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An Exhaustive Conformational Analysis of N-Acetyl-L-cysteineN-methylamide.
Identification of the Complete Set of Interconversion Pathways on the ab Initio and DFT
Potential Energy Hypersurface
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Receied: September 1, 2004; In Final Form: Member 5, 2004

The full conformational space dfl-acetyli-cysteineN-methylamide was explored by ab initio (RHF/
6-31G(d)) and DFT (B3LYP/6-31G(d)) computations. Multidimensional conformational analysis predicts 81
structures iN-acetylt -cysteineN-methylamide, but only 47 relaxed structures were previously determined

at the RHF/3-21G level of theory. These structures were now optimized using RHF/6-31G(d) and B3LYP/
6-31G(d) approaches. Seven conformational migrations were observed when recalculated at higher level of
theory. Besides these major changes, only smaller conformational shifts were operative for the remaining
stationary points. The exploration of the whole conformational spateafetyl+ -cysteineN-methylamide,
including the transition-state structures allowing the conformational interconversion among the low-energy
forms, was analyzed in this study. Our results offer new insights into the influence of polar side chains on the
conformational preferences of peptide structures.

1. Introduction a system can be represented by a sum of classical terms. The
reliability of the calculations based on the force-field techniques

_There are many arguments to explain why amino acids and ye,6nqs not only on the formalism used to describe the different
simple model peptides form an attractive target for studies by contributions to the energy but also on the quality of the

me_thods of molecular elgctroqiq structure theory._Probe}ny the parameters incorporated within the force-field. Comparative
main ones are (a) therells a .f'n'te ”“”?ber of amino aqu a“‘?' studies have been publisied from time to time. Some of the
they hz_ive tre_mendous bl_ologlcal ar_1d blochem|cql significance; force-fields HYPERCHEM. MM 4.5 AMBER 6 CHARMM,?

(b) amino acids and peptides contain a variety of intramolecular and OPLS% as well as the common semiempirical approaches

and intermolecular interactions most easily accessible by cal- (MINDO/3.1 MNDO,1* AM1,12 and PM39) have been widely

culations; (c) ‘he$e systems are very f'?x'b'e (.:onformauonally used to investigate molecules too large for ab initio or DFT
and thus not easily amenable to experiments; and (d) some of

. ) o studies. However, the results obtained in these calculations have
them are of tractable size even for high-level ab initio and DFT too often differed from each other and from available ab initio
calculations. Nevertheless, the application of quantum mechanics

for the analysis of peptides and protein fragments is less popuIar%it:t'io?lft:r:éngértg?ag\ljéngﬁ;rofeill\?;\;ecirgr%ngﬁ;n%r:t’hg‘;'tro
in comparison with other approaches. Ab initio calculations, ’ 9 y

. 3 o i
although now accepted, still suffer from some skepticism. One the other considerably:: Therefore, ab initio and DFT calcula

of the most commonly asked questions is “Why do we calculate, Eons WOLlfld be ufse_fullto be'_[ter un_ger_stal:d_ trc‘f po_:jen';lal energo)ll
if we can measure?”. Because of the intrinsic flexibility of ypersuriaces of single amino acids in their diamide forms an

fragments of peptides and proteins, measuring a single con-lo test the quality of the parameters incorporated within the

former by any spectroscopic method is often straightforward. different force-fields.

A second inquiry could be stated: “Why do we perform Anoth_er frequent obJec_tlon is “Why do we try to calcu_late
expensive ab initio calculation instead of applying only a @ll possible conformers if they are not readily energetically
commonly used force-field?”. In this sense, it is clear that, if accessible?”. The reason for looking for the less easily found
we stick to the state of the art of the approach, the size, and notconformers is that some of them may have interesting structures
the type of the molecule, will predetermine the method to be O other properties. Ease of rearrangement is one important
used. In response to the challenge provided by experimentalProperty of conformers. Several conformers could be easily
observations, computations have been carried out on singledistorted and then interconverted in other lower energy con-
amino acids (NH—CHR—COOH)l on their diamide derivatives formers. It mlght be temptlng to guess that the conformers one
(PCO-NHCHR—CONHQ), on more complex peptides, and Misses are likely to be either high in energy or kinetically very
even on proteins at different levels of theory. Force-field unstable and thus less important. However, it is more prudent
methodologies, that is, molecular mechanics (MM), molecular to locate all the conformers one can possibly find on an energy
dynamics (MD), and Monte Carlo (MC) method are of great hypersurface first and then to examine their stability and their
importance in the study of the structural dynamical and rates of conversion to other conformers to determine their
equilibrium thermodynamic properties of proteins. These tech- relative importance.
niques are based on the implicit assumption that the energy of Cysteine and serine are the smallest amino acids that have
polar side chains. Their diamides (e.g., HERH-L-CH(CH,-

* Corresponding author. E-mail: denriz@unsl.edu.ar. SH)CO-NHy) are a suitable model for better understanding the
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Figure 1. A skeletal diagram showing the numbering of atoms and I '
tosional angles definitions dfi-acetyl+-cysteineN-methylamide. -180— €p Br——&-——er——PB €L
conformational properties of peptide building units. Cysteine “240 1= 7
is directly involved in a variety of biochemical interactions. As -300(— Olp oL o Op oL Y-
a residue with a polar side chain, it is often located on the surface ) Ll Ll L]
of proteins. Cystein can mediate structural changes, improve -360-300-240-180-120 60 0 60 120 180 240 300 360
hydratation of accessible surface area, or be involved in 0

intermolecular interactions. Thus, cysteine is frequently involved Figure 2. Topological representation of the Ramachandran map for
in a wide range of enzymatic reactions including those of an N- and C-protected amino acid PE@H—CHR—CO—NHQ
cysteine proteasé4:16 (P and Q may be H or CH§i showing two full cycles of rotation:

To our best knowledge, no experimental studies are availableEfggrskgnfnr:j?g;e_si?gfhgCfu ttﬁggé;gftff?rfgéﬁlub&f'cdf;?\fggtion
on the structures of the conformers Nacetylt-cysteineN- The four quadr’ants denoted by solid lines are the conventional cuts.

methylamide () Figure 1). Ab initio calculations for cysteine ot peptide residues exhibit nine unique conformations labeled as
include studies on conformational behav¥io?* and on various  qcer (aw), en, G2 (o), B2 (3L), Cs (BL), & (3b), C#9 (y1), Polyproline
physical properties (e.g., proton affinities and ionization poten- Il (PPII (e.)), and origrt (0w)-

tialsy? and comparison of some PCILO and RHF restits.

Schafer et al’-18investigated 10 conformers of Cys at several  The interaction between side chain and backbone in peptides

ab initio levels of theory including RHF/6-31G* and MP2/ is a fundamental question that has not been satisfactorily

6-31+G*. We reported 47 different conformers fokacetyl- answered yet. Side chain folding is not only interesting but also
L-cysteineN-methylamide from RHF/3-21G calculatioffsMore important because side chain orientation can influence backbone-
recently, we reported a conformational study of bistformyl- folding via side chain/backbone interaction. Because of the
L-cysteineN-methylamide and\-acetyl+ -cysteineN-methyla- ~ rather large dipole moment of an amide plane, it is obvious
mide using DFT calculations, but only the®Cconformations ~ that the polar side chain may have a capacity for influencing
of the backbone were considered in this paer. the backbone conformation. Clearly, a better understanding of

Molecular conformational changes can be described theoreti-these topics could be enhanced by explicit knowledge of the
cally in terms of transitions between local minima on the duantum mechanical conformational properties of compound
potential energy hypersurface (PEHS), which represent the stabld - Thus, in this paper, we wish to report the exploration of the
conformers. These transitions are mediated by transition statesconformational space of compouhgdincluding the transition-
Even small molecules can have a relatively complex network state structures allowing the conformational interconversion
of connection between stable conformers and, to understand theémong the low energy forms.
overall kinetics of such systems, it is essential to be able to
map the topology and barrier distributions of these pathys. 2- Methods
There are interesting properties of potential energy surfaces for 2.1. Nomenclature and AbbreviationsIUPAC—I1UB?8rules

biological molecules, in particular fax-acetyl-triptopharN- recommend the use of 8- +180 for clockwise rotation and
methylamide andN-acetyl-triptophan-amid&-27 However, in 0° — —18C for counterclockwise rotation. For side chain
cysteine, in general, previously reported investigafi6ri§2! rotation, this implies the following range:180¢° < y; < 18C¢°

have concentrated on finding the lowest energy conformers, and —180° < y, < 180C°. On the Ramachandran map (Figure
since these are the ones which one might expect to be populate®), the central box denoted by a broken linelB0® < ¢ <

at room temperature. However, as was previously pointed out, 180° and —180°< vy < 18(C) represents the cut suggested by
it is more prudent to locate all the conformers one can possibly the IUPAC convention. The four quadrants denoted by solid
find on an energy surface. Moreover, high-energy conformers lines are the traditional cuts. Most peptide residues exhibit nine
could serve as intermediates in the interconversion of low energy unique conformations, labeled aserr (0p), €n, C** ( yp),
species. In addition to the variation in the difficulty of locating 2 (6.), Cs (BL), &' (p), G4 (yL), Polyproline 1l (PPII €.)),
conformers, there are considerable differences in their kinetic and arighr (o).

stability. The rate at any temperature at which a conformer will  However, for graphical presentation of the side chain con-
rearrange to other conformer is a function of the activation free formational potential energy surface (PES), we use the tradi-
energy (or energies) for the isomerization processes. Locatingtional cut (0 < 1 < 360° and 0 < y, < 360), similar to that

all of the transition states on the energy surface would allow previously suggested by Ramachandran and Sasisek#faran.
evaluation of all these rates. Exploration of a conformational  Side chain conformations were characterized using the
energy surface by methods that ignore all features other thanfollowing nominations:

local energy minima does not always give a satisfactory picture. folded forms: gauche plug() (0° < x1 or x> < 120°) and

In general, it is very desirable to determine the lowest energy  gauche minusq") (240° < y1 or y2 < 360°);

transition states linking all pairs of conformations. extended forms: antiaj (120° < y1 or y2 < 240).
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TABLE 1: Total Energy Values of the Component Molecules for Isodesmic Reactions

energy (hartrees)

molecular system RHF/6-31G(d) B3LYP/6-31G(d)
MeCONH-CHR—CONHMe G —453.8237500 —456.5375160
Cs —453.8241110 —456.5361650
CH:—R R = CH,—SH R=H R = CH,—SH R=H
—476.7362245 —40.195167 —478.0137708 —40.5183890
2.2. Computations of Molecular Conformers. Molecular geometries associated with a common backbone conformation

geometry optimizations were performed at three levels of typeagrigut Or Cs or G249 and so forth, resulted in characteristic

theory: RHF/3-21G, RHF/6-31G(d), and B3LYP/6-31G(d), (¢, v) values at the RHF/3-21G level of theory. The evaluation

using the Gaussian &3program employing standard basis sets of these ab initio conformers provided characteristic backbone

with no modifications. The importance of including electronic torsional angles used for the systematic grid search of the side

correlations in the conformational study has been previously chain conformational subspa&e= E{[¢, ¥][x1, x2]}-

reportec?! Recently, Improta et & reported that conventional The different side chain surfaces reported here, with 144 grid

density functional theory (DFT) methods employing periodic points, were generated using a°3Acrementation along both

boundary conditions give an accurate description of both the dimensions (i.e.y; andy>). Since these maps are associated

geometry and the relative energy on this kind of molecular with a particularly fixed backbone (BB) conformation (i.e., fixed

systems. Correlation effects were included in the present work ¢ andy), they are called backbone-fixed side chain maps, even

using DFT with the Becke3Lee—Yang—Parr (B3LYPJ? though [(3-n-6)-4] internal coordinates are fully relaxed.

functional and the 6-31G(d) basis set. Conformations were

optimized at each level of theory. All stationary points were 3. Results and Discussion

converged to a root-mean-squared gradient of less thah 10

keal mol‘llA‘l, in agreement with the Iir_nits imposed ir!te.rnally considerations only to trans-peptide bonds (id,= w1 =

.by Gaussian 03. W'th any conforma’uonal search, it is very 180°), the full conformational space includes four torsional

important to examine the structures o_b_talned to make sure thatangles: ¢, ¥, y1, andy» as defined in Figure 1. Thus, the

they are true minima and not transition structures or_other potential energy hypersurface (PEHS) is a function of four

structures with very low or zero forces on the atoms (stationary independent variables:

points). Thus, minima and transition-state structures were

characterized through harmonic frequency analysis employing _

RHF/6-31G(d) and B3LYP/6-31G(d) calculations. E=E®. ¥, 1112 )
2.3. Stabilization EnergiesThe following isodesmic reaction

[1], whereR = CH,—SH, was used to calculate the stabilizaton =~ On theE = E(¢, ¥, x1, x2) potential energy hypersurface

energies [2] with respect to the;@ as well as to the € associated with, 3* = 81 stationary points are expected: a

3.1. Locating the Minima at the PEHS. Limiting our

backbone conformation of Nand G protected glyciné®:33 maximum of nine different side chain orientations for all nine
backbone conformers. Forty-seven relaxed structures have been
MeCONH-CH,—CONHMe+ CH;—R — previously located at 3-21G RHF level of thed®The residual
reference conformation.£or C, 34 input structures have migrated, upon attempted optimization,

to one of the 47 minima. To avoid misleading terminology, the
MeCONH-CHR—CONHMe+ CH;—H (1) term “migration” is used when an actually optimized conformer

conformation X turned out to be in a different catchment region from the one
I . . its input was located in.
The stabilization energy is defined as follows: The 47 RHF/3-21G structures were reoptimized at RHF/
AE.... . = 6-31G(d) and DFT levels of theory. The following seven
stabllization additional migrations were observed from RHF/3-21G to RHF/
{E[MeCONH-CHR—CONHMel, + E[CH;—H]} — 6-31G(d) calculationsep (g~ g*) = C2 (g~ g*); o (g~ @)

{E[IMeCONH—CH,~CONHMe)7¢q or s+ CH—RI1} (2) =CA~ (g @ en (g g)=C™ (g 9), &> (9" g") =
oerr (97 97 Cs (@ g7) = G (g g7): G (9™ @) =
This equation is also illustrated graphically below [3] where C;*9(g~ a); anda’ (g~ 9°) = 2 (9~ 97). On the other hand,
the molecular structures are symbolizing their total energy three additional conformations were also obtained, they are

values. Cs (g~ g7), PPIl @ a), and arigut (g~ g*). Thus, RHF/
6-31G(d) calculations predicted 43 conformations for compound
remees - I; these data are shown in Supporting Information in Table 1S.
i /R,E . HoH Considering migrations from RHF/6-31G(d) to DFT cal-
AEgtapii. = /c\ /C\ culations, only four cases were noted:;*C(g- g°) =
MeOCHN"™ ;" CONHMe H™ H C (g g%), B2 (" g") = C (g* g"), PPIl @" &) =

C#d (gt a), and G (g~ g°) = Cs (gt g7). DFT calculations
predicted the existence of conformations®C(g™ g*) and

i H/H + H /R [3] o' (g~ g) which were previously reported from RHF/3-21G
3O O calculations but which are not minima at the RHF/6-31G(d)

MeOCHN \*."CONHMe H H
v

) PEHS. In addition, a PPIig( g*) conformation was obtained.
Interestingly enough, one PPIl and ang@gnt conformation

The components’ energy values are summarized in Table 1.were found using DFT calculations. However, these forms

2.4. Surface Cross Sections of Hypersurface3he com- display 5.65 and 12.78 kcal/mol above the global minimum,

prehensive structural analysis of the alternative side chain respectively. Thus, both RHF/6-31G(d) and DFT calculations
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TABLE 2: Torsional Angles and Total Energy Values for Backbone and Side Chain Conformers of
CH3CONH—Cys—CONHCH 3 Optimized at B3LYP/6-31G(d) Level of Theory. The Calculated Relative EnergiesAE.)? and
Stabilization Energies (AEsni) Are Also Shown

total energy AEq, AEstabil AEsapil
conformation ¢ (°) Y (°) 211 (%) 22 (°) wo (°) w1 (%) (Hartree)  (kcal/mol) (C7#9 (kcal/mol) (Cs) (kcal/mol)
acerr (979") 42.96 52.17 5445 6158 161.53-171.22 —894.0256463  10.27 4.55 3.70
(gta) 53.90 35.00 53.57-169.52 162.93 —175.19 —894.0201343  13.73 8.01 7.16
(agh) 61.45 39.54 —162.84 116.21  169.00—-176.25 —894.0246707  10.88 5.16 4.31
(ag’) 63.33 37.03 —156.69 —66.03  168.10 —176.6 8 —894.0296026 7.79 2.07 1.22
(g7 g" 68.00 26.33 —62.59 78.95  168.72 —177.7 2 —894.0298656 7.62 1.90 1.05
(ga) 69.20 26.97 —59.92 —171.22 164.20 —177.15 —894.0289934 8.17 2.45 1.60
(g9) 67.00 28.82 —61.45 —75.74  164.05 —176.91 —894.0304170 7.28 1.56 0.71
ep (g*a) 47.24 —128.07 65.03 172.50—-168.04 176.64 —894.0219259  12.60 6.88 6.04
(g79) 53.19 —141.99 82.21 —34.08 —160.08 179.60 —894.0261393 9.96 4.24 3.39
(agh) 64.80 —168.11 —157.71 59.89 —158.51 —177.10 —894.0277268 8.96 3.24 2.40
(aa) 65.51 —163.85 —150.76 —165.56 —159.66 —176.89 —894.0265938 9.67 3.96 3.11
C(g™g") 49.61 —23.22 60.18 59.60 165.75—178.99 —894.0260734  10.00 4.28 3.43
(gta) 60.65 —29.14 70.65 161.95 171.85—175.19 —894.0248764  10.75 5.03 4.19
(g 9) 66.00 —36.28 87.11 —55.15  179.67 —174.08 —894.0275040 9.10 3.38 2.54
(agh) 7273 —66.59 —176.97 60.29  177.99  178.71—894.0308689 6.99 1.27 0.43
(aa) 7296 —61.01 —171.18 179.15  178.02—-179.29 —894.0289664 8.19 2.47 1.62
(ag’) 73.24 —51.22 —160.67 —44.87 17423 —177.13 —894.0318398 6.38 0.66 -0.18
(g g" 73.67 —57.44 —61.34 79.05  175.81 —179.35 —894.0337985 5.15 —-0.57 —1.41
(ga) 73.87 —56.17 —57.35 —161.86 170.75 —179.82 —894.0321735 6.17 0.45 —-0.39
B2(g79") —-133.33 25.94 56.30 —98.81 —169.90 176.27 —894.0334318 5.38 —-0.34 —-1.18
(99) —124.19 15.35 —56.94 —59.26 —164.50 175.42 —894.0324115 6.02 0.31 —0.54
Cs(g7g") -162.95 154.09 55.82 57.00—-175.74  177.47 —894.0339875 5.04 —0.68 —1.53
(gta) —161.85 163.96 64.54—166.97 179.48  176.34 —894.0319263 6.33 0.61 —0.24
(g79) —155.34  174.45 65.23 —59.66 ~ 171.85  177.83 —894.0345520 4.68 —-1.04 —-1.89
(agh) —160.07 172.87 —163.03 7292 17415  177.24—894.0382025 2.39 —-3.33 —4.18
(ag’) -160.93 156.86 —172.79 —84.39  177.74  177.26 —894.0363516 3.55 -2.17 —-3.02
o'(gtgh) -161.37 —40.31 61.45 92,58  172.09-174.56 —894.0276439 9.02 3.30 2.45
(gt9) —163.17 —47.06 54.26 —76.57 170.49 —174.49 —894.0291602 8.06 2.35 1.50
(agh) —-154.03 —65.36 177.20 61.42  172.88—175.27 —894.0249119  10.73 5.01 4.16
(aa) —162.69 —48.46 179.85 165.10 168.46—173.09 —894.0227071 12.11 6.39 5.55
(ag’) —170.37 —37.89 —168.59 —49.63 167.24 —173.18 —894.0252046  10.55 4.83 3.98
(g7g" —143.23 —-60.95 —167.47 29.20 166.88 —175.52 —894.0226771  12.13 6.41 5.57
(g 9) —131.93 -66.01 —61.18 —14.40 171.66 —177.38 —894.0225877  12.19 6.47 5.62
C*4(g*g") —82.28 66.10 52.71 64.82—176.43 —178.0 2 —894.0420115 0.00 —5.72 —6.57
(gta) —82.30 66.86 56.14—122.65 —178.90 —177.6 2 —894.0370298 3.13 —2.59 —3.44
(agh) —83.18 80.08 —166.86 77.74  179.38 —174.0 7 —894.0350375 4.38 —1.34 —2.19
(ag’) —83.32 73.27 —170.39 —70.81 —177.65 —176.52 —894.0381960 2.39 -3.32 -4.17
(979" —82.60 72.70 —68.96 54.59  179.00 —176.6 7 —894.0357285 3.94 —-1.78 —2.62
(ga) —84.26 71.00 —55.53 —176.63 —172.27 —176.31 —894.0363518 3.55 -2.17 —-3.02
(g9) —84.61 73.20 —49.80 —57.82 —170.97 —175.81 —894.0372915 2.96 —2.76 —-3.60
PPIl@g") —111.10 143.42 —65.82 53.85 167.86  178.80—894.0330154 5.65 —-0.07 -0.92
oricHT (U7g7) —107.23 —83.63 —68.42 50.38  168.56 —179.49 —894.0216403  12.78 7.06 6.22

aThe global minimum corresponds to,*C(g*g") conformation having-894.0420115 hartrees total energy. This value is taken a reference
value, corresponding to relative energy 0.00 kcal. thol

confirm the presence of all nine types of backbone conforma- These three conformations are the preferred forms for the two

tions. This is a striking difference with respect to the previously levels of theory reported here. However, the energy gaps are

reported RHF/3-21G results. substantially different. It is clear that inclusion of electron
The DFT results of geometry optimizations of the title correlation tends to increase the energy differences between the

compounds at B3LYP/6-31G(d) level of theory including conformers inl. Considering an energy window of 3 kcal/mol

geometrical parameters, total energies, relative energies, ancabove the global minimum, only four conformations are present

stabilization energies are given in Table 2. The total energies from DFT calculations; they are (1)7€& (g" g*), (2) G2

are given in hartrees, and relative and stabilization energies are(a g-), (3) G (a g), and (4) G® (g~ g7). In contrast,

given in kcal/mol. 10 conformations might be included in this energy range from
We located a total of 42 conformers on the PEHS (eq 4) at RHF/6-31G(d) calculations. They are (1y°€(g" g*), (2)

the DFT level of theory, instead of the expected 81 structures. C*%(a g"), (3) Gs (a g*), (4) 2 (9" g%), (5) G (a g"), (6) G4

The distribution of conformers found for each backbone (g~ g7), (7) G9(g™ a), (8) C*9 (g~ g¥), (9) G4 (a g"), and

conformer is given in Figure 3. The global minimum is the (10) G (g™ g~). Two additional conformations, € (g" a) and

C:#9 (g+ g") conformation; this backbone conformation is a Cs (g™ g*), display only 3.01 and 3.06 kcal/mol above the global

folded structure (a £form), and the side chain conformation ~minimum, respectively. The RHF and DFT energy results are

corresponds to the gauche rotamers. Conformatioffy&€g-) different possibly because of the much weaker interactions

and G (a g") are the lowest-energy local minimum displaying present in Cys. While in Gly and Ala, inclusion of electron

the same energy gap (2.39 kcal/mol) above the global minimum. correlation tends to decrease the energy differences between
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Figure 3. Schematic representations of the different minima on the PEHS of four independent variabtds(¢, v, x1, x2). Conformations were
obtained from RHF/6-31G(d) calculations. The global minimum is denoted in bold (square in gray) and the energy gap above the global minimum
is in relationship with the highest of the block.

the conformers; in Cys, it increases the energy differences in ordering. Tgis connecting &9(g™ g*) with 5, (g* g*) whereas

almost all cases. These results are in agreement with previouslyTS, connectss, (gtg™) with Cs (g™ g*). Thus, the conforma-

reported data, indicating that the RHF and MP2 single-point tional interconvertion between-® (g* g*) and G (g* g*)

energy resultd are drastically different for several conformers. involves, at least, two transition states and an energy requirement
Conformation; (g™ g*) which is the fourth preferred con-  of 3.90 kcal/mol (see Figure 4b). These results indicate a

formation from RHF/6-31G(d) calculations is not a minimum significant molecular flexibility for compountl.

in the DFT-PEHS. This is another striking difference between  \ye are particularly interested in the conformational intricacies

the two methods utilized here. In contrast to Bethe global of the polar side chain df However, the question which arises
minimum of Cys seems to have a H-bonding interaction between js ihe following: is it valid to study the side chain conforma-

the carboxyl proton and the NH group; however, conformers yjona| pehavior for a determinated backbone conformation?

with syn carbonyls are nearly as stable. To answer this question, we evaluate the conformational change
3.2. Locating the TS Structures at the PEHS.The most of y1 as a consequence of the systematic conformational

important point on the conformational potential energy surface \,4riations of¢ andy, respectively (Figure 5). We chose the

is undoubtly the global minimum; the various local minima that C72% backbone conformation for this analysis considering that

are relatively close in energy to the global minimum are second ,o global minimum displays this spatial arrangement. Even

in importance. Next are the .IOWESt energy ”3”5”‘0{“ s}gtes though there are noticeable changes, the backbone does not
between the above energy minima. Considerably less S|gn|f|cantmigrate to another catchment region. Thus, the results shown

are, in most apphc_:gtlons, the higher local energy minima, the|_r in Figure 5 justify, at least in part, the reason we can study side
associated transition states, and other points. Once it is hain conformation rate from backbone

established that conformations%¢ Cs, and in a smaller chain conformatio 's.epa ale om backbo T
proportion, conformers are the more probable structures for ~ Altogether, 92 critical points (43 energy minima (Table 2)
compound |, it is certainly of interest to investigate the and 49 transition states (Table 2S)) were found to be important

conformational interconversion process among these preferredfor a description of the conformational features of the polar side
forms. chain ofl.

Figure 4a shows the PES obtained Faotating ¢ versusy 3.3. Locating the TS Structures at the PESsFigure 6a
keepingy; andyz in theg™ g™ form. This surface was obtained shows the PES obtained from RHF/3-21G calculations rotating
using the modest basis set 3-21G and therefore these resultshe torsional angleg; versusy, keeping¢ andy in the G*d
were used only in a preliminary and exploratory form. Next, form. RHF/6-31G(d) calculations indicate 10 distinct TS
we recalculate all the critical points of the PES using RHF/ structures which are required to describe the conformational
6-31G(d) more accurate calculations. dynamics of the €9 form (see Figure 6a and 6b). The global

Keeping the side chain in thg g* form, there is nota direct ~ minimum G294 (g™ g*) possesses only direct connections with
connection between the global minimurf@with the G spatial C:9 (g™ a) and G®9 (g~ g*). Transition-structure TS(clock-
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n the top. (b) Potential energy diagram for the conformational iitiesconvers

of C#9(g*g"), B2 (gtg") and G (g"g") conformers. Calculations performed at RHF/6-31G(d) level.
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Figure 5. Conformational change gf; as a consequence of the systematic conformational variatiopsoély. The torsional anglg, was kept

fixed in 64.82. The global minimum displayg, at 52.7.

wise) connects €9 (g g*) with C:#9 (g* a), whereas TS
(counterclockwise) is connecting@ (g™ g*) with C#%(g™ g™).

C:%9 (a g°) possesses only 1.29 kcal/mol above the global
minimum; however, there is not a direct connection between
these forms. In fact, there are two different pathways intercon-
necting G4 (g* g*) with C;*%(a g"):

C(g'g) — TS, ~ C (g a) — TS, —
C g g) —TS,—~CM@g) (@
C(g'g) ~TS—CMg g) — TS~
C(ag) —TS—CM(ag) (b)

The transition-state structures interconnecting the different
C+#9 forms with their respective energy profiles are shown in

Figure 6b. RHF/6-31G(d) calculations predict an energy require-
ment of 7.17 kcal/mol for the conformational interconversion
of the different G®4forms. These results indicate a significant
molecular flexibility for the polar side chain ¢f

There are eight transition-state structures interconnecting the
different six low-energy forms with the backbone in the C
conformation (Figure 7a). Thes@g~ g~) conformation is not
a minimum at the RHF/3-21G hypersurfaién fact, this form
collapses into €(a g7). Thus, it is not possible to observe in
Figure 7b the T obtained from RHF/6-31G(d) calculations
which is connecting €(a g-) with Cs (g~ g7). This critical
point is denoted in this figure with an arrow. Figure 7b gives
the energy relationship for the six minima and eight TS
structures obtained fdrwith the backbone in € In this case,
the whole conformational interconversion process requires 9.86
kcal/mol.
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Figure 6. (a) RHF/3-21G PES obtained rotating vs y. keeping¢ andy in the G® form. The different TS structures interconnecting the
low-energy conformations and their respective pathways are shown in this figure. Counterclockwise TS are denoted in dot lines. (b) Potential
energy diagram for the conformational interconversions of the backbgfiedformers. Calculations performed at RHF/6-31G(d) level.
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Figure 7. (a) RHF/3-21G PES obtained rotating vs y» keepingg andy in the G form. The different TS structures interconnecting the low-
energy conformations and their respective pathways are shown in this figure. (b) Potential energy diagram for the conformational interconversions
of the backbone £conformers. Calculations performed at RHF/6-31G(d) level.
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Figure 9. (a) RHF/3-21G PES obtained rotating vs y. keeping¢ andy in the G form. The different TS structures interconnecting the
low-energy conformations and their respective pathways are shown in this figure. (b) Potential energy diagram for the conformational irdesconvers
of the backbone €* conformers. Calculations performed at RHF/6-31G(d) level.
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Figure 10. (a) RHF/3-21G PES obtained rotating vs y. keeping¢ andy in the o’ form. The different TS structures interconnecting the low-
energy conformations and their respective pathways are shown in this figure. (b) Potential energy diagram for the conformational interconversions
of the backboner' conformers. Calculations performed at RHF/6-31G(d) level.

Only three minima and three transition states 16] I o, possesses 6.64 kcal/mol above the global minimum; the con-
and TS;) were located at th@, PES (Figure 8a). These six  formational interconversions vary in a range between 9.11 and
critical points with their respective energy profiles are shown 14.81 kcal/mol (Figure 10b).
in Figure 8b. In this case, the energy gap for the conformational The PES obtained for the grr forms displays 15 critical
interconversions is 8.96 kcal/mol at RHF/6-31G(d) level of points: seven minima and eight TS structures (Figure 11a).
calculation. RHF/6-31G(d) calculations predict that the whole conforma-

The PESs ofarieutr and PPIlI forms possess only one tional interconversions for thegrr forms require 13.82 kcal/
conformer and therefore they were not analyzed in more details.mol (Figure 11b). The results obtained fas conformations

RHF/6-31G(d) calculations indicate that the conformational (not shown) are closely related to those obtainedfegr, C7,
interconversions of the polar side chain for the preferred forms anda’ conformers.
of | require less than 10 kcal/mol suggesting a moderate but The theoretical total number of saddle pointsifes unknown.
significant molecular flexibility. All that can be said is that our results do not violate the so-

In N-acetylt -cysteineN-methylamide, as in all previous cases ~called Morse inequalitie¥. Since the PEHS of is highly
of L-amino acids studie® 38 o, cr1, ep, G2 ando’ conformers multidimensional, it is not an easy task to explore all possibili-
are not preferred because of their relative high-energy values.tiés. Thus, we cannot state that the transition states reported

Figure 9a shows the PES obtained for thé*®ackbone here are the only possible structures for interconversions among

conformations. A total of 20 critical points (8 minima and 12 &l the side chain conformers of this molecule. However, we
TSs) were located in this surface. The preferred forms ate C have carried out sufficient calculations to claim that the lowest-

(@ g%), G (g~ a), and G* (g~ g°) located at the right-hand ~ €N€rgy paths, or something close to them, have been obtained
side of Figure 8a. T§ connects @ (g~ g*) with C;> (g~ a), in this study. _ »
whereas TS connects @* (g~ a) with C* (g~ g-); the Figure 1S presents a ('Jllsconne_cuwty oré#h of N-acetyl-
energetic requirement for these interconversions are 5.37 and-"CysteineN-methylamide’s potential energy hypersurface, pro-
5.40 kcal/mol, respectively. The rest of the conformations duced with RHF/6-31G(d) calculations, showing a topological
possesses more than 5.54 kcal/mol above the global minimumSummary of the entire PEHS.
and the conformational interconversions vary in a range between .
7.52 and 14.82 kcal/mol (see Figure 9b). 4. Conclusions

The PES obtained for the' forms possesses 13 critical The potential energy hypersurface (PEHS) fbacetyl+-
points; six minima and seven TS structures (see Figure 10a).cysteineN-methylamide ) was comprehensively investigated
The local minimum with the lowest energy in this surface at the Hartree Fock (HF) employing the 3-21G and 6-31G(d)
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Figure 11. (a) RHF/3-21G PES obtained rotatinyg vs y» keeping¢ andy in the o err form. The different TS structures interconnecting the
low-energy conformations and their respective pathways are shown in this figure. (b) Potential energy diagram for the conformational ir@esconvers
of the backbone grr conformers. Calculations performed at RHF/6-31G(d) level.

basis set and DFT (using the B3LYP/6-31G(d) approach). torsional angle combinations. In addition, our results indicate
Theoretical calculations provide a clear picture for the confor- that the molecular flexibility ofi is moderate but significant
mational energy hypersurface offrom both structural and  and, therefore, many different conformations are available via
energetic points of view. conformational interconversion. These results offer new insights
The three levels of theory reported here (RHF/3-21G, RHF/ into the influence of polar side chains on the conformational
6-31G(d), and B3LYP/6-31G(d)) displayed qualitatively similar preferences of peptide structures. Thus, this study can contribute
results. On the basis of our results, the PESs obtained at RHFAo a better understanding of some less noticeable effects, which
3-21G level are closely related to those attained at RHF/ might influence the structure of a polypeptide or a protein
6-31G(d). Thus, RHF/3-21G calculations are sufficient to use possessing this residue in their structures.
in a preliminary exploratory conformational analysis of this kind

of molecules. However, higher levels of theory are necessary = Acknowledgment. This work was supported by grants from
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