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Abstract: Using ab initio conformational energy mapping (HF/3-21G) a maximum of nine characteristic backbone
conformation clusterso(., ab, L, yL, ¥D, oL, 0D, €L, andeD) were previously established for different amino acid
diamides (e.g., For-Ala-NH,, For+-Val-NH,, and Fore-Phe-NH). Most of the above nine backbone conformers

have been located in the,}y] space for various side-chain conformers. The present conformation analysis derives
structural parameters of FarSer-NH molecule based on a systematic investigation of the side-chain conformational
energy map$E = E(x1,x2)} associated with characteristic backbone structures. The systematic mapping=of the

= E(¢,¥.,x1.x2) four-dimensional Ramachandran-type map has revealed 44 minima. This finding thus established
the complete conformational set for FoiSer-NH. Specific intramolecular hydrogen bonds of the 44 geometry
optimized structures were analyzed. These ab initio structures can now be used with greater confidence during
force field parameterizations, NMR, and X-ray structure elucidations or even for the characterization of protein

backbone structures.

Introduction

To determine the conformational properties of a larger peptide

or protein, both diffraction techniques (X-ray or neutron

diffraction) and spectroscopical approaches (NMR, CD, IR)
require a structural and conformational database of the different

once and for all, terms like “random structure” or “untypical
conformation”. For this purpose, the rational subdivision of
the Ramachandran-typpotential energy surfaces is not a new
concept.

The classical description of the Ramachandran-tipe

building subunits. Thus, peptide and protein chemists estab-E(¢:y) surfacé itself has been improved due to the availability
lished several strategies in the last quarter of the century, toof high performance computers. First, force field computafions

differentiate the conformational units of proteins. Nearly half
a century ago Pauling and Coteiglentified thea-helix and

resulted in valuable structural data on energetically low-laying
minima. Recent advances in computational chemistry made it

the3-pleated sheet secondary structural elements. Subsequentlypossible to solve the RHF equation even for a molecule as large

additional structural elements suchAgirng or loops became
familiar to protein chemists.

and X-ray structure investigations.

approaches were developed to predict the above (and additional

These elements of secondary

structure turned out to be useful in the course of CD, IR, NMR,
Several computational 13 914. (b) Ramachandran, G. N.; Ramakrishnan, C.; Sasisekharan, V.

as an amino acid diamide1® Moreover, for molecules of this

(6) () Nemethy, G.; Miller, M. H.; Scheraga, H. AMacromol 1980

ol. Biol. 1963 7, 95.
(7) It should be noted that in a trans amide bonddhtrsional angle

subunits in proteins. Some techniques operate on the similarityhas a single value around 180 (For a cis peptide bond this value is

pattern of characteristic intramolecular hydrogen bohahbjle

others are based on the classification of the relative spatial

arrangement of the successixearbon atom8. Attention has

approximately 0.) By assuming that botty;_1 andw; in the trans amide

|region can be treated as constants for any typical residue, thus the

E(wi-1,91,9i,0i) hypersurface may be simplified ,=const= E(¢i,%i)-
(8) (a) Vasquez, M.; Scheraga, H. A. Biomol Struct Dynamics1988

also been focused on the establishment of different “selection 5, 705. (b) Momany, F. A.; McGuire, R. F.; Burgess, A. W.; Scheraga, H.

rules” to recognize conformational building units of proteins
that form a complete and closed structural5seitleedless to

A. J. Phys Chem 1975 79, 2361. (c) Dewar, M. J. S.; Zoebisch, E. G;
Healy, E. F.; Stewart, J. J. B. Am Chem Soc 1985 107, 3902. (d)
Weiner, S. J.; Singh, U. C.; O’'Donnell, T. J.; Kollman, P.JAAm Chem

say, that the goal to obtain a closed structural set is to eliminate, Soc 1984 106, 6243. (e) Brooks, B. B.; Bruccoleri, R. E.; Olafson, B. D.;
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MDCA predicted 9 legitimate conformers using the conformational symbolism

suggested for peptide building units.

Optimized ab initio minima of For—Xxx—NH2 (Xxx=Gly, Ala,Val, Phe)
C

size it is now possible to perform rather expensive grid- energy surface as shown on Scheme 1A. For the time being,
searche®14.26-22tg compute quantum mechanically the actual there is no uniform IUPAC-IUB® recommendation for the
shape of a Ramachandran-type potential energy surfaces.  labeling of diamide conformers. We have proposed

Previous ab initio calculations of thE = E(¢,p)-type previously1~1324 a suitable notation based on these nine
surfaces produced a total of nine basic backbone-conformationconformers (Scheme 1A). This notation uses labels which are
clustersi? 13 The rational for such an observation is due to familiar to peptide chemists such asturn, S-pleated sheet,
the fact that three minimay¢-, a, andg—) are expected to occur ~ a-helix, etc. We are using Greek letters subscripted by b
along bothg andy variables. In an idealized case, based on to denote the chirality of the conformer, i.ew, oo, AL, oL,
multidimensional conformationalanalysis (MDCA) the nine  ¥D, OL, 0D, €L, andeD (Scheme 1B). These labels are used to

legitimate minima are expected to be located on a 2D-potential discriminate the nine basic conformers that form a closed
conformational set like the one shown in Scheme 1A. Some

(11) Perczel, A.; Agyan, J. G.; Kajta M.; Viviani, W.; Rivail, J.-L.; of these diamide conformers are the conformational building
Marcoccia, J.-F.; Csizmadia, I. G. Am Chem Soc 1991, 113 6256. units of well-known secondary structural elements. It was
(12) McAllister, M. A.; Perczel, A.; Csza, P.; Viviani, W.; Rivall, ibl . I?/ I . | l.' d I
J.-L.; Csizmadia, 1. GJ. Mol. Struct (THEOCHEM)1993 288, 161. possible to preserve practically all previously applied well-

(13) Vladia, W.; Rivail, J.-L.; Perczel, A.; Csizmadia, |. EAm Chem known symbols with some additional specification by indexing
Soc 1993 115 8321. the conformational codé8. Most of these conformational codes

strﬁlé)('\TAl:AEI(“)SéﬂEhr?ﬂ'){i\é;gpse;%zs?ligi; Ceza, P.; Csizmadia, I. GJ. Mol. are associated with the conformers of well-known secondary

(15) Liegener, C.-M.; Endredi, G.; McAllister, M. A.; Perczel, A.; Ladik, ~ Structures, such as helices, sheets, etc. Only three among the

J.; Csizmadia, I. GJ. Am Chem Soc 1993 115 8275. nine, thedL-, op-, and ep-type backbone structures were not
28&1(;)5Perczel, A.; Csizmadia, 1. G. Mol. Struct (THEOCHEM)1993 well-known until recently but were found useful to describe
(17) (a) Perczel, A.; McAllister, M. A.; Csaszar, P.; Csizmadia, 1JG. (23) IUPAC-IUB Commission on Biochemical Nomenclatutgiochem-

Am Chem Soc 1993 115 4849. (b) Perczel, A.; Mcallister, M. A;; istry 197Q 9, 3471.
Csaza, P.; Csizmadia, I. GCan J. Chem 1994 72, 2050. (24) (a) Perczel, A.; Csizmadia, |. Gt. Rev. Phys Chem 1995 14,
(18) Cheung, M.; McGovern, M. E.; Danchman, T. J.; Jin, T.; Zhao, D. 127. (b) Farkas, O McAllister, M. A.; Ma, J. H.; Perczel, A.; Hollsi,
C.; McAllister, M. A.; Farkas, Q Perczel, A.; Cssza, P.; Csizmadia, I. M.; Csizmadia, . G.J. Mol. Struct (THEOCHEM) 1996 in press. (c)
G. J. Mol. Struct (THEOCHEM)1994 309, 151. Perczel, A.; Farkas, QCsizmadia, I. GCan J. Chem in press.
(19) Perczel, A.; Daudel, R.; Wgyan, J. G.; Csizmadia, I. GCan J. (25) For example the normalturn (the p+g—] minimum in Scheme
Chem 199Q 68, 1182. . 1/A) and the inverse-turn (the p—g+] minimum in Scheme 1A) are called
(20) Perczel, A.; Farkas, ©Csizmadia, |. GJ. Comput Chem 1996 asyp or yL, respectively. Also the building unit of thg-pleated sheets,
17, 000. which has anda]-type diamide conformation (Scheme 1A) is now called

(21) (a) Farkas, QPerczel, A.; Marcoccia, J. F.; Ho8g M.; Csizmadia, pAL. Similarly, for the periodic building unit of poly prolin Il secondary
I. G.J. Mol. Struct (THEOCHEM)1995 331, 27. (b) Perczel, A.; Farkas, structural elemenif(~ —60°, y» ~ 140), the [g—a]-type minimum (Scheme
O.; Marcoccia, J. F.; Csizmadia, |. G. Quant Chem 1996 1A), is calledeL. The conformational building unit of the right-handed

(22) Perczel, A.; Farkas, .©Csizmadia, I. GJ. Am Chem Soc 1995 (~[g—g—] or av) or that of the left-handed~{[{g+g+] or ap) a-helix are
117, 1653. also familiar for peptide and protein chemists.
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protein backbone structures. It is interesting to note that these

diamide conformations were first obtained from quantum
mechanical calculations of amino acid diamide sys#émaad
sequentially applied for describing protein main chain confor-
mation.

During the last several years, numerdiacetylamino aciet
N'-methylamides (CB(CONH—CHR—CONHCH;) andN-formy-
lamino acid amides (HCONHCHR—CONH,) have been the
target ofab initio calculation®~22 However, two incompat-
ibilities were noticed when the results of thb initio calcula-
tions were compared with those of general conformational
expectations based on force field calculations. Dusahgnitio
geometry optimization of glyciné?-12 alanine-1%-12 valine-
1213 and phenylalanirfé®< containing model compounds, the
expected g—g— or aL) minimum, around the¢ ~ 300° +
30°, y =~ 300° £ 30°] region of theE = E(¢,1») map was not

J. Am. Chem. Soc., Vol. 118, No. 33, 19881

Scheme 3
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B-turns26®  Analyzing X-ray structures of different globular
proteins the result suggests that the most important conformer
among the hairpin structures is the typgsturn, where at
position (+2) serine is among the most frequently assigned
amino acid residue typ®P In spite of the effortg? up to the
present no “ideal” type B-turn model has been synthesized,
but among the best candidates several have Ser at thel) (
position (e.g., Piv-Pro-Ser-NHGk "¢ Boc-Pro-Ser-NHCH2"
Boc-Val-Ser-NHCH,Z% andcycld(d)Ava-Gly-Pro-Ser(@Bu)-
Gly]27%). In order to interpret the recorded NMR, CD, and IR
spectra of the different model compounds it is essential to
determine all the conformers involved in the equilibrium system
with their conformational properties (such as conformational
weight, torsional angles, etc.). Most frequently the variation
of specific torsional anglesp(, vi, wi, X,l xiz) is of primary
interest in practice. Therefore, the ab initio determination of
N- and C-protected serine residue is an important step to
understand more complicated conformational features of pep-

found (Scheme 1C). Such a diamide backbone torsional angleiiges and proteins incorporating serine residue.

pair corresponds to the right-handedhelix conformation.
Recent ab initio investigatioAsrevealed that side-chain back-
bone interactions operative in FoiSer-NH, can stabilize this
“missing” a-helix-like backbone conformation even in diamides.
On the other hand the minimum at f 30C¢° + 30°, v ~ 180°

=+ 30°], calledeL has not yet been found in any diamide system.
The [g—a]- or eL-type backbone orientation was ab initio

The first aim of the present analysis was to establish all
possible conformers of FarSer-NH by a systematic side-
chain mapping. Theecond aimwas to compare the location
of the ab initio computed conformers on the four dimensional
E = E(¢,y.,1.x2) potential energy surface (PES) with the
predicted 9*9= 81 minima. Thethird aimwas the analysis of
the specific side-chain backbone hydrogen bonds which is

computed only as a subconformer of a larger peptides (e.g. For-presumed to play a major role in side-chain/backbone interaction

L-Ala-L-Ala-NHy).
The same analysis that revealed the existence althgpe
backbone conformation in FarSer-NH; focused our attention

to the importance of side-chain potential energy mapping. The
serine residue represents the simplest species with a polar sid(?,n

chain—CH,OH (a hydroxymethyl group), where a total of nine

different side chain conformers are expected to be associate
with each and every backbone structure. Three (3) minima are

presumed to occur for the rotation about the-C# covalent
bond {; torsional angle according to the IUPAC-IUB conven-
tion) to be combined with an additional three (3) minima which
is expected to exist along the rotation about the-O” covalent

bond ., torsional angle) as shown in Scheme 2. One may use

again the commomgauchet (g+), anti (a), and gauche(g—)
notation for the typical side-chain conformations along hath

andy». In an idealized case, the locations of the above nine log

minima are expected at the following positions: °&0°;
(g+gt+), 60°,180; (g+4),..., 300,300’; (g—g—). Thus, the nine
minima are the result of the three orientatiogs-(a, andg—)
as shown in Scheme 3.

and could be the basis of backbone conformational shifts.

Computational Methods

Initial backbone conformers were determined by molecular
echanics (ECEPPAand/or semiempirical (AM1/MOPAG)
dtype calculations. Fully relaxed ab initio structures were
obtained subsequentially by optimizeghij] backbone structures
(Table 1A) associated with different side-chain orientations
[x1,x2]- Structural parameters of FarSer-NH were computed
using natural internal coordina3Pin full geometry optimiza-
tion. Minimization was performed at the RHF level of theory
by a modified GDIIS® gradient method using a standard 3-21G

(26) (a) McCaldon, P.; Argos, FProteins1988 4, 99. (b) Wilmot, C.
M.; Thornton, J. M.J. Mol. Biol. 1988 203 221.
(27) (a) Aubry, A.; Protas, J.; Boussard, G.; Marraud,Adta Crystal-
r.198Q B36 2825. (b) Aubry, A.; Lecomte, C.; Boussard, G.; Marraud,
M. J. Chim Phys Chim Biol. 1983 80, 609. (c) Aubry, A.; Marraud, M.
Acta Crystallogr 1985 C41, 65. (d) Aubry, A.; Marraud, M.; Protas, J.;
Neel, J.Comput Rend Acad Sci Paris 1974 287¢ 163. (e) Aubry, A,;
Protas, J.; Marraud, M.; Neel, Acta Crystallogr. 1976 B32, 2749. (f)
Bruch, M. D.; Noggle, J. H.; Gierasch, L. M. Am Chem Soc 1985

Unfavorable interactions between side-chain/side-chain and/107 1400. (g) Kessler, H.; Anders, U.; Schudok, 8.Am Chem Soc

or side-chain/backbone atoms can annihilate certain side-chai

199Q 112 5908. (h) Gierasch, L. M.; Deber, C. M.; Madison, V.; Niu,
Nc.-H.; Blout, E. R.Biochemistryl1981, 20, 4730. (i) Perczel, A.; Hollsi,

conformers. Which of the side chain conformers are eliminated M.; Fulép, V.; Kdman, A.; Sador, P.;’s Fasman, G. DBiopolymers199Q

for a given backbone conformation may well depend on the
backbone conformer type.

Although serine has an average frequency (6.9%) in prot&ins,
it is an important conformation inducing factor in protein
folding. Although, it can rarely be assigned anhelices and
[-strands, serine plays an important role in the formation of

30, 763. (j) Perczel, A.; Foxman, B. M.; Fasman, G.®oc. Natl. Acad
Sci U.SA. 1992 89, 8210. (k) Hollsi, M.; Kovér, K. E.; Holly, S.; Radics,
L.; Fasman, G. DBiopolymers1987 26, 1555. (l) Perczel, A.; Hollsi,
M.; Foxman, B. M.; Fasman, G. 0J. Am Chem Soc 1991, 113 9772.

(28) (a) Pulay, P.; Fogarasi, G.; Pang, F.; Boggs, JJ.Am Chem
Soc 1979 101, 2550. (b) Fogarasi, G.; Zhou, X.; Taylor, P. W.; Pulay, P.
J. Am Chem Soc 1992 114, 8191. (c) Cssza, P.; Pulay, PJ. Mol. Struct
(THEOCHEM)1984 114 31.
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Table 1.

A. Optimized ab Initio (HF/3-21G) Geometries and Relative Energies for F8er-NH and Fort-Ala-NH..
backbone [side chain] @P P 21 x2 AE® (kcal/mol)
For+.-Ser-NH
yL[g+gH] —-83.6 +715 +51.9 +69.8 0.0
yL[agH —86.5 +77.8 —~169.2 +74.8 12.5
yLlag—] —83.4 +62.7 +179.8 —68.7 4.8
yLg—g+] —-85.4 +67.4 —65.3 +55.2 10.5
yLlg—-a] -77.1 +61.4 —44.0 —-178.5 75
yL[g—g-] -774 +63.4 —41.2 -755 7.8
BLlg+a] —~170.6 +174.9 +68.0 —~172.9 11.2
BLg+g-] —166.7 +174.8 +67.4 —-60.5 9.1
Bagt] —-170.3 —-171.5 -171.8 +90.1 3.3
pLlaa] —171.8 —173.4 —173.0 +155.1 3.8
BLg—g+] —-179.0 +172.9 —-89.2 +55.5 10.5
pLlg—al —137.3 +160.0 —64.5 +171.5 154
JoL[gt+a] —118.1 +20.2 +51.4 +159.8 14.0
oLlag—] —128.5 +32.9 —-172.3 —60.5 8.3
oL[g—a] —129.9 +29.8 —53.1 —167.5 13.3
oLg—g—] —-151.9 +35.6 —46.8 —54.7 11.0
aL[g—a] —70.5 —24.9 —47.5 —174.5 16.9
aL[g—g—] -72.0 -23.7 —45.6 -775 12,5
aLfaal —62.4 —42.8 +179.9 —168.7 20.6
ap[g+g+] +46.4 +53.6 +56.2 +62.1 12.1
apfa gt +60.1 +43.8 —156.9 +79.1 20.5
apla g—] +62.3 +34.1 —168.1 —65.4 9.1
ap[g—a] +60.3 +37.6 —58.0 —179.0 12.9
op[g+a] -163.7 —-63.3 +55.1 —169.8 11.2
op[g+g—] —-159.3 —67.6 +52.3 -76.1 10.5
oo[a gt] —173.3 —49.4 +163.9 +68.2 15.7
op[a d —172.4 —55.1 +168.6 +165.9 17.2
oo[g—g+] +146.3 -33.9 ~-75.2 +74.4 12.3
op[g—g-] -157.9 -51.8 —475 -32.2 15.7
ep[g+a] +43.0 —105.5 +92.8 +171.6 18.5
eo[g+g—] +99.8 —-116.9 +76.3 —-68.7 4.9
ep[aa] +68.4 —172.4 —162.5 —179.3 94
eola gt +66.9 —169.0 —-166.4 +82.4 10.1
ep[g—g+] +64.5 +177.9 -63.5 +67.4 16.3
eo[g—g—] +68.9 +178.2 -58.1 -67.3 20.5
yo[g+g+] +62.9 —-40.3 +41.7 +48.7 14.0
op[g+a] +51.9 -28.7 +65.8 +173.3 17.1
yb[g+g—] +78.0 —45.2 +81.9 -62.2 9.4
ypla gt] +71.3 —-52.2 +170.8 +49.0 12.0
yplaa] +74.0 —65.0 -1775 —158.0 12.7
ypla g-] +67.5 -31.2 —-163.8 —-39.9 10.6
yplg—g+] +72.2 -57.5 —61.1 +79.1 12.5
yplg—a] +75.4 -56.1 —-58.6 +176.0 12.0
yb[g—g—] +74.7 —55.2 —57.6 -78.2 12.9

For-.-Ala-NH.¢
abD +63.8 +32.7 +60.6 6.0
AL —168.3 +170.5 +50.9 1.3
yL —84.5 +67.3 +64.2 0.0
YD +74.0 —57.4 +60.4 25
oL —128.1 +29.8 +58.5 3.8
oD —178.6 —44.1 +58.6 7.3
€D +67.2 —171.9 +65.6 8.2

B. Comparison of the,iy Torsional Angles (deg), Total Energies,[hartree], and Relative EnergieAE [kcal/mol], Associated with the
pB. andy, Conformations of For-Ala-NH, Computed at HF/3-21G and MP2/6-311++(d,p) Levels of Theory

BL yL
method ¢ P E 1) P E AE
RHF/3-21G —168.3 +170.6 —412.472 783 —84.5 +67.3 —412.474 780 1.25
MP2/6-31H+(d,p) —157.1 +163.2 —416.382 776 —82.8 +80.6 —416.384 696 121

a Remaining gradients 1E-6 in au.? Torsional angles in degrees according to the IUPAC-IUB conventiik in kcal/mol relative to thee(yL
[g+g+]) = —486.919 567 hartree for FarSer-NH and relative to theE(yL) = —412.474 780 hartree for FarAla-NH,. ¢ Data taken from

reference.

basis set? Ab initio energy values were calculated by the TX90
program3® Each of the different side-chain geometries with
common backbone conformation (e.g., extended-lijge] [
backbone structures) resulted in characterigti¢] values. At
such fp,y] points of the Ramachandran potential energy surface,

side-chain mapd{f1.x2]) were computed using 30ncrements
along bothy; andy». Thus, side-chain mapfx1,y2]) associated

(29) Baker, JJ. Comput Chem 1986 7, 385.

Stewart, J. J. PJ. Am Chem Soc 1985 107, 3902.

(30) (a) Pulay, P. and co-workers, TX90; Fayetteville, AR, 1990. (b)
Pulay, P.Theor Chim Acta 1979 50, 229. (c) Frank, J. Selier Research
Laboratory, U.S. Air Force Academy, Mopac 5.00 QCPE No. 455, Colorado
Springs, CO, 1988. (d) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F,;
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Table 2. Ab Initio Backbone Conformation and Relative Energy
Shifts of Fort-Ser-NH with Respect to For-Ala-NHz?

For-gb?secr.]Nl—b conf shiff rel conf shiff  rel energy shift
conformers A¢ Ay AAp AAy  AAre AAE
yL[g+g+] 09 42 00 00 00 0.0
yi[agt] -20 105 -29 63 69 125
yL[ag-] 11 -46 02 -88 88 4.8
yL[g—g+] -09 01 -18 -41 45 105
yL[g—a] 74 -59 6.5 —10.1 12.0 7.5
yL[g—9-] 71 -39 62 -81 102 7.8
BLlg+a] -23 44 -32 02 32 9.9
BLlg+g-] 16 43 07 01 07 7.8
BLla g+ —20 185 -29 143 149 2.0
BLlaa] -35 161 -43 119 127 25
Bg-g+] -10.7 2.4 -116 -18 117 7.2
BLlg—a]f 31.0 -105 30.1 —14.7 335 141
sL[g+a] 100 -96 9.1 —138 165 102
dL[ag-] -04 31 -13 -11 17 45
sLg—a] -18 00 -27 -42 50 9.5
Slg—g—] 238 58 —247 16 248 7.2
oL[g—a]
aL[g—g-]
oLfaal
ao[g+g+]f —174 209 —183 167 2438 6.1
apfa gt] -37 111 -46 69 83 145
apfa g-] -15 14 -24 -28 37 3.1
ap[g—a] -35 49 44 07 45 6.9
op[g+alf 149 -19.2 140 —234 273 3.9
so[g+g—] 19.3 —235 184 —27.7 33.3 3.2
oolagt] 53 -53 44 -95 105 8.4
op[aa] 6.2 —11.0 53 —-152 16.1 9.9
oo[g—g+]’ —35.1 102 —-36.0 6.0 365 5.0
5o[g—g-]" 207 -7.7 -19.8 —-11.9 231 8.4
eo[g+al —242 664 —251 622 67.1 10.3
eo[g+g—]" 326 550 317 50.8 599 33
ep[aa] 12 -10 03 -52 52 1.2
eo[a gt -17 29 -26 -13 21 1.9
en[g—g+] -2.7 -10.2 -36 -146 150 8.1
eo[g—g—] 1.7 —-99 1.8 —141 142 123
yolg+g+] —11.1 171 —120 129 176 115
yp[gta]’ —22.1 287 —230 245 336 146
yolg+g—] 40 122 31 80 86 6.9
yola gt] -27 32 -36 -10 37 95
yplaal 00 -76 -09 -11.8 118 102
yo[a g—]f —65 262 -7.4 220 232 8.1
yo[g—g+] -18 -01 -27 —-43 51 100
yp[g—a] 1.4 13 05 —-29 29 9.5
yp[g—g-] 07 22 -02 -20 20 104

aValues of this table are based on the data presented in Table 1.
b Torsional angle shifts¢(y) of For+-Ser-NH are relative to those of
For+-Ala-NH,. ¢ Relative to theA¢ and Ay values of theyL[g+g+]
conformer of Fon--Ser-NH. ¢ AAE = AE{For-Ser-NH} — AE{For-
L-Ala-NHz}. Values are in kcal/mok AAr = {(AA¢)? + (AAY)FYZ%
the Pythagorean distances of the relative conformational shifghost”
conformers with significantly shiftegg andy values.

with the oL, ap, AL, yL, yD, oL, 0D, €L, and ep backbone
conformations were determined, where each and efjery]

map consisted of 144 grid points (Figure 1). Since these maps
were associated with a particularly fixed backbone conformation,
they are called fixed side-chain map®uLixea[¥1,x2]), €ven
though [(31—6)—4] internal coordinates were fully relaxed.
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Figure 2. The distribution of the 44 molecular structures of Fer-
Ser-NH on af(¢,y) (A) or on af(y,y2) (B) type map.

dramatic on going from the HF/3-21G to the MP2/6-314-
(d,p) levels of theory. In addition, the relative energies are
practically the same at the two levels of theory.

Results and Discussion

Serine can be derived from alanine by replacing proton
in the later molecule with a hydroxy group (cf. Scheme 2). Such
a modification has significant impact on the overall conforma-
tional feature of the molecule. First of all, the simpler 2D
Ramachandran-type potential energy surfaEe= E(¢,y),
relevant for the For-Ala-NH, conformations should be re-
placed by a 4D potential energy hypersurface of the following
form: E = E(¢,y,x1.x2). Furthermore, the polarOH func-
tional group can be a proton acceptor as well as a proton donor
in hydrogen bonds. The formation of intramolecular hydrogen
bonds give a “chance” to the molecule to stabilize specific
backbone conformers. One important consequence of this has
been discussed already, namely that the stability of the confor-
mational building unit of the right-handed-helix (oL) is at

The usual concern is the role of basis set size and the omissior/€@st partially due to the formation of specific side-chain

or inclusion of the correlation energy in determining the
accuracy of the computed results. TheandyL conformations
of the Fort-Ala-NH, have been reoptimizé® at the MP2/
6311++G[d,p] level of theory, and the results are summarized

backbone interactior®:210

Our expectation seems to be justified by the present ab initio
results since a maximum of nine different side-chain conformers
([g+g9+], [gt4l]....,J0—g—]) are possible involving thg; and

in Table 1B. Since, along the torsional mode of motion the yx» torsional angles (Scheme 3). As reported in Table 1 and
conformational regions are separated from each other by severashown in Figure 2B the “normaly-turn (¢ ~ 60°, y ~ 300)

tens of degrees (on the idealized surface the separation i} 120
the variations in torsional angles are not considered to be very

denoted ayD-type backbone orientation makes the adoption
of all nine different side-chain structures possible. If this were
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Scheme 4
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Table 3. Ab Initio Backbone Conformations of FarSer-NH and Fort-Ala-NH,

backbone For+-Ser-NH? For+-Ala-NH, av backbone conformational shift
conformation type ¢ P ¢ Y A¢p Ay

yL —-82.2 67.4 —-84.5 67.3 2.3 -0.1
PL —166.0 176.3 —168.3 170.5 2.3 —-5.8
oL —-132.1 30.0 —-128.1 29.8 —4.0 0.2
oL —68.3 —-30.5

oD 57.3 42.3 63.8 32.7 —6.5 9.6
oD —-173.4 —-53.5 —178.6 —44.1 5.2 —-9.4
€D 68.6 —154.7 67.2 —-171.9 1.4 17.2
YD 69.8 —47.9 74.0 —57.4 —4.2 9.5

a Averaged for all stable side-chain conformatioh$he conformational shift calculated between the appropriate backbone conformers of For-

L-Ser-NH and Fort-Ala-NH, molecules.

Table 4. Ab Initio Backbone Conformations of FarSer-NH and Fort-Ala-NH,

dist and angle ranges

H-bond typeP atom acceptératom donor atom X..¥ X... HY¢ X—H-Ye obsd in

A bb/bb o1 N2 1.95+ 0.25 1.95+ 0.25 145+ 10 allyL andyp

B sc/bb o1 03 2.1&-0.30 2.80+0.15 130+ 20 BL(g—g+), oL(g—g-)
yo(g+g-), yp(g+g+)
0p(g—g—), 60(g—g+)
en(g+g—), en(g+a)

C bb/bb 02 N1 2.2t 0.15 2.60+ 0.05 105+ 6 all fu

D sc/bb 02 03 2.2@:0.10 2.65+ 0.10 107+ 3 yL(g+gt), yL(ag-),
oL(ag—), yo(ag-),
ap(ag—)

E sc/bb 03 N1 1.9@-0.15 2.65+ 0.10 137+ 10 yL(g—g-), yL(g—a),
oL(g+4a), aL(g—g-),
aL(g—a)

F sc/bb 03 N2 1.95-0.25 1.95+ 0.25 145+ 10 pL(aa), oo(gt+g—)

op(g+a), en(g+g—)

aFor typical structure see Figure 34.° The hydrogen bond can be observed between backbone/backbone (bb/bb) or side-chain/backbone
(sc/bb) atoms of For-Ser-NH. ¢ For the numbering of the atoms see SchemeéDistances in A¢ Angles in deg.

the case with each and every backbone structynesyp, SL, 1. The relative stability of these structures should be considered
etc.) of Fort-Ser-NH, then 9*9= 81 distinguishable molecular ~ with some caution due to the inherent limitations of the applied
conformers could be computed. In reality, due to unfavorable level of theory (HF/3-21G). The 3-21G basis set is regarded
interactions only 44 out of the above 81 possible molecular as a small but relevant approach to build up the HF wave
conformers exist at the HF/3-21G level of theory (Scheme 4 function of the molecule since our previous finding for ker-
and Figure 2A,B). Since the -type structure is still not among  Ala-NH, revealed semiqualitative similarities between the results
the stable backbone conformers, the 44 geometries are sharedf HF/3-21G and MP2/6-3Ht+G(d,p) computations (c.f. Table
among the remaining eight backbone structures. A total of nine 2 of ref 17b). Furthermore, it should be mentioned that for
yD-, SiX yL-, fL-, €D-, OD-, four ab-, JL-, and threeoL-type For+-Ser-NH the global minimum is the’L[g+g+] and that
ForL-Ser-NH backbone conformers were determined with all L-type structures had relatively low energy contertg.Q
various side-chain conformers. Computed conformational and kcal/mol) compared teL[g+g+]. This is in good agreement
energetic parameters of the stable structures are reported in Tablevith general expectations and with previous ab initio computa-
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Figure 3. Distribution of computed serine diamide conformations on

a double differenceA¢ and AAy) plot.

tions carried out on N- and C-protected Gfy!2 Ala,10-12

Val,1213 gnd Phe4c

Clustering the 44 conformers in the 4D spaice f[¢,v,1,x2])
only 11 conformers have significantly shiftee,{] values.
Conformations that hawg andy values which are significantly
different from the “norm” are sometimes referred to as “ghost”
conformers. The above “ghost” conformers are marked by
in Table 2. By averaging the,y torsional angles, given in
Table 1, of qualitatively similar structures of FoiSer-NH

Perczel et al.

presented in Table 3, with the individual deviations, shown in
Table 2, it is clear that some of the differences have averaged
out. Nevertheless, the data presented in Table 3 are quite useful.
Comparing the averaged backbone structures of Feer-NH

with similar properties of For-Ala-NH; a clear resemblance
was obtained (Table 3). Not considering thevalue of theep
conformer, influenced by twep “ghosts” the structural shift
induced by the modification of the side chain (Ata Ser) is
always smaller than 20 These similarities support our previous
assumptioff@ that the existence and approximate location of
the nine backbone structures is a rather intrinsic feature of
diamide systems, regardless of the side-chain type of the
involved amino acid residue. (Similar resemblance was also
observed when the characteristig,p]-values of the phenyl
substituted alanine diamide, FoiPhe-NH, were compared
with that of the Fon-Ala-NH,.249

Although, the conformational properties of diamide systems
are generally preserved in FotSer-NH, the possibility of
specific side-chain backbone interactions should be mentioned
and discussed in details. The lone-pairs of all three oxygen
atoms (O1, O2 of the amide groups and O3 of the side chain)
have a proton-acceptor character (Scheme 2). Both the amide
protons (NHs) and the “acidic” hydrogen atom of the side-chain
oxygen are potential candidates for the formation of intramo-
lecular hydrogen bonds with the above acceptor atoms. A
maximum of six different hydrogen-bond types-(&) can be
presumed (Figure 4 and Table 4). Two among the six H-bond
types, A and C, are formed between backbone/backbone atoms,
and, therefore, they cannot be amino acid specific. Of these
two (A and C) hydrogen bonded structures the A-type H-bond
is characteristic for both forms gf-turns ¢/L andyp), while
the C-type is associated with the extended-lige) (backbone
structure, which has a five-membered ring hydrogen bond. In
all four remaining hydrogen bonded structures (B, D, E, and F)
a side-chain atom (O or H) is interacting with a backbone atom
(H or O), respectively. These side-chain backbone type
hydrogen bonds are expected to be operative not only in serine
but also in threonine and cysteine containing diamides. Since
in B- and D-type interactions (Figure 4B,D) the OH proton of
the side chain is donated to one of the amide oxygen atoms,

[e.g.,7L(sc),SL(sc)] we have obtained characteristic backbone not less than three torsional angles 1,2 (in B) or ,y1,%2
conformational “locations” on the Ramachandran surface (Table (in D)} should have the appropriate orientation. By contrast,
3 and Figure 2A). Comparing the deviations of the averages in E- and F-type intramolecular H-bond (Figure 4E,F) the side-

(B) 6.[g¢7]

(D)

& [ag]

(€) o [9797]

(F) 8o[g"g7]

Figure 4. The six possible hydrogen bond-types<R) between side-chain backbone or backbone backbone atoms inS@rNH. Only one
example is shown for each type even though there are several conformers listed in Table 4.
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chain oxygen is the proton acceptor, thus only the relative provide a singleL-type diamide orientation. Thus, the existence
orientation of two torsional angles count. These®yg in E- of the conformational building unit of poly proline kL) in
andy .y in F-type side-chain backbone interactions. As shown diamide systems remains an open question.

in Table 4 all the latter four side-chain/backbone interactions  On the other hand, three differemt-type backbone confor-
(B, D, E, and F) could be associated with at least three (or more) mations were obtained in the case of EeBer-NH (aL[g—
different backbone orientations in FoiSer-NH. Therefore, g—], aL[g—al, and a,[ai1a]).

all these intramolecular interactions should be considered as “not  Particular attention was focused on the four different side-
backbone-conformation specific” interactions. Yet all these chain backbone type intramolecular hydrogen bonds (Figure

conformers (A-F) may well occur in protein structures. 3B,D—F). All these hydrogen bonds were previously assigned
. in X-ray determined structures of peptides. Ab initio results
Conclusion confirmed the existence of these interactions in vacuum and

A systematic side-chain conformational energy mapping has démonstrated that for several (more than three) backbone
been performed to determine all possible molecular conforma- conformations the same hydrogen bond pattern can be present.
tions of Fort-Ser-NH. It was shown that the= f(y1,y2) side- .
chain potential energy surface may have nine minima as Acknowledgment. This research was supported_ by grants
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