7.67 —27.53 36.97 —32.03 15.36 37.16 78.09
e[+] —569.748771 8.87 0.00 —175.24 —3.56 —72.46 163.90 —12.00 56.52 —18.63 33.66 —36.81 25.62 —4.26 37.55 119.74
e[—] —569.747030 9.96 1.09 —158.17 —5.76 —58.69 158.45 —8.72 174.89 —2.03 —20.94 35.27 —35.86 2412 37.81 —93.08
yil+] not found— migrated toe, [+]
yu—1 not found— migrated toe [—]

ct o [+] —569.758087 3.02 0.00 168.15 10.72-90.66 —5.54 —178.05 —172.68 —13.36 31.51 —38.13 29.82 —10.34 38.10 —110.53
a[—] —569.756175 4.22 1.20 176.17 7.29-76.43 —21.60 —175.69 64.79 2.48 —24.36 36.61 —34.64 20.35 37.76 —86.23
e[t] —569.753973 5.61 258 —175.82 —3.41 -—71.82 159.69 174.11 166.02—18.09 33.52 —-37.01 26.09 —4.93 37.63 —118.73
e[—] —569.752692 6.41 3.39 —157.95 —4.60 —-57.30 155.63 178.19 —167.86 0.57 —22.96 36.09 —35.16 22.00 37.76 89.14
yi[+] not found— migrated toe [+]
yu—1 not found— migrated toe [—]

tc o [+] not found— migrated toe [+]
o [—] —569.744987 11.24 5.67 —168.14 —172.94 -59.68 —38.07 16.27 70.70 —14.95 —29.88 30.54 —35.16 —6.90 3246 -—117.42
e[t] —569.754027 5.57 0.00 169.76 177.38-69.19 138.04 —22.30 -—168.83 —14.68 30.35 —35.12 26.05 -—7.14 35.26 114.60
e[—] —569.752825 6.33 0.75 —176.69 175.41 —59.85 13551 —23.02 -169.47 -—5.44 -—-18.17 33.98 —36.48 26.68 37.86 —98.26
yu+] not found— migrated toe [+]
yu—1 not found— migrated toe [—]

tt o [+] not found— migrated toy, [+]
o] —569.755977 4.35 435 —165.98 —171.28 —70.98 —20.93 175.42 169.26 6.50 —27.32 37.63 —33.32 16.92 37.99 -80.15
e[+] not found— migrated toy, [+]
el-] not found— migrated toy, [+]
yul+] —569.762907 0.00 0.00 —178.64 —172.94 —86.08 75.83 —175.57 67.50 —14.71 32.07 —37.87 28.63 —8.77 37.85 —112.87
yul—1 —569.759833 1.93 193 -169.54 -175.15 -82.11 85.57 —173.74 —-171.91 -10.42 -13.70 31.44 —-37.11 30.18 37.99 —105.92

a AverageA value= 37.46.
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TABLE 5: Selected Parameters of R—L-Pro—Pc Conformers Obtained at the B3LYP/6-31G(d) Level of Theory

energy pseudorotation
conformer relative (kcaimol™?) dihedral angles parameters
isomer BB[SC] total (Hartrees) AEgL AEio Yi-1 Wi-1 o Pi i D1 xi° 2t 22 2% ¥t A2 P
HCO—Pro—NH; [Compound 1]
c o [+] —494.631997 4.33 0.00 12.24—-96.85 5.48 —0.78 —16.97 33.21 —37.65 2727 —6.42 37.97 —116.54
o [—] —494.630787 5.09 0.76 11.83—75.12 -18.71 9.15 5.63 —26.47 37.25 —33.28 17.46 37.61 —81.39
e[t] —494.628119 6.77 2.43 —3.38 —70.66 148,95 -—1454 —15.44 32.03 —37.26 27.72 —7.66 37.35 114.42
e[—] —494.627547 7.13 2.79 1.58-57.48 118.77 —7.50 6.52 —26.96 37.25 —32.56 16.54 37.39 —79.95
yit] not found— migrated tooy [+]
yu—1 not found— migrated tooy [—]
t o [+] not found— migrated tooy [+]
o [—] not found— migrated toay [—]
e[+] not found— migrated toy, [+]
e[—] not found— migrated toy [—]
yu[+] —494.638904 0.00 0.00 —172.80 —80.98 70.80 —12.11 —12.04 30.56 —38.14 30.30 —11.53 37.88 108.53
-] —494.638560 0.22 0.22 —169.97 —81.74 73.56 —15.06 —9.08 -—14.73 31.87 —36.58 29.07 37.59 —103.98
MeCO—-Pro—NH, [Compound I1]
c a[+] —533.953751 4.70 0.00 169.38 11.36-91.72 —2.78 —179.95 —13.88 31.80 —38.13 29.54 —-9.81 38.12 —111.35
o[—] —533.952190 5.68 0.98 176.18 10.63-78.14 —21.50 —179.40 3.21 —24.84 36.75 —34.37 19.67 37.71 -—85.12
e[+] —533.949580 7.32 262 —177.63 —2.16 —72.10 152.99 —4.18 —16.02 32.58 —37.44 2768 —7.25 37.68 115.16
e[—] —533.948690 7.88 3.18 —162.75 —0.28 —58.95 151.19 —6.20 3.25 —24.79 36.58 —34.10 19.58 37.52 —-85.03
yu+] not found— migrated toay [+]
yu—] not found— migrated tooy [—] or €.[—]
t au[+] not found— migrated toy, [+]
o [—] not found— migrated toy [—]
e[+] not found— migrated toy, [+]
e[—] not found— migrated toy [—]
yu[+] —533.961243 0.00 0.00 177.52—-172.47 —83.41 72.58 —172.79 —13.81 31.58 —37.99 29.26 —9.74 37.88 —111.38
yul—1 —533.959381 1.17 1.17 —-173.00 —-174.12 -—-80.70 77.89 —171.19 —10.01 —13.62 30.97 —36.39 29.44 37.25 —105.59
HCO—Pro—NH—Me [Compound Il1]
cc o [+] —533.931000 11.85 2.13 6.30—84.61 —9.09 —4.39 —-170.30 —15.16 31.79 —-37.11 27.65 —7.80 37.14 114.09
a[—] —533.931925 11.27 1.55 8.16—57.63 —41.55 —13.60 161.47 11.74 —30.19 37.72 —30.22 11.61 37.54 71.78
e[t] —533.934401 9.72 0.00 —5.34 —70.55 160.36 —9.23 172.85 —17.94 33.50 —37.36 26.46 —5.23 37.84 —118.30
el[—] —533.933505 10.28 0.56 —250 -51.53 157.41 —-7.81 170.91 5.84 —26.43 36.96 —32.83 17.12 37.29 —80.99
yi[+] not found— migrated toe [+]
yil—1 —533.933163 10.49 0.78 1.09-57.09 119.75 —1.13 —175.44 6.05 —26.65 37.24 —32.84 16.99 37.44 -—80.70
ct o [+] —533.943676 3.90 0.00 12.55—-96.85 3.88 178.66 118.73 —16.60 33.11 —37.85 2765 —6.89 38.09 115.84
a[—] —533.942345 4.73 0.84 12.16—75.72 —15.35 —177.84 119.02 4.96 —26.00 37.11 —33.51 18.03 37.58 82.42
el[+] not found— migrated toy, [+]
e[—] not found— migrated toy [—]
yu[+] —533.939576 6.47 2.57 2.34—-79.20 108.09 —177.80 117.40 —14.32 30.60 —36.08 27.02 —-7.98 36.01 113.43
i1 —533.939165 6.73 2.83 1.69-55.78 118.67 179.20 119.64 7.24—27.45 37.39 —32.27 15.89 37.42 -78.84
tc o [+] not found— migrated toy, [+]
o [—] —533.931018 11.84 5.21 —169.50 —65.56 —33.19 17.03 —172.55 6.15 —27.34 38.07 —33.78 17.49 38.41 -80.79
e [+] not found— migrated toy, [+]
el-] not found— migrated toy [—]
yul+] —533.939327 6.63 0.00 —177.94 —-79.95 11750 -—11.46 -161.77 -—13.42 30.35 —36.46 2786 —9.07 36.28 —111.71
yul—1 —533.939196 6.71 0.08 —174.46 —84.40 114.17 —7.12 —163.08 —12.86 —12.00 30.77 —37.71 32.30 38.84 109.34
it o [+] not found— migrated toy, [+]

a[-]
EL[+]

not found— migrated toy, [—]
not found— migrated toy, [+]
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TABLE 5: (Continued)

energy pseudorotation
conformer relative (kcaimol™1) dihedral angles parameters
isomer BB[SC] total (Hartrees) AEgL AEo Yi1 Wi—1 i Pi wi dir1 xi° xit 212 xi® xi* A2 P
HCO—Pro—NH—Me [Compound Il1] (Continued)
el-] not found— migrated toy [—]
] —533.949884 0.00 0.00 —172.23 —82.37 68.65 —177.54 107.40 —13.13 31.26 —38.27 29.79 —10.50 38.02 —110.20
yul—1 —533.949450 0.27 0.27 —169.98 —82.46 71.97 —176.40 99.34 —-9.57 -14.14 31.36 —36.35 29.24 37.34 —104.85
MeCO—Pro—NH—Me [Compound IV]
cc o [+] —573.252805 12.19 1.93 172.15 5.15-80.85 —11.89 —-6.73 —168.13 —13.31 30.55 —36.67 28.36 —9.44 36.70 —111.26
o [—] —573.253908 11.49 1.24 74.55 5.91-62.39 —39.97 211 —47.99 7.05 —27.19 37.05 —33.02 15.99 37.27 -—79.10
e[t] —573.255887 10.25 0.00 -—173.83 —2.75 —71.19 162.43 —6.68 47.42 —17.03 33.23 —37.60 2730 —6.34 37.98 —116.64
e[—] —573.254741 10.97 0.72 —163.36 —0.44 —-61.50 157.05 —7.34 171.88 0.48 —22.71 35.81 —34.96 2191 37.50 89.27
yi[+] not found— migrated toe [+]
yi[—] not found— migrated toe [—]
ct o [+] —573.265312 4.34 0.00 168.41 11.4792.75 —2.17 -—-179.22 115.69 —14.07 31.83 —38.02 29.32 —9.55 38.02 —111.72
a[—] —573.263650 5.38 1.04 175.36 11.13-78.81 —19.00 —176.36 —0.23 277 —24.53 36.68 —34.55 20.07 37.74 —85.79
e[+] —573.260874 7.12 2.78 —178.66 —2.22 —73.98 143.57 175.64 122.02—-16.32 32.38 —36.87 26.89 —6.57 37.15 116.06
e[-] —573.260096 7.61 3.27 —164.93 —-1.19 -57.74 146.76 176.84 114.93 3.59-25.08 36.75 —34.02 19.33 37.60 84.52
yu+] not found— migrated toe [+]
yi[—] not found— migrated toe [—]
tc a[+] not found— migrated toe [+]
ou[-] —573.252446  12.41 5.67 —169.89 —173.15 —57.69 —39.04 18.64 —170.61 9.68 —29.22 37.84 —31.58 13.80 37.79 —75.16
e[+] —573.261488 6.74 0.00 173.24—179.49 —77.54 12353 —14.75 -—-161.46 —14.53 30.88 —36.15 27.05 -—7.84 36.16 113.69
-] —573.260569 7.31 0.58 —176.09 177.17 —62.09 12757 -20.36 —165.16 —3.37 -—19.97 34.99 —36.24 25.21 37.97 95.09
yu+] not found— migrated toe_ [+]
yu[-] not found— migrated toe [—]
tt ou[+] not found— migrated toy, [+]
o[—] —573.262360 6.19 6.19 —166.44 —171.08 —-74.51 -16.17 176.82 138.25 3.90 —25.38 36.93 —34.14 19.09 37.74 84.07
e[+] not found— migrated toy, [+]
el-] not found— migrated toy [—]
yu[+] —573.272224 0.00 0.00 179.31-172.31 —83.96 70.85 —176.99 108.15 —13.99 31.77 —38.15 29.31 —-9.66 38.05 —111.57
yul—1 —573.270265 1.23 1.23 —172.91 -173.04 —82.26 76.68 —175.48 95.13 —10.64 -—13.18 30.84 —36.65 30.00 37.50 —106.48

a AverageA value = 37.56.
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TABLE 6: Occurrences of Optimized Minima of
Compounds [I]—[IV] at Three Levels of Theory

occurrence of minima
compd isomer conformer RHF/3-21G RHF/6-31G(d) B3LYP/6-31G(d)

I c o [+] v N v
o [-] v v v
e[+] v v v
el[-] v v N
yi[+]
yi[-] v
t (l|_[+]
o [-] v
GL["F] «/
el-]
yu[+] v v v
yil-] v v v
I c o[+ v v v
o] v v v
el[+] v v v
el—] v v v
yul+]
yul-l
t o [+]
(IL[_] \/ \/
e[+] v
e[-]
yi[+] v v v
Wl Y v v
1 cc ar[+] v v
al-] N N
el+] v v v
al-] v N N
yul+] v
yul-] v v
ct o [+] v v v
o] v v v
eL[+] v v
el[—] v v
yul+] Vv v
VL[—] «/ \/
tc 04_["1‘]
ac[—] \/ \/ \/
e[t] v
el[—] v
yi[+] Vv v
vl v Vv
tt o [+]
ou_[—] «/ \/
e[+]
e[-]
yil+] v v v
-] v v v
v cc a[+] v v v
o] v v v
el+] v v v
el—] v v N
yi[+]
yl-] v v v
ct ar[+] Vv Vv v
o [-] v v v
el[+] v v v
el-]
yi[+] v
yul-l
tc (1|_[+]
o [-] v N v
e[+] ) v
al-] v v
yul+] v
yul-] v
it a[+] v
o] v v v
e [+] V
el-]
VL[""] \/ \/ \/
yi[-] v v v

Sahai et al.

with respect to the global minima, whereas the subsequent
electron correlation substantially increasA& back toward
values obtained at the RHF/3-21G level of theory.

Further correlations for torsional angles (1, ¢i, i, andy;t)
were made across the three levels of theory. This is illustrated
in Figure 10.

From Figure 10, very good correlations exist for the torsional
angles @i-1, ¢i, i, andy;') across the three levels of theory.
BecauseR? ~ 0.9, this indicates that the torsional angles
obtained are quite similar irrespective of the level of theory at
which the simulations were performed (RHF/3-21G, RHF/6-
31G(d) and B3LYP/6-31G(d)) for the four compounds;liV].

These results as well as those from Figure 9 are quite
significant, as they indicate the reliability of a small basis set
(i.e., RHF/3-21G) in giving a faithful representation of electron
distribution that would be similarly found with a higher basis
set (i.e., RHF/6-31G(d) or B3LYP/6-31G(d)). Also, one can see
that using R = Pc = H, similar to compound [I], is not a
misleading practice in analyzing peptide models as minor
differences in geometry are observed when eithepiPP: or
both are CH groups rather than H. Therefore, RHF/3-21G
computations as well as the use of the simplest model,
compound [I] with R = Pc = H, give reasonable first
approximations to both geometry and stability with no cost of
time and the additional computational power, as was found in
a previous study?*

Distinguishing cis from trans type conformers gntl= g*
from yi' = g~ ring puckers from the optimized dihedral angles
was trivial. However, it is important to note that when
distinguishing the backbone conformers)ef ¢, anday, the
ideally expected threshold values»f = 0° and 120 proved
to be unacceptable as tlge values ofe. type conformers were
found to be as low as 118.7Tather than the ideal value of
180, whereas that oft, type conformers were found to be as
high as 7.85 instead of the ideal value of60°. This is in
agreement with established deviaticfs.

Consideration of the PES along the backbone torsion angle
i also shows that within each compoundJlV], there are
certain general trends relating to found conformers residing at
minima. Across the three levels of theory and the four
compounds, the “DOWN?” puckering stabilizes valuegatlose
to +160° (e. minima) or —20° (o minima), whereas “UP”
puckering stabilizes values @f close to+160° (e, minima)
and —3°(a. minima). These findings are in accordance with
previous results, where the HF/6-31G(d) and the HF/¢-G1
(d) levels of theory were used for the trans proline dipegfide
and the trans and cis MeC@ro—NH—Me,*® respectively.
Overall, all ideale. andoy type conformers are present for the
four compounds, [H[IV], but negative ring puckers following
cis peptide bonds are rare, as shown previotfsly.

The ring puckering parametefsand P were calculated at
all three levels of theory, as summarized in Tabless3The
functional dependence gf° in terms ofP using the averaga
value, as shown in (13), is analogous to that of (5a)

%"= A cosP (13)
The functional variation of%, %, % % andy* with P is
shown in the upper part of Figure 11 and illustrates how the
five parameterg®, xi', xi% xi°, andy* can be reduced to two
parameter#\ andP. The change of° with P at the RHF/3-
21G level of theory is illustrated at the bottom of Figure 11.
The averageA value was found to be 39.25as listed in the
footnotes of Table 3.
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Figure 9. Schematic illustration of the basis set effect and electron

correlation on the relative energies of existing minima computed at

RHF/3-21G, RHF/6-31G(d) and B3LYP/6-31G(d) levels of theory for

all Py-CO—Pro—NH—Pc compounds.

20

The functional variation of;® with P at the RHF/6-31G(d)
and B3LYP/6-31G(d) levels of theory is illustrated in Figure
12a and 12b, respectively. The averdgealues were 37.46
and 37.58, which are listed in the footnotes of Tables 4 and 5.

As a general observation, a cis peptide bond decreases
increasedA and the absolute value & and also increasag;

gt and

w;i values but positive ring puckers increase ais values,
decreasep;, and increase botA and;.3° The present results
reconfirm these observations.

In Tables 3-5, the puckering amplitudA exists in a well-
defined range. Hence, the maximum deviation of ring atoms
from the mean plane is approximately the same for all
conformers of compounds H[IV]. Consequently, the phase
angle,P, which ideally has a periodicity of 36is sufficient to
describe the different ring structures of the four compounds,
similar to established resul$39:42.78

3.3. Advanced ComputationsFor the R—CO—Pro—NH—
Pc family, use of the simplest mode\P= Pc = H (compound
[1]) is quite acceptable. Consequently, advanced computations
were carried out only for compound [I]. Table 7 lists the energy
values and Figure 13 represents a correlation of all values
obtained at RHF/3-21G, RHF/6-31G(d), B3LYP/6-31G(d),
CBS-4M, and G3MP2. Clearly, CBS-4M, G3MP2, and RHF/
6-31G(d) show nearly identical trends, whereas the values
computed at the RHF/3-21G and B3LYP/6-31G(d) levels of
theory deviate substantially. TiE values obtained at the RHF/
3-21G, RHF/6-31G(d) and B3LYP/6-31G(d) levels of theory
are ordered in Figure 13 in the same fashion as was seen in
Figure 9, suggesting that the B3LYP/6-31G(d) level results are
not as reliable in accounting for correlation effect like those
obtained at the more advanced level of computations (CBS-

torsional angles. Ring puckers do not considerably change trans4M and G3MP2).
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Figure 10. Correlation of torsional angleswi—; (a) and (b)i#i (c) and (d);yi (e) and (f);x* (e) and (f) for the R—CO—Pro—NH—Pc compounds
obtained from geometry optimizations at three levels of theBfywalues are also indicated.

The trends computed for the thermodynamic functions are of the R—CO—Pro—NH—P: family, developed for both cis
shown in Figure 14. Both CBS-4M and the G3MP2 results and trans isomers, at the RHF/3-21G, RHF/6-31G(d) and
produced the same trend. B3LYP/6-31G(d) levels of theory.

It was found that although the relative stabilities of minima
for the four compounds (HCOPro—NH,, MeCO—-Pro—NH,,

With the aid of a standardized numbering system, this paper HCO—Pro—NH—Me, and MeCO-Pro—NH—Me), differ from
has detailed a first principle computational study on the full each other, there are no significant differences in the overall
conformational space af-proline diamides. The study aimed PESs. This was seen at the RHF/3-21G level of theory from
to explore, characterize, and present the geometric preference®ESs and PEC.

4. Conclusions
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RHF/6-31G(d) and B3LYP/6-31G(d) level of theory, respectively.

At the RHF/6-31G(d) and B3LYP/6-31G(d) levels of theory,
41 minima were found as compared to the 50 found minima at
the RHF/3-21G level of theory.

The global minimum for compounds [I] and [II] was found
to be transy, [+]; for compounds [lll] and [IV] it was alsg, -

[+], but in the trans-trans isomer. However, differing local
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Figure 13. Schematic illustration of the basis set effect and electron
correlation of the relative energies of existing minima at RHF/3-21G,
RHF/6-31G(d), B3LYP/6-31G(d), CBS-4M, and G3MP2 levels of
theory for HCO-Pro—NH..

minima (cisy.[+], cis—cis ¢ [+], trans—cis and transtrans
yL[+]) were found depending on the orientation of both peptide
bonds, indicating a strong relationship between peptide bond
orientation and structure stability.

It should be noted that one minima stood out from the rest
in the case of the ciscis isomer of compound [Ill] at the RHF/
3-21G level of theory, where the [+] conformer migrated to
yi[+], which was distorted toward &_[+] conformation.

Very good correlations of relative energies and torsional
angles @i-1, ¢i, i, andy) across the three levels of theory
indicate the reliability of a small basis set (i.e., RHF/3-21G) in
giving a faithful representation of electron distribution that
would be similarly found with a higher basis set (i.e., RHF/6-
31G(d) or B3LYP/6-31G(d)). The role of correlation energy is
better represented at the CBS-4M and G3MP?2 levels of theory
than at the B3LYP/6-31G(d) level of theory because the latter
provided an overestimation of electron correlation. Also, the
thermodynamic functions computed at the CBS-4M and G3MP2
levels of theory were quite comparable. Finally, the use of the
simplest model, compound [I] with\P= Pc = H, is not a
misleading practice in analyzing peptide models as minor
differences in geometry and stability are observed without cost
of time and additional computational power.

As reported earlier, cis conformers are found in unexpectedly
high proportion in folded protein®. All ideal ¢, and oy type
conformers are present in both sets but negative ring puckers
following cis peptide bonds are rare. The puckering amplitude,
A, was found to exist in a well-defined range, whereas the phase
angle,P, with an ideal periodicity of 3§ was sufficient enough
to describe the different ring structures of the four compounds.
As a general observation, a cis peptide bond decresavesile
it increased\, the absolute value @&, andy;. Ring puckers do
not considerably change tramsvalues but positive ring puckers
increase cisv; values, decreasg, and increas€ both A and
Yi.
The results found herein for the precomputed amino acid
structure of the R-CO—Pro—NH—P¢ family would be impor-
tant for future investigations of larger oligopeptides. By
understanding the similarities and differences of the amino acid
modules, one may see how a standardized definition may be
used to study larger peptides, such as-Hroo—Thr—Pro and
Pro—Pro—Gly—Phe occurring as significant tetrapeptide seg-
ments in the antibody Immunoglobulin A1 (IgA®¥! and
Bradykinin®2:63 respectively.
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TABLE 7: Selected Parameters of HCG-Pro—NH, Conformers Obtained at the CBS-4M

energy enthalpy entropy Gibbs free energy
relative relative relative
conformer total (kcakmol™) total (kcakmol™) total total (kcakmol™)
isomer BB [SC] (Hartrees)  AEs. AEo (Hartrees)  AEs. AEo [cal/(mol K)] (Hartrees)  AEs. AEo
CBS-4M

c oy [+] —494.102406  2.05 0.00 —493.926132 231 0.00 94.23  —493.972059 1.26 0.00
o[—] —494.100692  3.12 1.08 —493.924343  3.43 1.12 94.30 —493.970308 2.36 1.10
e[—] —494.097846 491 2.86 —493.921483 5.23 2.92 94.80 —493.967688 4.00 2.74
e[+] —494.096522 5.74 3.69 —493.920129 6.08 3.77 94.60 —493.966242 491 3.65
yil—1 —494.096003  6.07 4.02 —493.919572 6.43 4.12 95.72  —493.966215 4.93 3.67

t o] —494.100347 3.34 3.34 —493.923965 3.67 3.67 94.66 —493.970106 2.48 2.48
e[+] —494.101092  2.87 2.87 —493.924704 3.21 3.21 95.67 —493.971318 1.72 1.72
yu[+] —494.105669  0.00 0.00 —493.929816  0.00 0.00 90.76  —493.974065 0.00 0.00
yu—1] —494.104598 0.67 0.67 —493.928680 0.71  0.71 91.60 —493.973329 0.46  0.46

G3MP2B3

c o [+] —494.086347  2.62 0.00 —493.913853  3.00 0.00 98.70  —493.961341 1.63 0.00
o[—] —494.084669  3.68 1.05 —493.912168 4.05 1.06 98.34  —493.959484  2.79 1.17
e[+] —494.082260 5.19 2.56 —493.909614 5.66 2.66 100.06  —493.957747  3.88 2.26
e[—] —494.080772  6.12 3.50 —493.908065 6.63 3.63 100.97 —493.956632  4.58 2.95

t yul+] —494.090529  0.00 0.00 —493.918627  0.00 0.00 94.16  —493.963938 0.00 0.00
yul—1 —494.089341  0.75 0.75 —493.917464 0.73 0.73 94.37  —493.962870  0.67 0.67
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