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B.y-Helix a-Helix

o,y- andp,y-hybrid peptides, which are composed of two different homologous amino acid constituents

in alternate order, are suggested as novel classes of peptide foldamers. On the basis of a systematic
conformational search employing the methods of ab initio MO theory, the possibilities for the formation

of periodic secondary structures in these systems are described. The conformational analysis provides a
great number of helix conformers widely differing in energy, which can be arranged into three groups:

() helices with all hydrogen bonds formed in forward direction along the sequence, (ii) helices with all
hydrogen bonds in backward direction, and (iii) helices with alternate hydrogen-bond directions (mixed
or B-helices). Most stable are representativeg-tfelices, but their stability decreases considerably in
more polar environments in comparison to helix conformers from the other two classes. There is a great
similarity between the overall topology of the most stable hybrid peptide helices and typical helices of
peptides which are exclusively composed of a single type of homologous amino acids. Thus, the helices
of the f3,y-hybrid peptides mimic perfectly those of the natixgpeptides as, for instance, the well-
known a-helix, whereas the most stable helix conformersipf-hybrid peptides correspond well to the
overall structure of-peptide helices. The two suggested novel hybrid peptide classes expand considerably
the pool of peptide foldamers and may be promising tools in peptide design and in material sciences.

Introduction supported by the fact that peptides modified in this way or
peptides which are even exclusively composed of homologous
amino acids are resistant against proteases and show biological
activity.2 Moreover, peptide foldamers might also be interesting

€or material sciences due to structural similarities to synthetic

The wide variety of characteristic secondary structure ele-
ments, which have been found in oligomers of homologdus
y-, andd-amino acids over the past decade, make these peptid
foldamers attractive from several points of viév@bviously,
these_structure_s are able to mimic typical sgcondary structures (1) (a) Seebach. D.: Matthews, J. L Chem. Soc.. Chem. Commun.
of nativea-peptides and proteins such as heli¢gesirands, and 1997,21, 2015. (b) Gellman, S. HAcc. Chem. Resl998,31, 173. (c)
reverse turns. Therefore, homologous amino acids might beBarron, A. E.; Zuckermann, R. NCurr. Opin. Chem. Biol1999,3, 681.
useful tools in peptide and protein structure design to improve (d) Hill, D. J.; Mio, M. J.; Prince, R. B.; Hughes, T. S.; Moore, JChem.

. - . . . . Rev.2001,101, 3893. (e) Cheng, R. P.; Gellman, S. H.; DeGrado, W. F.
and to optimize peptide and protein properties. This strategy is ~pam Re,2001,101, 3219. () Martinek, T. A.; Fiop, F. Eur. J. Biochem.

2003,270, 3657. (g) Seebach, D.; Beck, A. K.; Bierbaum, DChem.
*To whom correspondence should be addressed. Fe19-341-9736705. Biodi». 2004,1, 1111. (h) Cheng, R. Eurr. Opin. Struct. Biol2004,14,
Fax: +49-341-9736998. 512.
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FIGURE 1. Schematic comparison between the dimeric unitetgf-hybrid peptides (1) ang-peptides (2) and between a dimeric unit of a
B.y-hybrid peptide (3) and aa-tripeptide unit (4).

fibers and as novel scaffolds for nanotechnolégif-3iParallel attention to two further promising classes of hybrid peptides.
to the considerable synthetic efforts in the field of peptide One is composed af- andy-amino acid constituents, and the
foldamers, which were accompanied by comprehensive struc-other consists of- andy-amino acid constituents in alternate
tural analyses, secondary structure formation in these compound®order. Apart from the general interest in the possibilities of
was also examined employing the methods of ab initio MO secondary structure formation in these novel hybrid peptides,
theory. On the basis of theoretical calculations, it was possible another important structural aspect emerges. Contrary to alter-
to obtain a complete overview on the characteristic secondary natinga,S-hybrid peptides, special secondary structure elements
structure elements in several classes of peptide foldamers asin the alternatingx,y- andg,y-hybrid peptides should exhibit
for instance, in-, y-, -, aminoxy, and hydrazino peptidés.  close relationships to typical secondary structure elements of
The most stable structures determined by the theoreticala- and S-peptides as a comparison of the backbones shows
calculations are in excellent agreement with the typical second- (Figure 1)%
ary structures found in experimental structure analyses. In some Referring to the aforementioned reliability of ab initio MO
cases, novel and unusual folding patterns were predfétéd,  theory to correctly describe the preferred conformers in numer-
which could be confirmed by experimental studies after- ous foldamer classes, we give a complete overview on the
ward?# formation of periodic secondary structures and their stabilities
Recently, the pool of peptide foldamers was expanded by in the novela,y- and 3,y-hybrid peptides on the basis of a
hybrid peptides consisting @f- and-amino acid monomers.  comprehensive conformational search. The focus is in particular
Thus, the insertion of two consecutigeamino acid constituents  on the similarities between secondary structure elements in the
into an a-helix could be accomplished without significant two hybrid peptide classes and those in sequences aind
structure distortiof? Of particular interest arex,-hybrid B-peptides illustrated in Figure 1. The suggestions of this study
peptides composed of alternately changin@nds-amino acid expand the field of foldamers and may stimulate the synthesis
constituent$?~¢NMR studies provide convincing hints for the  of peptide sequences withamino acids, which is still in its
formation of special helix types in this novel foldamer class, initial phase’
but detailed geometry data are still missing. Here, we turn our

(4) (a) Gademann, K.; Hane, A.; Rueping, M.; Jaun, B.; Seebach, D.
Angew. Chem., Int. EQ003,42, 1534. (b) Salaun, A.; Potel, M.; Roisnel,
T.; Gall, P.; Le Grel, PJ. Org. Chem2005,70, 6499. (c) Vasudev, P. G.;
Shamala, N.; Ananda, K.; Balaram, Rngew. Chem., Int. EQ®005, 44,

(2) (a) Seebach, D.; Abele, S.; Schreiber, J. V.; Martinoni, B.; Nussbaum,
A. K.; Schild, H.; Schulz, H.; Hennecke, H.; Woessner, R.; Bitscig#mia
1998,52, 734. (b) Werder, M.; Hauser, H.; Abele, S.; Seebachié&lv.

Chim. Actal1999, 82, 1774. (c) Gademann, K.; Ernst, M.; Hoyer, D.;
Seebach, DAngew. Chem1999,111, 1302. (d) Arvidsson, P. |.; Ryder,
N. S.; Weiss, H. M.; Hook, D. F.; Escalante, J.; SeebaclGliem. Biodiv.
2005, 2, 401. (e) Porter, E. A.; Wang, X. F.; Lee, H. S.; Weisblum, B.;
Gellman, S. H.Nature (London)2000, 404, 565. (f) Schmitt, M. A,;
Weisblum, B.; Gellman, S. HJ. Am. Chem. SoQ004, 126, 6848. (g)
Sadowsky, J. D.; Schmitt, M. A.; Lee, H.-S.; Umezawa, N.; Wang, S.;
Tomita, Y.; Gellman, S. HJ. Am. Chem. So2005,127, 11966.

(3) (@) Wu, Y.-D.; Wang, D.-PJ. Am. Chem. S0d 998,120, 13485.
(b) Wu, Y.-D.; Wang, D.-PJ. Am. Chem. S0d999 121, 9352. (c) Zanuy,
D.; Alemén, C.; Mufioz-Guerra, $at. J. Biol. Macromol.1990,23, 175.
(d) Méhle, K.; Hofmann, H.-JJ. Pept. Res1998,51, 19. (e) Mdhle, K.;
Gunther, R.; Thormann, M.; Sewald, N.; Hofmann, HBibpolymersl1 999,
50, 167. (f) Gunther, R.; Hofmann, H.Helv. Chim. Acta2002,85, 2149.
(g) Baldauf, C.; Gunther, R.; Hofmann, H.Helv. Chim. Acta2003, 86,
2573. (h) Baldauf, C.; Gunther, R.; Hofmann, H.3J.0Org. Chem2004,
69, 6214. (i) Baldauf, C.; Gunther, R.; Hofmann, HJJOrg. Chem2005
70, 5351. (j) Baldauf, C.; Gunther, R.; Hofmann, HAhgew. Chem., Int.
Ed. 2004,43, 1594. (k) Glnther, R.; Hofmann, H.-J. Am. Chem. Soc.
2001,123, 247. () Beke, T.; Csizmadia, |. G.; Perczel JAComput. Chem.
2004,25, 285.

4972.

(5) (@) Roy, R. S.; Karle, I. L.; Raghothama, S.; BalaranmRRc. Natl.
Acad. Sci. U.S.A2004 101, 16478. (b) Hayen, A.; Schmitt, M. A.; Ngassa,
F. N.; Thomasson, K. A.; Gellman, S. Angew. Chem., Int. EQ004,43,
505. (c) De Pol, S.; Zorn, C.; Klein, C. D.; Zerbe, O.; Reiser ADgew.
Chem., Int. Ed.2004, 43, 511. (d) Sharma, G. V. M.; Nagendar, P.;
Jayaprakash, P.; Krishna, P. R.; Ramakrishna, K. V. S.; Kunwar, A. C.
Angew. Chem., Int. EQ005,44, 5878.

(6) (a) Banerjee, A.; Balaram, Burr. Sci.1997,73, 1067. (b) Karle, I.
L.; Pramanik, A.; Banerjee, A.; Bhattacharjya, S.; Balarand. Rm. Chem.
So0c.1997 119 9087. (c) Aravinda, S.; Ananda, K.; Shamala, N.; Balaram,
P.Chem.—Eur. J2003,9, 4789. (d) Roy, R. S.; Balaram, P.. Pept. Res.
2004,63, 279.

(7) (a) Rydon, H. NJ. Chem. Sod 964 1328. (b) Dado, G. P.; Gellman,
S. H. J. Am. Chem. Socdl994, 116, 1054. (c) Hanessian, S.; Luo, X.;
Schaum, R.; Michnick, SI. Am. Chem. So&998 120, 8569. (d) Hanessian,
S.; Luo, X. H.; Schaum, RTetrahedron Lett1999,40, 4925. (e) Brenner,
M.; Seebach, DHelv. Chim. Actal999 82, 2365. (f) Brenner, M.; Seebach,
D. Helv. Chim. Acta2001,84, 2155. (g) Brenner, M.; Seebach, Belv.
Chim. Acta2001,84, 1181. (h) Seebach, D.; Brenner, M.; Rueping, M.;
Jaun, B.Chem.—Eur. J2002,8, 573.
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FIGURE 2. Possible hydrogen-bonding patterns for helices of hybrid peptides: (a) with exclusively forward or backward directions of the hydrogen
bonds; (b) with hydrogen bonds alternately changing their directions £ntoi-amino acidn/m = 2:-amino acidn/m = 3:y-amino acid).

TABLE 1. Formal Possibilities of Hydrogen-Bonded Helices in

Methodology aly- and Bly-Hybrid Peptides

A look at the sequences of.y- and,y-hybrid peptides shows relative positions type of alternating
three formal possibilities for periodic secondary structures with  of interacting interacting ~ hybrid pseudocycles helix
hydrogen-bonding interactions between non-nearest neighbor pep- aminoacidd  amino acid3® peptide CJC,¢ notation
tide bonds (Figure 2): (i) helices with all hydrogen bonds oriented 1—a a—yly—a. ay C14/Cio His
in a backward direction along the sequence (Figure 2a), (ii) helices B—vly—P By C19/Ci3 His
with all hydrogen bonds oriented in a forward direction of the 1-5 a—aly—y a,y C17/Cis Hi71s
sequence (Figure 2a), and (iii) helices with the hydrogen-bond B—Bly—y By C1g/Ca7 Hignz
directions alternately changing in backward and forward directions 16 a—yly—a a,y C20/Ca0 Hzo
which are sometimes named “mixed” Bthelices (Figure 2bY:8 B—yly—p By C2Ca2 Hzz

Due to the alternation of two different homologous amino acids, 1—2 a—yly—a oy C10/C1o Hio
the periodicity of helices in hybrid peptides appears a priori at the B—yly—p By C1/Ci1 Hi1
level of dipeptide units. Contrary to this, the helices of homooli- 1—3 a—aly—y o,y C19/Cis Hisns
gomers show the periodicity already at the monomer level provided p—ply—y By C15/Cis Hisne
that all hydrogen bonds are formed in the same direction. In this 1—4 a—yly—a a,y C1g/C1s His
case, the corresponding backbone torsion angles of each amino acid B—yly—B By C20/Ca0 Hzo
constituent have the same values. 1-5 O‘:OUV:V a.y Co1/Cos Haui2s

For each of the three basic helix types of the hybrid peptides, ;| ¢ ﬁ _,ﬁ/;’__’(’x g v 82;/825 :24’25
two alternative helical hydrogen-bonding patterns are possible. ﬁ_,y/y_, Y 26 226 2

. ) N - yly—p By Co9/Cog Hag

Table 1 provides an overview on all formal possibilities of helices
with hydrogen bonding between non-nearest neighbor peptide bonds ~ 1—2/1—4 a—yla—y ay C10/Ca2 Hionz
in only forward, only backward, and alternating forward and yaly—a oy C12/Cao Hi210
backward directions along the sequence up to interactions between B=yIp—y By C1/Cis Hiu1s
amino acids in the positiorisandi + 5. In the simplest helices 41— v—Bly—h By Cid/Cu Hians

. . . . > ~ 0."}//&‘*}/ a,y C18/C20 H18l20
with only backward hydrogen-bond orientations (see Figure 2a), y— 0y ay Coo/Cus Hoo/1s
the hydrogen bonds are formed either by<1 4 amino acid B—vIp—y By Cod/Cos Hao/2
interactions between the two different homologous amino aaifs ( y—Bly—p By C22/Cao Ha2120

and y/o. or Bly and y/f) or by 1-— 5 amino acid interactions
between the same homologous amino acid constituetits gnd
yly or BIf andyly). In the first case, the alternating pseudocycles
have the same size, but are structurally different; in the second
case, the hydrogen-bonded rings resulting from the interactions A comparable situation exists for the two hydrogen-bonding patterns
between the same amino acid types are of different size (Table 1).of helices with a forward orientation of all hydrogen bonds (see
Figure 2a). Now, the first helix type is realized by 2 amino

(8) (@) Ramachandran, G. N.; ChandrasekarannBan J. Biochem. acid interactions between different homologous amino acid types
Biophys.1972,9, 1. (b) De Santis, P.; Morosetti, S.; Rizzo, Racromol- (a/y andyla or Bly andy/f). Although structurally different, the
ecules1974,7, 52. (c) Seebach, D.; Gademann, K.; Schreiber, J. V.. ajternating pseudocycles have again the same size. The alternative

Matthews, J. L.; Hintermann, T.; Jaun, Belv. Chim. Actal997,80, 2033. : ; ; ; ;
(d) Gademann, K.; Hintermann, T.; SchreiberCiirr. Med. Chem1999, hydrogen bonding pattern is characterized by-13 amino acid

a—: forward direction=—: backward direction of the hydrogen bonds.
ba: a-amino acid,8: B-amino acid.y: y-amino acidfx,y: number of
atoms in the alternating hydrogen-bonded pseudocycles.

6, 905. (e) Navarro, E. Tejero, R.; Fenude, E.; Celda&BiBpolymer2001, interactions between the same homologoqs amino acid types (/e
59, 110. (f) Navarro, E.; Fenude, E.; CeldaBopolymers2004,73, 229. andy/y or fif andyly) leading to alternating rings of different
(9) Baldauf, C.; Gunther, R.; Hofmann, H. Biopolymers2005,80, 675. size (Table 1).
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The mixed orfS-helices show some peculiarities. Here, the optimization. Correlation effects on the structure were estimated
periodicity appears a priori at the dipeptide level even in sequencesby reoptimization of the HF/6-31G* conformers at the B3LYP/6-
consisting exclusively of the same homologous amino acid con- 31G* level of density functional theory (DFT). For an estimation
stituents. Corresponding to this, the alternating hydrogen-bondedof the influence of an aqueous environment (dielectric constant
rings always have a different size and the hydrogen-bond directions= 78.4), single-point calculations on the HF/6-31G* conformers
alternate. The characteristic hydrogen-bonding patterns of the twowere performed employing a polarizable continuum model (integral
mixed helix alternatives in hybrid peptides represent a combination equation formalism for isotropic solvents: IEFPCM//HF/6-31&).
of the above-mentioned amino acid interactions between the Cavitation!'2dispersion, and repulsion enerdi@sare included in
different homologous amino acids in backward and forward the solvation energies. All quantum chemical calculations were
directions along the sequence (Figure 2b). The backward orienta-performed employing the Gaussian03 and Gamess-US program
tions result from 1— 4 amino acid interactionsx(y or y/a and packageg?

Bly or yIB) and the forward orientations from-* 2 interactions

(aly or ylo. and Bly or yIB)). It is important to note that the  Reasults and Discussion

combination ofa/y (f/y) interactions in backward direction with

ylo (y/B) interactions in forward direction generates a mixed helix Basic Helix Types ina,y- and f3,y-Hybrid Peptides. Our
different from that obtained from the combination pfo (y/f) systematic conformational search in both hybrid peptide classes
interactions in backward direction wiitt/y (/y) interactions in  provided numerous representatives for helices with exclusively

forward direction, even if_the size of th_e correspon_ding aI@ernating forward or backward directions of the hydrogen bonds and
hydrogen-bonded rings is the same in the tf+belices (Figure mixed helices. In thex,y-hybrid peptides, 47 out of the 88

2b, Table 1). The detailed description given here concerns helices . . . - .
with the smallest possible sizes of hydrogen-bonded rings formed Starting conformations and in tiigy-hybrid peptides 54 out of

by non-nearest neighbor peptide bond interactions. Increasingthe 94 starting conformations kept the periodic hydrogen
systematically the sequence distances between the interacting amin®onding patterns after geometry optimization. Comparing with
acids leads to hydrogen-bonding patterns with still larger pseudocy- the formally possible hydrogen-bonding patterns of Table 1,
cles. all helix types were confirmed with exception ofid4idsin the

Our conformational search for all periodic secondary structures a,y-hybrid peptide series. Frequently, the same hydrogen-
in a,y- and B,y-hybrid peptides followed strategies already bonding pattern (Figure 2) can be realized by different backbone
employed for other peptide foldamé#s] Although it is known conformations. Thus, six conformers for the mixed helix type
that a rigidification of the backbone by substituents or cyclization .. - and seven conformers for the mixed helix typesyH
may favor secondary structure formation, we performed our studiesWere found ino,y-peptides. For the helix typesibaand Hazo

on blocked peptide octamers with unsubstituted backbones. A, the 3,y-hybrid peptides there exist even 10 and 9 conforma-

special substitution pattern would enforce the folding into one or . . . . . .
only few special secondary structure elements. Thus, the informationt'onal alternatives, respectively. The various folding alternatives

on all principal folding patterns of the peptide backbones, which for the same hydrogen-bonding pattern are denoted by super-
we want to obtain, gets lost. There are some further advantages ofSCript Roman figures at the helix symbol in the order of
our strategy. The greater number of folding alternatives, which we decreasing stability (see the Supporting Information). The HF/
can expect from our general conformational search, opens up the6-31G* backbone torsion angles of the most stable representative
possibility for a synthetic chemist to think about special substitution of each helix type in Table 1 are listed in Tables 2 and 3. The
patterns to favor the one or the other helix type. Finally, th_e pool corresponding B3LYP/6-31G* data are given as Supporting
of all helix conformers represents a good support for experimental |nformation. The structures of all 101 helix octamers are stored
Strudc.t”rel anf‘ly?s Orf] these pe%t'des'.ﬂ;lus' Né\(IR gata fmay 'Min pdb files (see the Supporting Information). As already
mediately related to the varlou_st eorgtlca y predicted conformers. confirmed by numerous studies on other foldamer classes, only
In the case of thew,y-hybrid peptides, a pool of 1741824 o ot stable backbone-folding patterns have a chance to be

ggg(ci)r&aetlct)g;izl)vnasang;ggzltj)edofb)t/hs OLS_ ysatrt]e(;n zlg %/?pn)ag?r][hgf the realized. From a dynamic point of view, most of the 101 helix

y-amino acid constituents in blocked octamers in intervals 6f 30
considering the dipeptide periodicity (Figure 1). On the basis of  (10) (a) Miertus, S.; Scrocco, E.; TomasiChem. Phys1981,55, 117.
general geometry criteria for hydrogen bonds, all conformations %’;J&T"ﬁ". #gz:;si'cgj '\g‘:r’n“ Eﬁislfé’;é9{‘69203;92(30)((';’)'9_?8;?5'5 BJﬁ
fulfilling the_ described hydrogen-bondlng_patterns were selt_ected Cammi: R.;'Mennucc':i, B.; Cappelli, C.; Corﬁi,sh'ys. Chem. Chem. F"hy's.
(Table 1, Figure 2). This procedure provided 88 conformations, 2002, 4, 5697.

which were starting points for complete geometry optimizations at  (11) (a) Pierotti, R. AChem. Re:1976,76, 717. (b) Floris, F.; Tomasi,
the HF/6-31G* level of ab initio MO theory. The 6-31G* basis set J.J. Comput. Chenl 989,10, 616.

has proved to be of sufficient reliability for the description of peptide _ (12) (&) Gaussian 03, Revision C.02: Frisch, M. J.; Trucks, G. W,
structures. In the larger alternating,y-hybrid peptide octamers, ~ Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; J. A.

. K Montgomery, J.; Vreven, T.; Kudin, K. N.; Burant, J. C.; Millam, J. M.;
the backbone torsion anglgsandz of both homologous amino lyengar, S. S.; Tomasi, J.; Barone, V.; Mennucci, B.; Cossi, M.; Scalmani,

acid constituents were also varied in steps of, 3t the torsion G.; Rega, N.; Petersson, G. A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota,
anglesd and ¢ in 60° intervals. From the resulting 2612736  K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao,
conformations, 94 starting conformations were selected for geometry O.; Nakai, H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross, J.
B.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.;
Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.;
(9) (a) Head-Gordon, T.; Head-Gordon, M.; Frisch, M. J.; Brooks, C. Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski,
L., lll; Pople, J. A.J. Am. Chem. S0d.991,113, 5989. (b) Ramek, M.; V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D.
Cheng, V. K. W.; Frey, R. F.; Newton, S. Q.; Schéafer, THEOCHEM K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui,
1991, 81, 1. (c) Béhm, H.-J.; Brode, S. Am. Chem. Sod991, 113 7129. Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G;
(d) Frey, R. F.; Coffin, J.; Newton, S. Q.; Ramek, M.; Cheng, V. K. W.;  Liashenko, A.; Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith,
Momany, F. A.; Schéfer, LJ. Am. Chem. S04992,114, 5369. (e) Gould, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.;
I. R.; Kollmann, P. AJ. Phys. Cheml992,96, 9255. (f) Rommel-Md&hle, Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople,

K.; Hofmann, H.-J. THEOCHEM 1993, 285, 211. (g) Aleman, C,; J. A. Gaussian Inc., Wallingford CT, 2004. (b) (27 JUN 2005 R2) Schmidt,
Casanovas, J. Chem. Soc., Perkin Trans.1®94, 563. (h) Endredi, G.; M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T.; Gordon, M. S.; Jensen,
Perczel, A.; Farkas, O.; McAllister, M. A.; Csonka, G. I.; Ladik, J.; J.H.; Koseki, S.; Matsunaga, N.; Nguyen, K. A.; Su, S. J.; Windus, T. L.;
Csizmadia, I. GTHEOCHEM1997,391, 15. Dupuis, M.; Montgomery, J. AJ. Comput. Cheml993,14, 1347.
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TABLE 2. Backbone Torsion Angle$ of the Most Stable Helices of Alternatinga,y-Hybrid Peptide Octamers at the HF/6-31G* Level of ab
Initio MO Theory

helix? ¢ 0 3 P helix® ¢ 0 5 "
Had —127.6 25.0 Had 99.9 221
66.9 25.8 44.7 47.3 69.6 64.7 ~153.4 ~124.8
92.9 137.9 79.1 17.2
107.9 —53.4 75.8 61.2 78.4 55.4 1744  —1525
100.3 137.9 87.6 -772
105.7 ~53.6 78.8 64.2 ~142.1 66.6 178.8 176.2
80.5 177.2 89.2 —62.8
98.0 48.0 48.8 102.7 ~155.3 66.8 175.1 162.4
Hig 96.5 146.3 Hio? 141.9 -38.2
71.4 175.2 174.1 108.3 -88.9 75.2 ~75.6 160.1
85.3 -7238 128.3 -42.8
-84.3 -177.8 177.1 107.3 -88.8 76.5 -76.1 159.5
73.3 45.9 127.7 —42.3
~132.9 ~145.8 67.3 78.6 -88.8 76.6 ~76.1 159.6
93.6 ~170.2 129.0 —44.8
82.0 ~176.5 70.5 103.9 -87.9 73.2 ~78.0 159.6
Hau2d ~123.7 29.5 Hizd 715 ~147.8
74.1 ~1795 -773 149.9 —64.8 -33.0 —47.8 130.2
86.5 —60.4 67.3 ~147.6
83.1 ~179.9 —68.5 160.8 —65.6 ~32.4 —47.9 128.7
86.6 —66.3 67.1 ~147.8
118.3 179.3 ~66.6 138.4 —65.3 -323 -48.1 129.3
~127.1 36.3 67.2 ~148.2
81.9 ~1755 —68.3 161.7 —635 -338 —49.7 139.8
Hod ~158.5 168.5 Hisi2d 85.2 —67.2
77.8 175.8 1725 77.4 -945 64.9 ~168.0 ~131.6
85.1 ~718 87.2 ~60.4
-88.1 178.9 174.1 155.8 ~123.6 60.9 -98.6 162.0
75.8 26.9 152.9 ~151.1
91.0 ~1737 ~179.5 ~168.1 -87.8 76.7 —81.5 154.8
60.6 44.6 167.9 176.1
79.1 ~180 177.2 97.3 -88.0 775 -84.8 168.1
Hy 72.3 28.8 Haond 148.8 ~162.3
123.4 ~52.6 —62.3 124.9 ~107.3 49.3 —945 133.8
69.8 29.1 170.2 176.5
123.3 -52.1 —62.7 122.6 —124.1 55.6 -86.8 138.2
69.6 30.6 132.6 ~138.8
122.8 ~53.8 —64.0 129.8 ~161.4 65.6 -82.8 174.0
84.2 14.7 106.6 —174.4
100.7 -68.3 ~75.1 99.3 ~146.5 63.3 ~73.1 147.1
Hisin? 75.1 21.7
65.7 58.6 ~147.9 170.8
73.2 24.1
69.9 60.6 ~149.2 167.2
71.5 25.2
73.3 63.7 ~158.2 161.4
80.1 11.7
91.8 59.5 169.2 175.4

a|n degrees; see structure formdlan Figure 1.P See Table 1.

conformers will change into a few rather stable conformers, The results of the PCM//HF/6-31G* calculations indicate a
which will determine the conformation dynamics. Nevertheless, considerable change of the stability relationships between the
the complete pool of conformers may be a good basis for a various conformers in an agueous environment (Tables 4 and 5
selective structure design by the introduction of substituents or and the Supporting Information). This was also found in other
backbone cyclization. Thus, backbone conformers, which are foldamer classé&&® and can well be explained by the consider-
relatively unstable, could be favored over others, which were able loss of stability of the mixed helices relative to the helix
originally rather stable. A detailed look at the stabilities of the types with exclusively forward or backward directions of the
helix conformers (Tables 4 and 5 and Supporting Information) hydrogen bonds due to their distinctly smaller total dipole
shows representatives of the mixedfhelices most stable in  moments. In a polar medium, the heliceg'tbf the a,y-hybrid

both hybrid peptide classes at the HF and DFT levels of ab peptides and ' of the 3,y-hybrid peptides are more stable
initio MO theory. Helices with exclusively forward or backward than the most stable mixed heliceggld and Hyo/24. Nonethe-
orientations of the hydrogen bonds are distinctly less stable. less, especially in th@,y-hybrid peptide series, some mixed
Frequently, the next stable representatives of a mixed helix helices keep a considerable stability also in a polar environment
group are still more stable than the most stable helix with all and represent competitive folding patterns.

hydrogen bonds pointing into the same direction of the sequence Even if the focus of this work is on the helix formation by
(see the Supporting Information). The most stable helices of interactions between non-nearest neighbor peptide bonds, the
alternatingo,y- andg,y-hybrid peptides are given in Figures 3 competitive possibility of interactions between neighboring
and 4. peptide bonds has to be taken into account for secondary
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TABLE 3. Backbone Torsion Angle$ of the Most Stable Helices of Alternatingf,y-Hybrid Peptide Octamers at the HF/6-31G* Level of ab
Initio MO Theory

helix® @ 0 3 P helix® @ 0 £ P
Hay ~136.8 ~72.6 130.5 [ 135.1 ~163.3 ~1135
74.9 72.7 —64.8 114.4 ~117.0 51.0 57.8  —154.6
165.3 —61.6 146.9 ~162.2 176.6 167.4
71.8 68.6 ~64.6 120.6 -128.8 50.1 53.6  —142.7
160.0 —60.4 147.9 ~126.2 179.2 161.6
72.4 67.7 —65.2 122.7 ~160.0 51.1 53.4  —150.8
159.3 —62.1 155.6 —-91.1 178.4 154.0
74.3 62.1 ~755 146.2 178.6 61.6 66.7  —155.9
Hisid ~90.4 ~164.7 120.5 Hiyd 78.8 60.7 ~107.2
83.5 60.3 -84.3 1415 —99.2 92.8 -775 156.0
162.2 -78.1 145.8 92.2 61.6 ~107.4
82.2 62.2 -81.6 142.3 ~102.4 94.1 ~753 153.4
149.3 ~76.2 150.5 92.5 62.0 ~107.4
90.3 56.3 -88.7 129.2 ~104.3 95.7 ~742 152.9
177.0 -731 1425 91.0 62.3 ~109.1
78.4 63.1 ~73.4 137.7 —87.0 80.4 -835 156.4
Hao 164.1 -68.1 132.3 Hignd 60.8 47.6 ~149.6
84.8 63.6 1770  —164.7 —69.7 ~35.0 ~54.5 131.0
155.1 ~64.6 125.1 113.0 ~67.8 -82.1
82.5 61.9 1794  —141.38 -721 -38.8 ~51.2 133.9
132.9 —62.3 122.7 114.5 —66.8 -82.1
87.7 67.2 ~174.8 —147.4 -72.8 -38.6 ~516 136.1
122.3 ~59.7 133.2 117.1 —68.1 ~89.5
80.9 63.9 ~178.3 ~119.6 ~69.6 -338 —49.7 152.5
Hag 69.3 ~101.0 141.9 Haor2 59.8 48.1 ~108.2
130.1 ~60.7 ~62.8 129.6 ~96.8 1785 169.7 141.3
97.4 -91.9 113.8 59.1 51.8 ~111.2
123.1 -58.8 —62.4 134.4 ~111.0 -177.8 173.9 114.2
94.0 -93.2 112.6 77.8 59.5 ~151.8
129.9 —61.4 —61.9 128.0 ~87.6 ~177.9 175.4 118.8
95.7 -90.2 119.2 82.6 62.3 ~166.0
116.7 -60.7 —61.6 136.1 -103.1 64.0 179.8  —1337
Hign? ~112.8 80.0 ~123.9 Hazi2d 75.1 53.2 ~159.3
~107.2 59.9 719  -1519 —85.8 178.3 172.3 65.9
-147.8 88.3 ~153.3 72.5 59.8 ~175.5
~120.5 59.6 56.3  —143.4 ~89.2 ~177.6 168.9 80.6
~142.1 155.4 ~150.9 66.4 57.1 ~143.0
~132.7 53.9 544 1327 -133.8 179.8 177.0 106.5
170.7 166.1 ~113.0 52.7 47.8 ~119.0
~78.9 -59.3 179.3 ~126.9 ~166.9 178.3 ~178.0 132.4

a|n degrees; see structure form@an Figure 1.P See Table 1.

TABLE 4. Relative Energie$ of the Most Stable Helices of
Alternating o,y-Hybrid Peptide Octamers in Vacuum (HF/6-31G*,
B3LYP/6-31G*) and in an Aqueous Environment
(PCM/IHF/6-31G*)

TABLE 5. Relative Energie$ of the Most Stable Helices of
Alternating f,y-Hybrid Peptide Octamers in Vacuum (HF/6-31G*,
B3LYP/6-31G*) and in an Aqueous Environment
(PCM//HF/6-31G*)

AE AE

heli®  HF/6-31G*  B3LYP/6-31G*  PCM//HF/6-31G* heli®  HF/6-31G*  B3LYP/6-31G*  PCM//HF/6-31G*
Had 74.6 88.2 38.7 Ha! 52.4 50.6 0.0%

Had 74.9 86.5 76.8 Hasd 86.9 88.4 26.4

Ha1/2d 106.8 133.6 46.9 Had 1085 1157 21.2

Hae 79.9 1155 60.6 Hud 59.4 44.7 205

Hy? 35.9 54.6 0.0 Hugn? 101.1 96.1 46.7

Has/a? 75.9 103.2 315 Hz2 13233 1336 55.4

Had 75.9 94.7 67.1 Hu1nd 13.8 2.7 15.1

H1on2 321 40.9 34.9 Huant 42.1 34.7 44.3

Hi2:1 4.6 215 31.1 Hz0/23 0.C° 0.0 19.2

Hasrzd 0.° 0.0 52.7 Hazrad 2358 263 33.9

Hond 92 105 262 aIn kJ/mol.> See Table 1¢¢ = 78.4.9 Er = —2369.987620 altEr
a1n kJ/mol.> See Table 1° ¢ = 78.4.9 Ey = —2213.854989 af Er = = —2370.020399 au.Er = —2384.457246 au.

—2213.868493 au.Er = —2227.195474 au.

9-membered pseudocycles are rather unstable. The stability of
structure formation. In the alternatirngy-hybrid peptides, 9-, the most stable conformers is comparable with that of the most
7-, and 5-membered pseudocycles could result from interactionsstable helices with forward or backward hydrogen-bond orienta-
between adjacent peptide bonds. The systematic search fotions formed by non-nearest neighbor interactions but is lesser
periodic structures of this type provides several representativesthan that of theg-helices. In thes,y-hybrid peptides, structures
Most stable are periodic structures with alternating 7- and 9- or with 8- and 9-membered or 6- and 7-membered rings are
5- and 7-membered rings. Structures with only 5-, 7-, or thinkable. However, these structures are distinctly less stable
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gauche conformatiori:" Thus, the tendency to form sheetlike
networks seems to be at least decreased in foldamers of higher
homologous amino acids.

Relationships betweeno,y- and ,y-Hybrid Peptide He-
lices and Helices in3- and a-Peptides.It is well-known that
a 0-amino acid constituent in a peptide sequence may ap-
proximately replace a dipeptide unit in the nativ@eptidesh6a14
Thus, close relationships should be expected between the overall
backbone structure @f- andd-peptides. Indeed, some similari-
ties, but also characteristic differences, can be observed in the
helix and B-turn formation of a- and 6-peptides’h Most
important is the loss of a peptide bond by introduction of a
d-amino acid constituent, which could have consequences for
the interaction behavior. Similar relationships could be expected
when comparing the basic dipeptide units of thg-hybrid
peptides with that gfi-peptide sequences and when comparing
B,y-dimers witho-peptide trimers (Figure ) Thus, a dimer
unit of thea,y-hybrid peptides may formally replace a dipeptide
unit in 8-peptides, and the dimer unit of tjfig/-hybrid peptides
corresponds to a tripeptide unit in the nativgeptides. It may
FIGURE 3. Most stable helices in blocked octamers of alternating be interesting to see whether the shape and the stability of the
a,y-hybrid peptides. corresponding helix types correlate in the two peptide classes.

In the a,y-hybrid peptides, the helix 4 with all hydrogen
bonds in backward direction is the most stable helix in an
aqueous medium. It finds its counterpart in the experimentally
confirmed H helix of S-peptides.> which belongs to the most
stable secondary structures thé&.The overlay of both
structures in Figure 5a demonstrates the close relationship
between the overall topologies of the two helices with an RMSD
value of 0.6 A for the comparison of the corresponding basic
units according to Figure 1 despite the shift of one peptide bond.
Structural similarities exists also between various mixed helices
of the two peptide classes. Tfiehelices of the hHb10type and
the helix conformers with the next larger sizes of the alternating
hydrogen-bonded rings, ikl belong to the most favorite
structures both i, y-hybrid peptides and ifi-peptides, where
the Hyp10 helix type was experimentally fourféd The super-
imposition of theB-helix Hi»1d of the a,y-hybrid peptides and
the experimentally confirmed 4710 helix of the 3-peptides in
Figure 5b provides an RMSD value of 0.7 A. Helices with
hydrogen bonds in the forward direction are generally rather
unstable ina,y-peptides. Here, a correspondence between the
than the helices resulting from the non-nearest neighbor peptidemost stable itf conformer and I helices, as they are discussed
bond interactions. In the Supporting Information, structural for -peptides®*6could be expected. The structure of the well-
details of these folding alternatives are available as pdb files known Hu helix in S-peptided’ can not a priori be realized in
together with the stability data for comparison. In this study, thea,y-hybrid peptides.
we confine ourselves to secondary structure formation by The comparison betweghy-hybrid peptides and secondary
intramolecular hydrogen bonding. The possibility of secondary structures of the native-peptides provides similar agreements.
structure formation via intermolecular hydrogen bonding be-
tween various strands, as it is realized in fhgheet structures (14) Banerjee, A.; Pramanik, A.; Bhattacharjya, S.; Balarangigpoly-
of nativea-peptides, has also to be considered as an alternativemirfég(%?’ggbgﬁi'D_ H.: Christianson, L. A.: Karle, I. L.: Powell, D. R.:
to helix formation in homologous peptid€s-However, structure Gellman, S. HJ. Am. Chem. S0d.996,118, 13071. (b) Appella, D. H.;
investigations on several peptide foldamer classes show that theChristianson, L. A.; Klein, D. A.; Powell, D. R.; Huang, X.; Barchi, J., Jr,;

; ; ; ellman, S. HNature (London)1997,387, 381. (c) Wang, X.; Espinosa,
extension of the amino acid backbones leads to a preference oﬁ F.: Gellman, S. HJ. Am. Chem. So@000, 122, 4821.

(16) (a) Watterson, M. P.; Pickering, L.; Smith, M. D.; Hudson, S. J,;
(13) (a) Krauthduser, S.; Christianson, L. A.; Powell, D. R.; Gellman, Marsh, P. R.; Mordaunt, J. E.; Watkin, D. J.; Newman, C. E.; Fleet, G. W.

S. H.J. Am. Chem. S0d.997,119, 11719. (b) Chung, Y. J.; Christianson,  J. Tetrahedron: Asymmetrd999,10, 1855. (b) Claridge, T. D. W.; Long,

L. A,; Stanger, H. E.; Powell, D. R.; Gellman, S. Bl. Am. Chem. Soc. D. D.; Hungerford, N. L.; Aplin, R. T.; Smith, M. D.; Marquess, D. G.;

1998, 120, 10555. (c) Chung, Y. J.; Huck, B. R.; Christianson, L. A.; Fleet, G. W. JTetrahedron Lett1999,40, 2199. (c) Claridge, T. D. W,;

Stanger, H. E.; Krauthéuser, S.; Powell, D. R.; Gellman, S.Am. Chem. Goodman, J. M.; Moreno, A.; Angus, D.; Barker, S. F.; Taillefumier, C.;

S0c.2000,122, 3995. (d) Seebach, D.; Abele, S.; Gademann, K.; Jaun, B. Watterson, M. P.; Fleet, G. W. Jetrahedron Lett2001,42, 4251.

|
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FIGURE 4. Most stable helices in blocked octamers of alternating
B,y-hybrid peptides.

Angew. Chem., Int. EdL999, 38, 1595. (e) Daura, X.; Gademann, K (17) (a) Seebach, D.; Overhand, M.; Kihnle, F. N. M.; Martinoni, B.;
Schéfer, H.; Jaun, B.; Seebach, D.; van Gunsteren, W. Am. Chem. Oberer, L.; Hommel, U.; Widmer, Hdelv. Chim. Actal996,79, 913. (b)
So0c.2001,123, 2393. (f) Lin, J. Q.; Luo, S. W.; Wu, Y. Dl. Comput. Seebach, D.; Ciceri, P. E.; Overhand, M.; Jaun, B.; Rigo, D.; Oberer, L.;
Chem.2002,23, 1551. Hommel, U.; Amstutz, R.; Widmer, Hdely. Chim. Actal996,79, 2043.

1206 J. Org. Chem.Vol. 71, No. 3, 2006



Helix Formation ina,y- and j3,y-Hybrid Peptides ]OCArticle

FIGURE 5. (a) Stereoview of the superimposition of the most stable helix,pfhybrid peptides in an aqueous environmentz,Hand the
experimentally confirmed H conformer inS-peptides. (b) Stereoview of the superimposition of the most stable mixed heli¥ f the o, y-
hybrid peptides and the experimentally foungbkd helix of the 5-peptides (reference structures in light blue).

FIGURE 6. (a) Stereoview of the superimposition of the helixstbf the 5,y-hybrid peptides and an-helix dodecamer. (b) Stereoview of the
superimposition of the most stable mixed helixok# of the 8,y-hybrid peptides and the gramicidin A membrane channel (reference structures in
light blue).

Of particular interest are the helices of thesHroup, since initio MO theory and remains rather stable in polar media. This
they correspond formally to the well-knowrrhelix of native structure could well be compared with the structure of the
peptides and proteins. In fact, the superimposition of the rather gramicidin A membrane chann¥lThe gramicidin A peptide
stable H4 conformer of the8,y-hybrid peptides with backward  is alternately composed of andL-a-amino acids and represents
orientation of the hydrogen bonds and ashelix octamer in @ Heor22 -helix of ana-peptide sequence. The overlay of the
Figure 6a demonstrates a very good correspondence betweefWo structures in Figure 6b with an RMSD value of 0.6 A
the two helix patterns with an RMSD value of 0.7 A for the SUPPOrts again the suggested correspondence of the secondary
comparison of the corresponding basic units according to Figure Structure formation in hybrid peptides and peptide sequences
1. The H4 helix of the8,y-hybrid peptides exhibits the same exoluswe.ly.compos.ed of a s!ngle type of homologous amino
directions of the helix dipole and the hydrogen bond orientations 2¢ids: This is especially surprising for the mixed heliceg,pf

as thea-helix. This is a hint thaf},y-peptide units might well pepude;, since the bI_ocked_ d|rr_1er unit with one central pe_pt|de
adopt thea-helix conformation in native peptide sequences ggggsn(]gigﬁ?ealn)l-'la}tr?ulgotr?emgat(r:llicgr;\;:‘tc?r\/t\/\/;? dcz;?;;i;ﬁggtocﬁhe
despite the different number and positions of the peptide bondsh d bonds.in the ,com arable mixed helices, pfhybrid

in the basic units of the two peptide classes. yarogen P oIy

A further interesting parallelism concerns the mixed helices _ (18) (&) Urry, D. W.; Goodall, M. C.; Glickson, J. D.; Mayers, D. F.
Proc. Natl. Acad. Sci. U.S.A971,68, 1907. (b) Ketchem, R. R.; Roux,

of the types Hoz and Hazo Hzod is the most stable helix B.; Cross, T. A.Structure1997,5, 1655. (c) Kovacs, F.; Quine, J.; Cross,
type of thes,y-hybrid peptides at the HF and DFT levels of ab T. A. Proc. Natl. Acad. Sci. U.S.A.999,96, 7910.
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peptides and.-peptides shows a shift. Nonetheless, the resulting composed of a single type of homologous amino acids. The
overall topologies are completely analogous (Figure 6). pool of obtained helices represents a good basis for a selective

The Hy1' helix of thef. y-hybrid peptides, which is predicted  secondary structure design by the introduction of backbone
to be most stable in an aqueous medium, deserves some attentiogubstituents or backbone cyclization. Thus, the two novel hybrid
for structure design since it opens up the possibility for helices peptide classes are especially interesting as tools for mimicking
with the backbone correspondence topeptides, but an  native peptide and protein structures and may stimulate synthetic
orientation of the hydrogen bonds in forward direction, which work in this field.

was not found in nativer-peptides until now. .
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