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Abstract: Replacing the €atoms in the3-amino acid constituents ¢#-peptides by nitrogen atoms leads to
hydrazino peptides. A systematic conformation analysis of blocked hydrazino peptide oligomers of the general
typel at the HF/6-31G*, MP2/6-31G*, and DFT/B3LYP/6-31G* levels of ab initio MO theory and on the
basis of molecular mechanics reveals a wide variety of secondary structures, as for instance various helices
and sheet- and turnlike conformers. Some of them are closely related to secondary structure types found in
pB-peptides; others represent novel types. Thus, a very stable, novel helix with 14-membered hydrogen-bonded
pseudocycles, which occupies a conformation space different from that of helices with 14-membered rings
found among the most stable conformergipeptides, is indicated. The most important secondary structure
elements are characterized by interactions between peptidic NH and CO groups. The additional hydrazino
N*H group takes part in special structuring effects but is of lesser importance for secondary structure formation.
The influence of environmental effects on the existence and stability of the various structure types is discussed.
Due to the wide variety of structural possibilities, hydrazino peptides might be a useful tool for peptide and
protein design.

Introduction demonstrate the formation of stable secondary structures, as for
instance various helix, sheet, and turn types. In particular, helix
formation, which was first observed fpeptides in the 19805,
might be surprising since a higher conformational flexibility
could be expected imB-amino acid oligomers due to the
additional methylene group in each monomer constituent. In
the meantime, the conformation spacepgbeptides has been

There are considerable efforts to improve the pharmacological
properties of natural peptides by structure modification of the
amino acid constituenfsA very important point for the utility
of such modified peptides as peptidomimetics is the realization
of well-defined three-dimensional structures mimicking the
essential features of their natural counterparts. Among the
numerous possibilities of peptide structure alteration, the (3) () Seebach, D.; Overhand, M."Kule, F. N. M.; Martinoni, B.;
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systematically examined by employing quantum chemical and ably prevented more extensive studies in this field. In recent
empirical force field methods illustrating the wide variety of years, these difficulties have been overcome. Now, peptides with
secondary structure possibilities and their peculiarities in relation singlea-hydrazino amino acids are accessibhind even a solid-
to o-peptide structure®:” Extensive molecular dynamics studies phase synthesis for hydrazino peptides by N-electrophilic
describe folding phenomena in these oligonfeiBven in amination has been elaboratéd@hus, a systematic examination
y-peptides, characteristic folding patterns were fofind. of the possibilities of secondary structure formation in hydrazino
In the search for further useful structural variations, the peptides and its peculiarities could be useful. For this purpose,
replacement of the €and & atoms of theB-amino acid we employ quantum chemical and molecular mechanics methods
constituents by heteroatoms could be an attractive extension ofwhich have provided an overview on the conformational aspects

the -peptide concept. In fact, oligomers of aminoxy acids,
which have an oxygen atom instead of thecarbon atom,

in the parenf3-peptides.

exhibit also characteristic elements of secondary structure. TheComputational Methods

most stable one differs from the preferred oneg-jpeptidest?
Another idea might be the introduction of nitrogen atoms for
the @ atoms leading to hydrazino peptides composed of
a-hydrazino acids (BNf—N*H—CH(R)—-COOH). These hy-
drazino peptides, which could be consideregbeazapeptides
derived fromf-peptides, offer a wide variety of possibilities
for structure modifications at®and the two nitrogen atoms of
their constituents in analogy to the well-known azapeptided
peptoid? concepts iru-peptides. Moreover, the additionatN
group might be responsible for novel types of secondary
structure.

There are some natural peptides with singlbydrazino acid

The dihydrazide derivative h(NAC)Gly—NfH—N*“H—Me (I) with
n = 1 derived fromu-hydrazinoacetic acid hGiyH,Nf—N*H—CH,--
COOH, the hydrazino analogue of glycine, and oligomers \miti
2—5 in |, where the—CO—NPH—N®H— structure element replaces
the peptide bond (Ncoupling), were considered in theoretical con-
formational analyses as model compounds for hydrazino peptides. In
a first step, the blocked monomlewith n = 1 was examined to describe
the intrinsic conformation possibilities of the single constituents of
hydrazino peptides and to look for those conformers which might be
suited for the formation of characteristic secondary structures. Even
for n = 1, a systematic investigation of the complete conformational
space characterized by the rotation angte8, andy within a grid of
small angle intervals is rather tedious at a higher level of ab initio MO

constituents, e.g. linatine and negamycin. First attempts of theory. Here, we followed a strategy similar to that already employed

peptide modification byx-hydrazino acids providing bioactive
peptides have been done in the early 1970dowever, the
difficulties to obtain purex-hydrazino enantiomers have prob-
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J.; Lloveras, J.; Subirana, J. Macromolecule4987 20, 62. (c) Navas, J.
J.; Aleman, C.; Mutpz-Guerra, SJ. Org. Chem1996 61, 6849. (d) Lpez-
Carrasquero, F.; GaaAlvarez, M.; Navas, J. J.; AlemaC.; Mufoz-
Guerra, SMacromoleculesl 996 29, 8449. (e) Alema, C.; Navas, J. J.,
Mufioz-Guerra, SBiopolymers1997 41, 721. (f) Garca-Alvares, M.;
Martinez de Barduya, A.; Leg S.; Alema, C.J. Phys. Chenil997, 101,
1A, 4245. (g) Gar@a-Alvarez, M.; Lém, S.; Alema, C.; Campos, J. L.;
Mufoz-Guerra, SMacromoleculed998 31, 124. (h) De llarduya, A. M.;
Alemén, C.; Garta-Alvarez, M.; Lgpez-Carrasquero, F.; Moa-Guerra,

S. Macromoleculesl999 32, 3257.
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J. Am. Chem. S0d.998 120, 8560.
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D.-P.J. Am. Chem. S0d.996 118 9794. (b) Yang, D.; Qu, J.; Li, B.; Ng,
F.-F.; Wang, X.-C.; Cheung, K.-K.; Wang, D.-P., Wu, Y.-D.Am. Chem.
Soc.1999 121, 589. (c) Wu, Y.-D.; Wang, D.-P.; Chan, K. W. K.; Yang,
D. J. Am. Chem. Sod.999 121, 11189.
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in our previous study ormB-peptides® Starting conformations with
values of 180, 120, 60, and® Orespectively, for the central torsion

H,C

(n=1-5)

angle® were selected. Compounds such as hydrazine, 1,2-diformyl-
hydrazine, and N,Ndiacetylhydrazide, respectively, could be consid-
ered as models for the hydrazide part in the hydrazino peptides.
According to several higher level ab initio MO conformation studfes,
these molecules prefer values of abet@0° and, alternatively, 90

for the backbone rotation angle around the NN bond. Therefore, these
values were assigned to the torsion anglen the blocked hydrazino
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peptide monomer. Finally, the torsion anglewas set to values of
180,—120,—-60, 0, 60, and 120 respectively. The above-mentioned
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continuum calculations provide a general idea of the trends of solvent
influence, even if the quantitative aspect of the data should not be

guantum chemical studies indicated a remarkable dependence of theoverestimated. In the Onsager SCRF calculations, the geometries of
pyramidality at the hydrazine/hydrazide nitrogen atoms on the NN the various structures were optimized at the HF/6-31G* level. The
torsion angle. This configuration aspect at both nitrogerfs,(hy- molecular radii necessary for such calculations were determined from
drazino) and N (peptidic), in theo-hydrazino acid constituents deserves the Conolly surfaces on the basis of the HF/6-31G* gas-phase
special attention because of chirality. Thus, a wider variety of geometries. These geometries were also the basis for the single-point
conformers could be realized, even if nitrogen inversion might reduce SCI-PCM calculations, which do not need the molecular radii. An
the importance of such effects. Nevertheless, to obtain the information isodensity value of 0.001 was used in these calculations. Calculations
on the conformers as completely as possible, the two possibilities of in the presence of a solvent were for water with a dielectric constant
pyramidality of the two nitrogen atoms were considered in additional of ¢ = 78.4. The quantum chemical calculations were performed
calculations for eachy(, 6, 1) angle combination. The conformations  employing the Gaussian94 and Gaussian98 software packages (Gaussian
obtained in this way cover the complete conformation (and configu- Inc., Pittsburgh, PA 15106). The molecular mechanics conformation
ration) space of the hydrazino peptide monorheiThey were the search employed the QUANTA97 software (Molecular Simulations,
starting points for complete geometry optimizations at the HF/6-31G* Inc., San Diego, CA 92121).

level of ab initio MO theorny” Numerous studies have shown this level
sufficient to provide a reliable picture of the conformational properties
in peptides'® To get information on a possible influence of correlation
effects arising from the hydrazide structure, the optimizations were o . - - . .
repeated at the MP2/6-31G* and DFT/B3LYP/6-31G* levels of ab initio  POSSibility of cis peptide bonds in hydrazino peptides has been
MO theory"19 The quantum chemical grid search was supplemented examined in a conformational analysis on the backbone fragment
by a complete molecular mechanics conformational search employing Il varying systematicallyy andg for starting values ofo = 0

the CHARMm23.1 force fiel®? with grid intervals of 30 for the and 180, respectively, and considering the alternative pyramidal
backbone torsion angles. Conformers from this search, which were notarrangements at both nitrogen atoms. The calculations indicate
found so far at the HF/6-31G* level, were reoptimized for verification. the trans orientation is distinctly preferred. Thus, all conforma-
Fina"y, conformations with rotation angles of conformers determined t|0n Stud|es are based on th|s Structure_Tab'e 1 informs on the

in unAsu_b’it:_t'u_t(e:c']_' and_s(;ﬁslgtu_tqfcﬁgfmﬁheﬂ mo.g?gers dOf tEengrlEral geometry and stability of 12 conformer families in the dihy-
type Ac (R) (Ry) . ewith Riand R =Han drazidel (n = 1) obtained in the conformation search at the
or Me in our previous study, which were not confirmed for the

hydrazino peptide monomer by the two described procedures, were
also considered in geometry optimizations. All stationary points
estimated at the HF/6-31G* level were characterized by frequency
analyses. Because of the interest in periodic secondary structures, a
systematic HF/6-31G* conformation search for the blocked hydrazino
dipeptide!l (n = 2) was started from grid points witkh = 90° or,
alternatively,—90° and always the same combinationsk0° intervals
between 0 and 18Gor 6 andy in both amino acids. Although starting
from periodic structures, nonperiodic conformers could also be obtained
from this search. HF/6-31G* and DFT/B3LYP/6-31G* geometry
optimizations of hydrazino peptide trimers, tetramers, and pentdmers

with n = 3—5, respectively, were focused on periodic structures as N
they are suggested by the conformers found in the @, ) HF/6-31G* level of ab initio MO theory. The results of the

conformation space of the monomers and dimers (vide infra). Since COrrelation energy methods, MP2/6-31G* and DFT/B3LYP/6-
the results for the various trimer, tetramer, and pentamer structures are31G*, are in good agreement. Thus, only the energy data from
in close agreement, only the data of the pentamers are presented anghese calculations are listed in Table 1. The geometry informa-
discussed. tion is available in Table S1 of the Supporting Information. For
The solvent influence on the secondary structures was estimated byeach conformer in this table, there is an energetically equivalent
employing two quantum chemical continuum models, the Onsager self- mirror image with opposite signs of the values for the torsion
consistent-reaction field (SCRF) and the polarizable continuum model anglesp, 6, andy. The greater diversity of the basic conformer
(SCI-PCM) formalism&! Although peptide and protein structures might types in comparison witis-peptides comes from the above-
essentially be influenced by specific soltlvent interactions, such mentioned possibility of pyramidal alternatives of the two
nitrogens. It is further increased by consideration of the
alternative hydrazine conformers in the terminal hydrazide part

Results and Discussion
Conformation of Dihydrazide | (n = 1). At first, the

H

o© N

N

N CHs

H
11

(17) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JABInitio
Molecular Orbital TheoryJ. Wiley: New York, 1986.
(18) (a) Head-Gordon, T.; Head-Gordon, M.; Frisch, M. J.; Brooks, C.

L., lll; Pople, J. A.J. Am. Chem. S0d.991 113 5989. (b) Blihm, H.-J.;
Brode, S.J. Am. Chem. Sod.991 113 7129. (c) Gould, I. R.; Kollman,
P. A.J. Phys. Chem1992 96, 9255. (d) Rommel-Mble, K.; Hofmann,
H.-J.J. Mol. Struct. (THEOCHEM)993 285 211. (e) Gould, I. R.; Cornell,
W. D.; Hillier, I. H. 3. Am. Chem. S0d.994 116, 9250. (f) Brooks, C. L.,
Ill; Case, D. A.Chem. Re. 1993 93, 2487. (g) Schier, L.; Newton, S.
Q.; Cao, M.; Peeters, A.; Van Alsenoy, C.; Wolinski, K.; Momany, F. A.
J. Am. Chem. S0d993 115 272. (h) Van Alsenoy, C.; Cao, M.; Newton,
S. Q.; Teppe, B.; Perczel, A.; Csizmadia, I. G.; Momany, F. A.;"8ha
L. J. Mol. Struct. (THEOCHEM}.993 286, 149. (i) Frey, R. F.; Coffin, J.;
Newton, S. Q.; Ramek, M.; Cheng, V. K. W.; Momany, F. A.; SehaL.
J. Am. Chem. Sod.992 114, 5369. (j) Endredi, G.; Perczel, A.; Farkas,
O.; McAllister, M. A,; Csonka, G. |.; Ladik, J.; Csizmadia, |. G. Mol.
Struct. (THEOCHEMW997, 391, 15. (k) Mthle, K.; Gussmann, M.; Rost,
A.; Cimiraglia, R.; Hofmann, H.-3J. Phys. Chem1997, 101A 8571.

(19) (a) Becke, A. DJ. Chem. Physl993 98, 5648. (b) Lee, C.; Yang,
W.; Parr, R. GPhys. Re. 1988 37B, 785.

(20) (a) Momany, F. A.; Rone, R. J. Comput. Cheml992 13, 888.
(b) Momany, F. A.; Rone, R. J.; Kunz, H.; Frey, R. F.; Newton, S. Q;
Schder, L. J. Mol. Struct.(THEOCHEM}993 286, 1.

described by the torsion angle. With respect to the central
torsion angled, typical values of about-60, +120, and 180

for gauche, skew, and anti-periplanar conformations are pre-
ferred, with the gauche conformations being favored. The torsion
angleg corresponds to that for hydrazine40°) within a range

of about +30° in most conformer families. As ir- and
[B-peptide monomers, conformers that are characterized by
hydrogen-bonded rings denoted by, Gvhere x means the
number of atoms in the pseudocycle, predominate. The hydrogen-
bonding patterns for the most stable conformer in each family
are indicated in Table 1. They may be considered as part of a
general scheme of hydrogen bond formation in hydrazino
peptide sequences illustrated in Figure 1. The structures of some

(21) (a) Miertus, S.; Scrocco, E.; Tomasi,JJ.Chem. Phys1981 55,
117. (b) Pascual-Ahair, J. L.; Silla, E.; Tomasi, J.; Bonaccorsi, Romput.
Chem.1987, 8, 778.



Table 1. Torsion Angles and Relative Energies of Conformers of Dihydrakifte= 1) Obtained at HF/6-31G*, MP2/6-31G* and DFT/B3LYP/6-31G* Levels of ab Initio MO Theory

AE AR
Conf ¢ © yw @ HF MP2 B3LYP  Typc Conf ¢ © w @ HF MP2 B3LYP  Type
Mila 869 785 200 859 005 00 06 /ﬁ‘\lr \/ﬁ‘\T M7a 588 1027 -1469 867 26 26 30
Mib 862 784 306 -822 03 04 09 ! & M7b -628 1064 -151.7 -734 36 33 38
Mic 868 778 236 1026 51 58 58 T/‘ T/\CH’ M7c 572 1038 1458 -933 70 71 38 ™
H o s H

Mid 868 779 283 1228 52 6.2 5.9 C5>(H1I}) M7d -56.6 1023 -1445 1528 7.3 8.1 7.6

M8a 1197 62.6 -1755 -83.1 32 4.5 4.2
M8b 121.1 62.6 -176.2 827 32 4.6 4.3
M8c 1194 624 -176.7 -112.7 7.4 9.6 8.5

M2a 851 1655 -13.7 -85.0 0.9 1.4 1.3
M2b 851 1627 -253 819 1.2 1.6 1.5
M2c 859 166.6 -168 107.2 5.9 73 6.4
M2d 860 1656 -23.8 -117.9 6.0 73 6.4

M9a 905 553 89.0 -845 3.9 2.4 3.9
M9 -965 589 938 809 4.1 3.2 4.2
M9c -91.9 509 79.1 -151.1 7.6 6.6 7.3

M3a 780 736 159.8 -83.8 1.6 1.8 1.9
M3b 783 730 161.7 846 1.7 1.8 2.0
M3c 780 722 1635 107.2 6.2 7.2 6.5
M3d 779 718 1629 -110.3 6.2 7.4 6.6

M10a -87.0 -841 714 -857 3.8 3.5 4.1
M10b -87.1 -86.0 70.1 106.6 9.1 3.5 4.2

M4a -1131 69.0 185 -86.3 1.9 0.3 0.0°
M4b -1224 794 195 -844 22 1.8 1.8
Mdc -122.6 799 149 80.7 23 1.5 2.0
M4d -1143 683 101 797 2.4 0.7 0.5
Mde -117.1  78.0 23.0 -123.5 5.4 6.0 59
M4f -1199 792 212 1081 5.5 5.6 5.7

Hy

M1l 942 1672 1395 -84.2 6.1 77 6.7

M5a 785 -130.8 427 872 2.0 1.0 —Mda
M5b 795 -1334 546 -76.0 2.9 1.8 —>M4d
M5c 785 -131.6 448 -98.0 6.1 6.0 5.2

M12 103.6 1776 -61.2 -874 114 12.7 11.9 4
M5d 785 -131.8 468 136.1 6.4 6.6 52

Mé6a 815 -171.4 -150.8 83.6 1.7 3.1 2.7
Mé6b 812 -170.2 -1534 -84.7 2.1 32 2.8
M6c 811 -170.2 -154.0 -108.6 6.9 8.8 7.7

2 Energies in kcal/mol, angles in degCy: Hydrogen-bonded cycle witkatoms. H: Basic unit of a periodic structure with hydrogen-bondeduens. Hy: “Mixed” helix. ¢ Er = —563.804 670 au! Er
= —565.445 522 alf Ey = —567.168 126 au.
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Figure 1. Various possibilities of hydrogen bonding in hydrazino peptides for secondary structure formation: (a) hydrogen bonding from a peptidic

NAH group to peptidic CO and other peptidic and hydrazino NH groups; (b) hydrogen bonding from a hydréigodip to peptidic RKH and

CO groups and to other hydrazino“Ml groups.

Mila M3b

M10a

Figure 2. Selected conformers of the hydrazino peptide monomer
with different hydrogen-bonding patterns.

conformers selected from Table 1 are visualized in Figure 2.
Analogy with conformers found if-peptides exists for several
rather stable gand G conformers, e.gM3—M5 andM8, with
forward and backward formation of the hydrogen-bonded rings
between the peptidic/M and CO groups along the sequence.
These G and G rings could be regarded as analogues of the
so-called G conformer in a-peptides, which is the parent
conformation inj3-strands there, and the; Conformer, respec-
tively, a model compound fop-turns in peptides and proteins.
However, some peculiarities in hydrazino peptides arise from
the N*H group, which participates in several types of hydrogen

as proton donor and the preceding peptidic CO group and the
other with the nitrogen atom of this group as proton acceptor
and the peptidic NH of the following amino acid (Table 1,
Figure 2). There are further structures of high stability in Table
1 with such characteristics, which cannot be compared with the
above-mentioned £rings in a-peptides. There are even
conformers showing both the typical peptidic €®IN interac-
tions and the effects involving M, e.g. M3a and M4a.
However, according to our conformation studies on oligomers
of | up ton = 5, the hydrazino NH group is not involved in
hydrogen-bonded rings larger thar. @bviously, geometry
factors generally favor the interactions between peptidic structure
elements in the rings of larger size. The proton donor capability
of the peptidic MH is anyway preferred over that of the*N
group, which could be seen in a comparison of the electron
densities at both nitrogen atoms or the electrostatic potentials
around these groups. Most conformers of Table 1 are confirmed
when considering solvation influence (Table 2). There are,
however, changes of the stability order. Thug,a8Bnformers

of family M4, e.g.M4bs,cs, are now most stable followed by
conformers of familyM2 and only then by conformers of family
M1 with the most stable conformers in vacuo. The torsion angles
estimated for the conformers of famiM4 are supported by
X-ray data obtained for four-peptide derivatives with a single
hydrazino acid constituedt.lt is interesting to find structures

in the conformer pool of the dihydrazidethat represent the
basic units of helical secondary structures with hydrogen-bonded
pseudocycles larger thars@nd G, respectively, although the

bonds (Figure 1). This group may serve as a proton donor to strqctural prerequisites for hydrogen bond formation are not yet
realize hydrogen-bonded cycles of the same size but differentfulfilled at the blocked monomer level (el andM7).7120-e

type in forward and backward directions with peptidic CO
groups, e.g. & Co, etc. As a proton acceptor, hydrogen bonds

Conformation of Oligomers of | (n = 2—5). The monomers
of Table 1 may serve as starting points for estimating the

between the nitrogen atom and the NH groups of peptide bondsformation of periodic and nonperiodic secondary structures in

and other MH groups could be thought of. In fact, the most
stable conformeM1la shows two types of £rings, the one
with backward formation of the hydrogen bond betweetdN

hydrazino peptide oligomers. Obviously, the same and different
Cs conformers can be oligomerized since hydrogen bonding is
realized in forward direction within the same amino acid-1
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Table 2. Torsion Angles and Relative Energies of Conformers of
Dihydrazidel (n = 1) Obtained at the HF/6-31G* Level of the
SCRF Solvation Modél

conf @ 0 P @2 AE type® g)-
Mlas 81.9 83.9 15.3 874 1.0 Cs(HL) :} {

M1bs 81.2 82.6 216 —822 15
M1ics 79.5 85.6 13.5 —1194 1.7

Mlds 794 852 163 1174 1.4 |
M2as 818 1657 —19.3 —849 0.8 G(Hsn) AN
M2bs 824 1629 -251 842 06
M2cs  79.6 1620 -24.7 1119 0.6 </

M2ds  79.6 1618 —27.4 —1250 0.9
M3as 862 721 1556 —82.7 54 G GCs
M3bs 847  71.6 1568  83.3 5.5

M3cs 1303 675 1588 120.6 6.7 =18
M3ds 1344  67.8 156.4 —1158 6.5 LA
M4bs —117.4  96.6 1.9 —854 04 G Cs(He) &\ﬁ@
Mdcs —119.8  92.1 18 83400 N
M4ds —1056  89.6 —10.1 831 1.9

Mdes —117.1  99.0 —3.7 —1320 16

M4fs —-117.1 1001 —50 1042 1.4

M5as  80.9 —1231 364 891 12 £Cs
M5cs 863 —1185 342 —102.8 2.0

M5ds 862 —119.6 367 1344 2.1

M6as  84.3 —1741 —139.2 843 3.0 €

M6bs  84.1 —1741 —140.8 —83.9 3.0

M6cs  87.4 —178.9 —126.1 —107.6 3.6

M7a® —60.3 100.1 —139.1  86.8 3.3

M7bs —63.3 1015 —140.7 -712 41 G(Hw)
M7cs  —63.4 1019 —133.1 —92.7 4.8

M7ds —98.7 771 -88.8 1535 4.0

M8as  129.8 63.4 1752 —-82.0 3.7 G, Cs(Hen)
M8bs 1284 621 1768 820 3.6

M8cs  139.8  63.1 1735 —121.1 3.9

M1ls 1201 1668 1584 —81.6 6.0 G

M12s 1077 —179.9 -786 —86.2 84 G

aEnergies in kcal/mol, angles in deyC« Hydrogen-bonded
pseudocycle withx atoms. H: Basic unit of a periodic structure with
hydrogen-bonded @urns. Hy: “Mixed” helix. ¢ Er = —563.811 617
au.

1 interaction). Examples are given in the Tables 3 and 4, which o
summarize data for a selection of periodic and nonperiodic dimer
(n = 2) and pentamern(= 5) conformers ofl. One of the

periodic H; pentamers can be seen in Figure 3. Such structures He(1-4) Hsao (361 Hiaw 6

are typically sheet- or ladderlike. Even if hydrogen bonding in Figure_ 3. Var_ious periodic secondary structures found for the
Cs pseudocycles dfis organized in backward direction between Nydrazino peptide pentamér

three amino acids (3~ 1 interaction), it can be seen that family M4 (Tables 1 and 2), which have been found to be rather
oligomerization of the same or differentg @ings is always stable in a polar environment. The sheet- or stairlike H
possible keeping all monomer torsion angles. Most interesting pentamer prototype derived from4a is shown in Figure 3. It

of the various H structures are oligomers from the conformer is equivalent to the theoretically predicted and experimentally

Table 3. Torsion Angles and Relative Energies of Selected Periodic and Nonperiodic Minimum Conformations of thd DimeR)
Obtained at the HF/6-31G* Level of ab Initio MO Theéry

conf @ 0 7 AE type conf ) 0 v AE type
D1 83.6 70.3 41.9 0.6 Cuo D6 —95.0 61.7 92.1 5.2 £Cs
70.8 67.4 49.26 (i) 721 65.3 178.8 (10
81.5 87.1
D2 86.3 76.2 22.5 0.7 £Cs D7 —69.0 98.5 —145.6 5.8 G
85.4 75.2 23.7 (H! —65.3 95.9 —131.1 (Ho)
86.1 —68.8
D3 —-117 .7 79.6 22.9 3.1 £Cs D8 98.9 61.9 —128.6 7.7 Go
-125.0 80.5 17.8 C] —92.2 60.1 96.3 (i)
—85.0 81.2
D4 —90.2 —82.2 72.5 3.6 () D9 —83.9 —84.8 67.5 8.7 & GCs
67.0 76.1 137.9 —87.0 -84.2 70.1 (H(N))
—82.5 —86.1
D5 84.9 161.3 —26.1 3.7 G, GCs D10 125.4 —58.6 150.5 14.1 (Hll4)
81.7 162.3  —25.0 (Fsow) 1286  —62.0 147.7
81.9 85.3

a Energies in kcal/mol, angles in deCyx: Hydrogen-bonded pseudocycle witratoms. H: Dimer unit of a helix with hydrogen-bonded,C
turns. Hy: “Mixed” helix. ¢ Er = —825.614 018 au.
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Table 4. Torsion Angles of Selected Minimum Conformations of the Pentdn{ar= 5) Obtained at the HF/6-31G* Level of ab Initio MO
Theory?

conf type @ 0 Y conf type @ 0 P
P1 He 120.6 62.8 —178.2 P2 Hsg —117.9 80.6 20.3
117.3 62.5 —179.8 —120.9 81.6 19.2
116.9 62.2 179.4 —120.8 81.2 19.9
116.8 62.2 —-178.1 —123.3 83.5 15.1
77.4 72.2 156.8 —113.0 69.9 16.7
83.4 —86.4
P3 Hio 83.2 68.5 38.6 P4 Haiz —-71.1 95.1 —139.0
76.6 66.3 68.0 —70.9 91.4 —127 .9
67.0 58.1 62.5 —69.1 90.7 —127 .8
71.1 64.0 57.0 —69.6 91.4 —130 .6
67.9 65.7 47.8 —65.8 94.6 —128 .7
815 —68.9
P5 |-|'14 126.5 —48.6 130.1 P6 HL 84.0 80.7 17.7
134.9 —50.2 137.0 79.5 69.2 28.3
129.5 —43.3 133.2 76.9 70.5 29.4
126.9 —49.9 140.2 72.9 72.1 28.9
131.3 —59.4 152.0 75.8 70.4 34.6
84.5 82.7
P7 Hs) 84.9 161.0 -26.3 P8 He) -84.7 -84.6 69.1
81.7 160.3 —25.8 —85.2 —84.1 70.4
81.7 160.0 —25.5 —85.9 —84.1 71.2
81.6 160.4 —25.5 —85.3 —84.4 69.1
81.7 162.2 —24.8 —86.6 —84.1 69.7
81.9 —85.7
P9 Hioi1 2 76.2 68.2 —109. 2 P10 Ha210 —94.7 61.8 94.5
—93.9 61.0 92.2 77.1 72.2 —118 .3
78.8 73.6 —118.6 —96.7 56.8 93.2
—94.6 49.3 87.0 83.6 71.2 —-121 .1
100.5 57.7 —167.2 —86.8 53.7 87.3
—70.0 —81.9

aAngles in deg® H,: Pentamer of a periodic structure with hydrogen-bondgtu@s. Hy: “Mixed” helix.

Table 5. Relative Energies of Selected Minimum Conformations of the Pentar(rer= 52

type® HF/6-31G* PCM/HF/6-31G*// HF/6-31G* SCRF/HF/6-31@* DFT/B3LYP/6-31G*
He 22.1(14.9) 8.8 19.1 23.9
Hg 11.0 (19.7) 7.3 0.¢ 7.8
Hio 6.2 (10.7) 12.6 8.3 3.8
Hio 14.7 (18.8) 22.3 2.0 9.6
H'14 34.1(19.5) 30.4 17.2 23.5
H24 0.0 (10.2) 0.0¢ 3.3 0.00
Hs) 16.2 (8.9) 8.5 20.2 16.3
Hs(n) 28.7 (10.2) 19.3 28.7 29.5
Hio2 10.9 (1.6) 18.9 20.7 4.3
Hi2110 10.2 (3.9) 21.0 19.0 1.6

2 Energies in kcal/molP H,: Pentamer of a periodic structure with hydrogen-bondetli@s. Hy: “Mixed” helix. ¢ Dipole moments (in Debye)
in parentheses.Dielectric constané = 78.4.¢ Er = —1611.066 470 au.Er = —1611.050 401 aw? Er = —1611.118 572 au' Er = —1620.495 977
au.

confirmed most stable secondary structure in oligomers of only nitrogen atoms are involved in hydrogen bonding. Although
aminoxy acids, which have oxygen instead of therlitrogen these structures are interesting, these two helices are distinctly
in their monomer constituent8 The corresponding $xonform- less stable in comparison to other structures (Table 5) and their
ers have also been predictedArpeptides®P and indicated in existence might, therefore, be improbable. Neverthelegs, C
1-(aminomethyl)cyclopropanecarboxylic acid oligomers, where interactions could be a stabilizing factor in higher oligomers.
both G ring alternatives occtig This is striking when considering the most interesting monomer
Whereas the g£and G oligomers of hydrazino peptides with Cs structure elements, the very stable conforrivta
correspond t@-peptide oligomers, further periodic secondary (Table 1). Oligomerization of this monomer provides a novel
structure types in hydrazino peptides can be derived from all Hi4 helix (Tables 3 and 4, Figure 4), which does not have a
Cs monomer structures. Such structures are impossible in counterpart ir3-peptides. The 14-membered hydrogen-bonded
[-peptides since the hydrazino nitrogen atofris\now involved pseudocycle with a hydrogen bond in forward direction between
in the hydrogen bonds. Thus, oligomerizatiorMZzb andM10a the peptidic NH group of amino acidand the CO group of
leads to the helical structuresdd) and H) (Tables 3 and 4),  amino acidi + 2 can only be formed in the trimer, where the
which are visualized as pentamers in Figure 3. kwjithe structural prerequisites for hydrogen bonding are fulfilled (1
hydrazino nitrogen is employed as proton acceptor and proton—3 interaction, Figure 1), but the conformation is already
donor at the same time, whereas the peptidic nitrogen fulfills present in the monomer and dimer structufddq andD2 in
these functions in kln). The indices 5(N) and 6(N) in the  Tables }3). In comparison to the well-known alternative
symbols for the two special helices denote the size of the in 3-peptided*c42.eSwith torsion angles ofp ~ +15C°, 6 ~
pseudocycles as in all other periodic structures and the fact that+60°, andy ~ +13(°, the novel helix occupies a different
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H]I4 (31) HII; (3.3)

Figure 4. Stereoview of the two hydrazino peptide helix alternatives) &hd H4", with 14-membered hydrogen-bonded pseudocycles.

conformation space indicated by torsion anglegof +80°, — 2 interaction; cf. Figure 1). The tdhelix proves to be very

0 ~ +70°, andy ~ £30°. Here, the torsion angle is close to stable in the higher oligomers, too (Tables 4 and 5, Figure 3).
the ideal hydrazine rotation angle. It could be interesting to look Obviously, H4 and Hy helices can principally be formed in
for the Hi4 structure alternative of thé-peptides in hydrazino  two independent conformational regions in hydrazino peptides
peptides. The basic conformer is not among the monomers ofand -peptides. Whether the two helix types appear in both
Table 1 but can be indicated at the dimer lev2lQ in Table regions depends on the actual structure. Thus, the two different
3). It is maintained in all higher oligomers (Table 4). In the Ha4 helices, H4 and H4', can be seen in hydrazino peptides
following paragraphs, thg-peptide-like H, conformer and the but only one of them ifB-peptides (H4). The Hyp helix is only
novel Hi4 helix in hydrazino peptides are denoted by,'tand indicated in one conformational region, which is the same in
Hi4', respectively. Figure 4 visualizes these two important helix -peptides and hydrazino peptides and involves also thé H
types in a stereoview. Whereas the/Helix belongs to the helix. Hig helices in the other conformation space change into
most stable secondary structuresfipeptides, its stability is the corresponding H' helix there. Another helix type found in
remarkably lower in hydrazino peptides (Tables 3 and 5). The S-peptides exhibits & rings formed in backward direction
main reason for this seems to be the considerable deviation ofbetween peptidic CO and NH groups of the amino aciéts2

the rotation anglep from the optimum value for hydrazine- andi (3— 1 interaction; cf. Figure 132¢9"The basic conformer
like conformers. In thg8-peptide H4' helix, this angle is closer  for this Hy2 helix is among the hydrazino peptide monomers of
to that of the s-trans arrangement of hydrazine. A search for Table 1 M7b), although the prerequisites for hydrogen bond
the novel helix type Hy' in B-peptides was not successful. formation are only fulfilled at the dimer leveD{ in Table 3).
Starting the optimization of #-peptide sequence from the The Hi; pentamer helix is shown in Figure 3.

corresponding rotation angles provides a periodig t&lix in All characteristic helix types for the hydrazino peptides are
this conformation space, which has already been obtained as aonfirmed at the B3LYP/6-31G* level of DFT theory. The DFT
rather stable conformer in our systematic conformation searchgeometry data are available in the Tables S2 and S3 of the
in B-peptides’® The reduction of the size of the hydrogen- Supporting Information. According to both approximations, the
membered pseudocycle is caused by steric effects arising fromnovel H4' helix is most stable followed by 14, Hs, and H>

one of the hydrogens at thef Gtoms of theB-amino acid (Table 5). The energy data in Table 5 show a considerable
constituents. This ki helix with hydrogen-bonded cycles in  influence of a polar medium. Helix ' remains rather stable,
forward direction between the peptidic NH group of amino acid Hg gains considerable stability, but the stability of thg Helix

i and the CO group of amino acict 1 appears in hydrazino  decreases such asfimeptides as suggested by the smaller helix
peptides at the dimer leveD( in Table 3), where the structural  dipole moment due to a less parallelity of the hydrogen bonds
prerequisites for the hydrogen bond formation are fulfilled (1 to the helix axis (Table 5). The energy data provided by the
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Figure 6. Hydrazino peptide & turn in the dimer minimum
conformationD4 (cf. Table 3).

of turns with the hydrogen bonds in forward (1 — 2
interaction) and backward (& 3 — 1 interaction) directions.
Figure 6 shows the blocked nonperiodic dimed, which
belongs to the most stable dimer conformers (Table 3), as a
representative example for a hydrazino peptide turn with@a C
ring. Recently, such g turn structures were experimentally
found in tripeptides of 1-(aminomethyl)cyclohexanecarboxylic
acid3fi

Conclusions

two solvation models, SCRF and SEPCM, are contradictory The conformation analyses on hydrazino peptide oligomers
and might only be considered as a qualitative trend estimation sShow a wide variety of secondary structure elements, as for
of solvent influence. In any case, both models indicate consider-instance various helices and sheet- and turnlike structures.
able stability differences between the corresponding helices in Whereas some of them correspond to secondary structure types
S-peptide and hydrazino peptide models. In particular, the found injS-peptides, others represent novel types. Most interest-
preference of the H' helix in -peptides cannot be confirmed  ing is a very stable helix with 14-membered hydrogen-bonded
in hydrazino peptides, which distinctly prefer thejHalternative ~ pseudocycles located in a conformation space different from
with a proper hydrazine rotation angle. This helix competes with that of helices with 14-membered rings found among the most
the periodic H conformer in a polar environment, which is the ~ stable conformers ifi-peptides. Secondary structure formation
most stable secondary structure type in oligomers of aminoxy in hydrazino peptides is determined by the peptidic NH and
acidsl All conformation data indicate a great influence of the CO groups. The hydrazino M group takes part in some
hydrazine structure element on the type and stability of Structuring effects, but its importance for secondary structure

Hl2/]0

HI()/IZ

Figure 5. “Mixed” helix alternatives in the hydrazino peptide pentamer
| with alternating Go and G hydrogen-bonded rings.

hydrazino peptide secondary structures.
An unusual “mixed” helix type with alternating;gand Go
rings has been found ifi-peptidesi®7>cSuch mixed helices,

formation is distinctly smaller. The wide variety of well-defined
secondary structure types and the considerable potential for
structural modification make hydrazino peptides a useful tool

for which basic conformers can be recognized among the for peptide and protein design.

monomers in Table 1M9), are also predicted for hydrazino

peptides. The geometry and energy data for the correspondingSC

dimer O6, D8) and pentamerR9, P10 alternatives are given
in the Tables 3-5. Figure 5 visualizes this helix type for the
two alternatives with @/Ci2 and Go/Cyo orders of the
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pseudocycles. In a polar environment, these helices should be Supporting Information Available: Tables of the torsion
disadvantaged in comparison to the periodic helices because ofangles in various conformers of the blocked hydrazino peptide
compensating effects on the helix polarity due to the opposite monomerl (n = 1) estimated at the MP2/6-31G* and DFT/
directions of the hydrogen bonds in the alternating pseudocyclesB3LYP/6-31G* levels and of the blocked hydrazino peptide

(cf. dipole moments in Table 5).

pentamet (n = 5) at the SCRF/HF/6-31G* and DFT/B3LYP/

Amino acid dimers are of particular importance, since they 6-31G* levels (PDF). This material is available free of charge
are able to induce turn structures, which are necessary to revers#ia the Internet at http:/pubs.acs.org.
the direction of a sequence. Such reverse turns can be realizquA001066X

on the basis of periodic and nonperiodic structures. Most of

the well-knowng-turns ina-peptides exhibit a ¢ ring with a
hydrogen bond in backward direction from the NH group of
amino acidi + 3 to the CO group of amino acid(4 — 1
interaction)?? Blocked hydrazino peptide anftipeptide dimers
possess the structural prerequisites feg lilit also for G, ring
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