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Abstract: The conformational features of a serieggbeptide modeld—11 have been studied by the molecular
mechanics MM2* force-field and quantum mechanics methods. The geometries were optimized by the HF/
6-31G** method. Energies were evaluated using the B3LYP/6-31G** method including solvent effect
(SCIPCM). For the unsubstitutg¢ttripeptide modell, calculations indicate that a 12-membered-ring hydrogen-

bonded structure and a 10-membered-ring hydrogen-

bonded structure are low in energy. The coupling of these

two structures forms the repeating unit for the 10/12-helix, indicating an intrinsic preference of the 10/12-
helix for a-polypeptide. Indeed, calculations predict that an unsubstiftHeeptapeptide mod& favors the
10/12-helix over the 14-helix by 21.4 and 4.8 kcal/mol in the gas phase and methanol solution, respectively.
The side-chain effect on the relative preferences of the 14- and the 10/12-helices is analyzed based on torsional
and steric effects, and has been tested by the calculatiofispeptide model8—11. The methyl groups in
(9-p23-polypeptide9 and ©)-32-polypeptidell have little torsional and steric effects for right-handed 10/
12-helix and left-handed 14-helix, and thegsgeptides are predicted to adopt the intrinsically favored 10/
12-helix. On the other handS)33-polypeptidel0 prefers to form a left-handed 14-helix in a polar solvent
mainly because of torsional effects by three of the methyl groups in the 10/12-helix. The current study can be
extended to evaluate the stabilities of the 10/12- and 14-helices for other sequences. For example, the 10/12-
helix is predicted to be the accessible conformation R¥3%/(9-53-, (9-%(R)-B%-, (9-%(R)-3-, and R)-

BRl(9-f%polypeptides.

Introduction
Unnatural oligomers that are able to form well-defined novel

far. Seebach et al. found thg#- and 33-peptides A and B)
favor a 3-helical structure (14-helixG);%f Gellman’s group

secondary structures have received intensive attention over thd€Ported thag-peptides with trans-substituted cyclohexane rings

past few year$.2 The molecular designs around this topic often
involve unnatural amino acids, such gsamino acids,©
y-amino acidg, o-amino acids$, a-aminoxy acid$, w-amino
acids!? a,a-disubstituted amino acid$,andN-alkylated amino
acids?? Many of these are known to exhibit interesting second-
ary structures. In particulag-peptides, consisting exclusively

(C) strongly favor a 14-hel@3while 5-peptides with trans-

(5) (a) Seebach, D.; Overhand, M.;"Knle, F. N. M.; Martinoni, B.;
Oberer, L.; Hommel, U.; Widmer, Hdely. Chim. Actal996 79, 913. (b)
Seebach, D.; Ciceri, P. E.; Overhand, M.; Jaun, B.; Rigo, D.; Oberer, L.;
Hommel, U.; Amstutz, R.; Widmer Helv. Chim. Actal996 79, 2043.

(c) Seebach, D.; Ciceri, P. E.; Overhand, M.; Jaun, B.; Rigo, D.; Oberer,
L.; Hommel, U.; Amstutz, R.; Widmer, Hdelv. Chim. Actal996 79, 202.

Of ﬁ_amino acidsy have recently emerged as a promising new (d) Guichard, G.; Seebach, Bhimia 1997 51, 315. (e) Hintermann, T.;

class of compounds capable of forming stable helix, pleated-
sheet, and turn secondary structutes.

Three different helical secondary structures (12-helix, 14-
helix, and 10/12-helix) have been identified feipeptides so

(1) (a) Nielsen, P. E.; Egholm, M.; Berg. R. H.; Buchardt, Szience
1991 254, 1497. (b) Hagihara, M.; Anthony, N. J.; Stout, T. J.; Clardy, J.;
Schreiber, S. LJ. Am. Chem. S0d992 114, 6568. (c) Cho, C.; Moran,
E. J.; Cherry, S. R.; Stephans, J. C.; Fodor, S. P. A.; Adams, C. L,
Sundaram, A.; Jacobs, J. W.; Schultz, P.S8iencel993 261, 1303. (d)
Gennari, C.; Salom, B.; Potenza, D.; Williams, Angew. Chem., Int. Ed.
Engl. 1994 33, 2067. (e) Lokey, R. S.; Iverson, B. INature (Londor)
1995 375 303. (f) Diederichsen, UAngew. Chem., Int. Ed. Engl996
35, 445.

(2) (a) C&EN News1998 August 31 24. (b) Iverson, B. L.Nature
(Londor) 1997, 385 113. (c)C&EN News1997 June 16 32. (d) Kort, U.
Angew. Chem., Int. Ed. Engl997, 36, 1836.

(3) (@) Seebach, D.; Matthews, J. . Chem. Soc., Chem. Commun
1997 2015. (b) Gellman, S. HAcc. Chem. Red998 31, 173.

(4) (a) Appella, D. H.; Christianson, L. A.; Karle, I. L.; Powell, D. R.;
Gellman, S. HJ. Am. Chem. S0d 996 118 13071. (b) Appella, D. H.;
Christianson, L. A.; Klein, D. A.; Powell, D. R.; Huang, X.; Barchi, J. J.,
Jr.; Gellman, S. HNature (Londor) 1997 387, 381. (c) Krauthaser, S.;
Christianson, L. A.; Powell, D. R.; Gellman, S. .Am. Chem. Sod997,
119 11719.

Seebach, DChimia1997 51, 244. (f) Hintermann, T.; Seebach, Bynlett
1997, 437. (g) Seebach, D.; Abele, S.; Gademann, K.; Guichard, G.;
Hintermann, T.; Jaun, B.; Matthews, J.; Schreiber, JH¥l. Chim. Acta
1998 81, 932. (h) Seebach, D.; Gademann, K.; Schreiber, J. V.; Matthews,
J. L.; Hintermann, T.; Jaun, B.; Oberer, L.; Hommel, U.; WidmerHelv.
Chim. Actal997, 80, 2033.

(6) (a) Fernadez-Santin, J. M.; AymamiJ.; Rodfguez-Gala, A
Mufioz-Guerra, S.; Subirana, J. Alature (Londor) 1984 311, 53. (b)
Fernandez-Sann, J. M.; Mufoz-Guerra, S.; Rotyuez-Gala, A.; Aymariy
J.; Lloveras, J.; Subirana, J. A.; Giralt, E.; Ptack,Macromolecule4987,

20, 62. (c) Alenmia, C.; Navas J. J.; Mioez-Guerra, SBiopolymers1997,
41, 721. (d) Gar@-Alvarez, M.; Martnez de llarduya, A.; Lem S.; Alenia,
C.; Muhoz-Guerra, SJ. Phys. Chem. A997 101, 4245.

(7) (a) Hintermann, T.; Gademann, K.; Jaun, B.; Seebachdh. Chim.
Acta1998 81, 983. (b) Hanessian, S.; Luo, X.; Schaum, R.; Michnick, S.
J. Am. Chem. S0d.998 120, 8569.

(8) Szabo, L.; Smith, B. L.; McReynolds, K. D.; Parrill, A. L.; Morris,
E. R.; Gervay, JJ. Org. Chem1998 63, 1074.

(9) (@) Yang, D.; Ng, F.-F.; Li, Z.-J.; Wu, Y.-D.; Chan, K. W. K.; Wang,
D.-P.J. Am. Chem. Sod 996 118 9794. (b) Yang, D.; Qu, J.; Ng, F.-F;
Wang, X.-C.; Cheung, K.-K.; Wang, D.-P.; Wu, Y.-D. Am. Chem. Soc.
1999 121, 589. (¢) Wu, Y.-D.; Wang, D.-P.; Chan, K. W. K.; Yang, D.
Am. Chem. Sodn press.

(10) (a) Karle, I. L.; Pramanik, A.; Banerjee, A.; Bhattacharjya, S.;
Balaram, PJ. Am. Chem. S04997 119 9087. (b) Banerjee, A.; Balaram,
P. Current Sci.1997 73, 1067.
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substituted cyclopentane ring3)(adopt a helical structure with ~ Scheme 1
12-membered-ring hydrogen bonds (12-hetBd* More re-

o) R o
cently, Seebach et al. reported that several peptides with alternate R R
o~ and S-alkyl substitutions exist in a 12/10/12 sequence of N oR N oR
R

hydrogen bonding pattern (10/12-helkx).59" For example, an

(9-B%(9)-B3-hexapeptide E) appears to be in the 10/12-helix A, B-peptide B, B’-peptide

in both protected and nonprotected salt form. Seabach et al. o o
have also found that for seveys/3%-peptides, deprotection of R R

the two termini changes the secondary structure from the 10/ \[Q/D/K}on' \[” OR'
12-helix to the 14-helix" Gellman et al. also found that a hairpin " "
structure can be achieved by two consecutive disubstituted C D

B-amino acids [).1° o /

While the interesting chemistry @gFpeptides is unfolding, a (—_>\\JL z N
general understanding of the conformational features ép- X Q T ? N ﬂ H
tides is still lacking'® We have reported a theoretical study on R\N N or © ' SPh c-')
the conformational features @Fdipeptidest’” We found that H A H N N
pB-dipeptides have a tendency to form folded structures. That " )
is, many conformational minima with gauche dihedral angles E, BB -peptide O .

u (see Scheme 2 for definition) can be located. In particular,
solvent plays an important role in conformational preferences.
Thus, conformations corresponding to the formation of the 12-
and 14-helical structures are very unstable in the gas phase,
but can be significantly stabilized by polar solvent effect. Two
conformations corresponding to the formation of the 10/12-helix
can also be located. However, such dipeptide models do not
allow us to discuss the substituent effect on the formation of
the 10/12-helix.

This paper reports an ab initio quantum mechanics study on
peptide modeld—11. First, we focus our attention on locating
low-energy conformations, especially those corresponding to
the secondary structure formation@tripeptide modell. We
show that the global minimum df in the gas phase is exactly Scheme 2
the conformer that leads to the 10/12-helix and the dihedral angle
constrained 12- and 14-helical conformers are still very high in 1%
energy. Second, we predict that unsubstityteldeptapeptide
model 2 intrinsically favors the 10/12-helix over the 14-helix H,C
both in the gas phase and in solution. Third, using a series of
tri- and heptapeptide mode®s-11,18 we show that the prefer-
ences for the 10/12-helix and the 14-helix are highly dependent

upon the side-chain substitution pattern. Our calculations not ~ * *!Rs=H n=1 Piripeptide
only are in agreement with available experimental observations, % allRs=H n=3  [Sheptapeptide
but also allow the prediction for conformational preference of =~ 3. R;=CH;, R;'=CH; n=1 ($)-B/S)-P tripeptide
a wide range ofi-peptide sequences. For example, we predict 4. Ry=CH;, R,'=CH, n=1 (S)-BS)-F-tripeptide
that several types g8-peptides such aﬂ[-ﬂ3/(_5)-ﬁ3-, _(S)-ﬁzl 5. R,=CHy, Ry = CH, n=1  (RNFUR)-Ftripeptide
(R-B%, (9-84(R)-p°-, and R)-53(S)-B-polypeptides might also 6. R.=CH. R.'=CH nel (S FUS)Frtripeptide
prefer the 10/12-helix. Thus, the current study makes suggestions DR B | orP Cpeptt
for further experimental study. It should be useful for the design - Ry=CH;, Ry =CH, n=1 (R)-B(S)-p -ripeptide

8. R3=CHj, Ry =CH; n=1 (S)-BR)-F-tripeptide

(11) (a) Karle, I. L.; Kaul, R.; Rao, R. B.; Raghothama, S.; Balaram, P. 9. R;=CHj, R,'=CH; = (S)—ﬁS/(S)-ﬁ3<heptapeptide

J. Am. Chem. S0d.997, 119 12048 and references therein. (b) Aleman, 10.R- = CH.. R,'= CH
C. J. Phys. Chem. B997, 101, 5046 and references therein. CIT R BT

(12) (a) Kirshenbaum, K.; Barron, A. E.; Goldsmith, R. A.; Armand, P.; 11. R3; =CH;, Ry'=CH;
Bradley, E. K.; Truong, K. T. V.; Dill, K. A.; Cohen, F. E.; Zuckermann,
R. N. Proc. Natl. Acad. SciU.S.A.1998 95, 4303. (b) Armand, P.;
Kirshenbaum, K.; Barron, A. E.; Goldsmith, R. A.; Farr-Jones, S.; Barron, of peptides with special conformational features, which is of
A. E; Truong, K. T. V.; Dill, K. A; Mierke, D. A Cohen, F. E;  great importance in drug design and molecular de¥ign.
Zuckermann, R. NProc. Natl. Acad. Sci. U.S.A998 95, 4309.

(13) Bode, K. A.; Applequist, IMacromolecules 997, 30, 2144.

(14) Applequist, J.; Bode, K. A.; Appella, D. H.; Christianson, L. A;; Computational Methodology
Gellman, S. HJ. Am. Chem. Sod 998 120, 4891.

(15) (8) Chung, Y. J.; Chritianson, L. A.; Stanger, H. E.; Powell, D. R.; | |ight of our previous calculation results ghdipeptide model$?
Gellman, S. HJ. Am. Chem. S0d99§ 120 10555. which suggest that the MM2%force field can give relatively reasonable

(16) (a) Daura, X.; van Gunsteren, W. F.; Rigo, D.; Jaun, B.; Seebach, : . L ’
D. Chem. Eur. J1997 3, 1410. (b) Daura, X.: Jaun, B.: Seebach, D.; van conformations and energetics compared to the ab initio results, we first

Gunsteren, W. F.; Mark, A. El. Mol. Biol. 1998 280, 925.
(17) (a) Wu, Y.-D.; Wang, D.-PJ. Am. Chem. S0d.998 120, 13485. (19) (a) Ball, P.Designing the Molecular WorldPrinceton University

(b) Wu, Y.-D.; Wang, D.-PChem. J. Chin. U1998 19, 14-15. Press: NJ, 1994. (b) Gademann, K.; Ernst, M.; Hoyer, D.; Seebach, D.
(18) These are named tri- and heptapeptides, respectively, based on theAngew. Chem., Int. E&Engl. 1999 38, 1223.

fact that they have three and seven amide bonds, respectively. (20) Allinger, N. L.J. Am. Chem. Sod.977, 99, 8127.

(S)-B%(S)->-heptapeptide
(8)-B*(S)-B*-heptapeptide
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carried out a Monte Cartd conformational search fof-tripeptide Results and Discussion

model 1 using the MM2* force field with the Macromodel 6.0 ) ) )

program?2 Totally, 5000 structures were optimized during the confor- ~ Unsubstituted f-Tripeptide Model 1. The Monte Carlo
mational search, and conformations within 50 kd/mol with respect to conformational search for moddl resulted in 159 unique
the most stable conformation were accumulated. To ensure that all theconformers with the MM2* force field. Among these conform-
conformers in the low-energy area were obtained, another conforma- €rs, 21 were in 10-m-r or 12-m-r hydrogen-bonded structures,
tional search starting with the lowest energy conformer that had beenand 10 were among the 30 lowest energy conformers. In the
found in the first run was carried out and the same result was obtained.second process, the 30 lowest energy conformers along with
On the basis of the conformational search results, the 30 lowest energythe other conformers with 10-m-r or 12-m-r hydrogen bond were

conformers (within about 4.0 kcal/mol relative to the global minimum)
and all other conformers with 10-m-r or 12-m-r hydrogen bonding were
optimized with the HF/3-21G method of calculation using the GAUSS-
IAN94 program? Finally, the 10 lowest energy conformers obtained
by the HF/3-21G calculations were further optimized at the HF/6-31G**

level. Conformations that correspond to the 12-helix and 14-helix were

also calculated by the HF/6-31G** method. The dihedral angles,

and ¢ of these two conformations were constrained at the values

obtained previously for &-hexapeptidé? to mimic the helical structure.

For substituteds-tripeptide models3—8, the focus was on the
preference for the formation of different helical structures. Only two
structures were optimized for eagkripeptide model. One is the fully
optimized 10/12-helical conformer and the other is the 14-helical
conformer with torsional angle constraint. The geometry optimization
was at the HF/6-31G** level.

Electron correlation energy is important to hydrogen bonding. To

evaluate the energetics, single-point calculations were performed on

the HF/6-31G** geometries of all the conformersfripeptide models
1 and 3—8 with the density functional theory B3LYP/6-31G**
method?* To account for the solvent effect on the conformational

further studied with the quantum mechanics method. In total,
41 conformers were optimized with the HF/3-21G method. The
dihedral anglesd, «, andy, for definition, see Scheme 2) and
energies of the 41 MM2* conformations were collected in Table
1 of the Supporting Information. The HF/3-21G geometry
optimizations resulted in 36 unique conformers, and their
dihedral anglesd, 1, andy) and total and relative energies are
given in Table 2 of the Supporting Information; the stereoviews
of the 36 conformers are given in Figure 1 of the Supporting
Information.

The third step involved the optimization with the HF/6-31G**
method of the 10 most stable conformers obtained by the HF/
3-21G method. With two of the structures converted to one, a
total of nine conformersl@—i) were obtained, as shown in
Figure 1. The relative energies and dihedral angles of these
structures are presented in Table 1.

Conformersla and 1b have two consecutive C6 (formal
6-m-r hydrogen bond) local structures. Whila is in an
extended helical formlb forms a turn structure. As expected,

preferences, the energy of each structure was further calculated by thethe two conformers have very similar stabilities. Interestingly,

self-consistent isosurface polarization continuum model (SCIPEM)

these are not the global minima in the gas phase, but the

at the B3LYP/6-31G** level. There has been ample evidence to suggest SCIPCM calculation predicts that they are global minima in

that this method is superior to the Orsager-based mdéthdt the
calculation result could be sensitive to isodensity value. A dielectric

CH3OH solution.
Conformerslc and 1d have 12-m-r and 10-m-r hydrogen

constant of 33.0 was used to model methanol solvent in which most phgonds respectively. Whilecis the global minimum in the gas
experimental observations were obtained. An isodensity value of 0'0004phase 1c and 1d have similar stabilities in CEOH solution

au was used for all the calculations. To test the validity of the solvent
model, we have carried out a Monte Carlo QM/MM real solvent
(CH;OH) simulatiord” for a simples-dipeptide model CkC(O)NHCH:-
CH.C(O)NH,. The solvent effects for the conformational preferences
agree very well with those calculated by the SCIPCM mettid#l.

For p-heptapeptide modelg and 9—11, the 14-helix and 10/12-
helix were fully optimized with the HF/6-31G* method. The energies
and solvent effect were also evaluated with the B3LYP/6-31G* method.

(21) Chang, G.; Guida, W. C.; Still, W. C. Am. Chem. Sod 989
111, 4379.

(22) Mohamadi, F.; Richards, N. G. J.; Guida, W. C.; Liskamp, R;
Lipton, M.; Caufield, C.; Chang, G.; Hendrickson, T.; Still, W.XZComput.
Chem.199Q 11, 440.

(23) Gaussian 94Revision B.3; Frisch, M. J.; Trucks, G. W.; Schlegel,
H. B.; Gill, P. M. W.; Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.;
Keith, T. A.; Petersson, G. A.; Montgomery, J. A.; Raghavachari, K.; Al-
Laham, M. A.; Zakrzewski, V. G.; Ortiz, J. v.; Foresman, J. B.; Cioslowski,
J.; Stefanov, B. B.; Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala,
P.Y.; Chen, W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts,
R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart,
J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, J. A.; Gaussian, Inc.:
Pittsburgh, PA, 1995.

(24) (a) Becke, A. DJ. Chem. Phys1993 98, 5648. (b) Lee, C.; Yang,
W.; Parr, R. GPhys. Re. B 1988 37, 785.

(25) (a) Wiberg, K. B.; Keith, T. A.; Frisch, M. J.; Murcko, M. Phys.
Chem 1995 99, 9072. (b) Forseman, J. B.; Keith, T. A.; Wiberg, K. B.;
Snoonian, J.; Frisch, M. J. Phys. Chem1996 100, 16098. (c) Tomasi,

J.; Bonaccorsi, RCroat. Chem. Actd 992 12, 69.

(26) (a) Pan, Y.; McAllister, M. AJ. Am. Chem. S0d.998 120, 166.

(b) Miaskiewicz, K.; Smith, D. AJ. Am. Chem. Sod.998 120, 1872. (c)
Lecea, B.; Arrieta, A.; Coss| F. P.J. Org. Chem1997, 62, 6485.

(27) (a) Gao, JSciencel992 258 631. (b) Gao, J. IrReviews in
Computational ChemistryLipkowitz, K. B., Boyd, D. B., Eds.; VCH
Publishers: New York, 1995; Vol. 7, p 119. (c) GaoAtc. Chem. Res
1996 29, 298.

(28) Wu, Y.-D.; Gao, J. Unpublished result.

both about 1 kcal/mol less stable thah. They have several
similar structural features: (1) Both have a strong hydrogen
bond, which is reflected by short O- - -H bond lengths (2.188
Afor 1cand 2.153 A, forld) and large N-H- - -O bond angles
(146.6 for 1cand 152.8 for 1d). (2) Apart from the hydrogen
bond, there are several additional short carbonyl oxygen/amide
hydrogen distances. The electrostatic interactions are partially
responsible for the stability of the two conformers. (3) Both of
them have alternate up and down carbonyl groups. (4) As
indicated in Tabel 1, The six dihedral angles frgato v, are
almost symmetrical, especially id (77.9, 61.9, —110.5,
—90.8, 59.2, and 81.4). Most importantly ¢1, #1, andy; of
1care almost the same as, 12, andy, of 1d, and vice versa.

All these indicate that if an additionAtpeptide residue extends

at either end of conformetc or 1d, a new 10-m-r or 12-m-r
stable hydrogen bond will form. Continuation of this process
leads to alternate 10-m-r and 12-m-r hydrogen bonded structures,
or a 10/12-helix. Thus, the repeating unit in this kind of helix
involves two residues and two sets of dihedral anglegs, and

P.
Conformerleis also in a 12-m-r hydrogen-bonded structure
with a short hydrogen-bond length of 2.194 A and a good bond
angle of 157.9. It is a perfect turn structure. It is predicted that
in CH3OH this conformer is only slightly higher in energy than
laand1lb. This suggests that/aalanineg-alanine unit might

be a potentiaB-turn promoter in designing a hairpin structure.
Indeed, this unit is found in many cyclic peptides, and has been
suggested to form a turn struct@felhis turn structure has been
further recognized by Seebach et al. witipeptides consisting

of geminally disubstituteg?2 and /%3-amino acids?
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Figure 1. HF/6-31G** optimized structures of tripeptide modkl(a) 12-m-r conformer for mixed helix; (b) 10-m-r conformer for mixed helix;
(c and d) 6-m-r conformers; (e) 10-m-r reverse turn conformeit8-m-r conformers; (i) 6-m-r and weak 12-m-r conformer; (j) torsion constrained
12-helix conformer; and (k) torsion constrained 14-helix conformer.

Table 1. Calculated Dipole Moments, Relative Energies, and Dihedaral Angles of Low-Energy Conformers, 12-Helix, and 14-Helix
Conformers ofg-Tripeptide Model12

rel energy(kcal/mol) dihedral angles
sructure dipole(D) HF B3LYP B3LYP (SCIPCM) ¢1 Ui Y1 b2 Uz P2

la 6.6 0.6 14 -0.9 —99.2 —63.0 -176.7 —93.5 —62.6 —178.8

1b 5.8 0.7 1.3 -1.1 98.8 63.2 173.0 —99.6 —62.6 —-177.4

1c 4.0 0.0 0.0 0.0 —97.2 57.2 100.4 81.8 60.0 -—142.5

1d 4.8 1.6 1.8 0.1 77.9 61.9 -—110.5 —90.8 59.2 81.4
le 7.0 1.8 1.7 —0.6 92.0 71.2 —78.6 —69.7 —64.2 —160.0

1f 1.1 21 1.2 0.7 —60.0 —51.8 100.6 102.8 —61.3 —37.5

1g 3.9 3.8 2.6 0.6 111.6 —60.9 -14.2 —53.5 —45.0 113.9

1h 2.4 4.0 4.3 3.1 —57.2 —51.9 98.9 48.0 51.0 -—120.8

1i 3.6 24 2.7 0.2 1034 -79.9 98.0 82.0 66.0 173.9
1j 9.6 8.2 7.2 1.9 90.0 —89.0 110.0

1k 10.0 11.0 11.6 4.6 —154.7 64.3 —135.9

a All calculations are with the 6-31G** basis set on the HF/6-31G** geometries.

Conformers1f and 1g can be considered as having two Conformerlh also has two consecutive C8 (8-m-r hydrogen
consecutive C8 local structures. A check of dihedral angles of bond) structures, which are in a reverse turn. This structure is
the two conformers indicates that they have the same patternquite high in energy, and can be ruled out. Conforrhiehas
as those in conformerkc and1d. Therefore, the combination  one C6 unit and another in a conformation for the 12-helix. It
of the two conformers also leads to a helical structure. However, is also a turn structure, but is about 1.3 kcal/mol less stable
this helical structure is higher in energy than the helix formed than 1p.
by 1cand1d by about 1.5 kcal/mol for each two residues, and

therefore, can be ruled out. Conformerslj and 1k are dihedral angle-constrained 12-

helical and 14-helical conformers, respectively. The 12-helical
_(29) Pavone, V.; Lombardi, A;; Yang, X.; Pedone, C.; Di Blasio, B.  conformer () is 1.9 kcal/mol higher in energy than conformer
Biopolymers199Q 30, 189. : .
(30) Seebach, D.; Abele, S.: Sifferien, T i, M.; Gruner, S.; Seiler, la despite the already formed 12-m-r hydrogen bond; the 14-

P. Hely. Chim. Actal998 81, 2218. helical conformer is 4.6 kcal/mol higher in energy thkamin
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2a, 10/10/12/10 helix 2b, 12/10/12/10/12 helix 2c, 14-helix
AE(Gas): 0.0 (0.0) -1.4 24.0 (21.4)
AE(Sol.) 0.0 (0.0) 03 74 (4.8)
Dipole: 4.4 38 29.5

Figure 2. The HF/6-31G* optimized helical structures of heptapeptide m@ddlhe relative energies (kcal/mol) are with the B3LYP/6-31G*
method. The values in parentheses are relative Gibbs free energies.

solution. These indicate that there is an intrinsic preference for respectively. The 14-helix, however, has a large dipole moment
the 10/12-helix in3-polypeptides. of 29.5 D. (4) The 14-helix structure is less stable than the 12/
Unsubstituted 8-Heptapeptide Model 2.The above calcula-  10-helix by about 25 kcal/mol in the gas phase. This destabiliza-
tions for the tripeptide model suggest that several helical tion is reduced to 7.1 kcal/mol in methanol solvent.
structures are possible f@rpeptides. However, the 10/12-helix Structures?2a and 2c have also been optimized by the HF/
formed by the combination dfc and1d is predicted to be the  3-21G method, and harmonic vibrational frequency calculations
most stable. This seems surprising because the first reportedor the two structures were carried out at the same level to
helices are 14- and 12-helic&s$,and the 10/12-helices that have estimate the thermal properti&sStructure2a is destabilized
been reported so far all containfg and3-mixed sequence. by entropy and thermal energy correction by 2.6 kcal/mol at
To verify the prediction and to investigate the structural features room temperature with respect 2. Thus, the free energy of
of the 10/12-helix, calculations on tifeheptapeptide mod& 2a is still 4.8 kcal/mol smaller than that ¢fc in methanol
were then studied. This molecule allows five consecutive solution, confirming an intrinsic preference for the 10/12-helix
hydrogen bonds for the 10/12-hefikThere are two possible  over the 14-helix.
helices depending upon the first hydrogen bonding: 12/10/12/ Analysis of Substituent Effect on Helix Formation. Just
10/12-helix and 10/12/10/12/10-helix. Both helices were studied. as in a-peptides, the substituents play important roles in
The 14-helical structure was also fully optimized for comparison. determining the secondary structure8gbeptides. To understand
The 12-helical conformation was not calculated in this study the substituent effect, it is beneficial to analyze the local
because the 12-helix is less stable than the 14-helix in mostconformational features off-peptides. The conformational
cases when the solvation effect is taken into account as indicatedpotential energy surfaces of 2-methylpropanamide &hd
by our previous calculations. isopropylformamide were studied previously by Maxwell and
The optimized structures and relative energies are given in Jorgensen using the HF/6-31G* methSdTo make a more
Figure 2, and the results can be summarized as follows. (1) Systematic comparison, we studied the two model systems with
The 12/10/12/10/12-helix is more stable than the 10/12/10/12/ the B3LYP/6-31G** method, that is, constrained geometry
10-helix by about 1.4 kcal/mol in the gas phase. But when the optimization followed by single point energy evaluation with
solvent effect is taken into account, they have comparable the SCIPMC calculation.
stabilities. This is almost the same as the energy difference Our calculation results are shown in Figure 3. Solvent
between conformerkc and1d of the tripeptide model, where (methanol) has not much effect on the calculated potential
the methanol solvent stabilizdsl (10-m-r) more tharic (12- energy surface (solid vs dash curves). The best conformation
m-r) by about 1.7 kcal/mol. (2) Compared to the 14-helix, the for 2-methylpropanamide has both methyl groups gauche to the
10/12-helix can form more stable hydrogen bonds as indicated carbonyl group. The conformational maximum has both methyl

he shorter hydrogen bond length2@mand2 i
gy t 3e SDO t? t%d otﬂe b?. d lengt dSZIga d2b (T)ee Fllgure (32) The calculated energy, entropy, and thermal energy with the HF/
). (3) Due 0 the alternaling up and down carbonyl groups, 3.51G method are-1673.78993 au, 213.7 cal/(mk), and 419.0 kcal/
the 10/12-helices have small dipole moments of 3.8 and 4.4 D, mol for 2a, and—1673.74691 au, 217.6 cal/(mK), and 417.6 kcal/mol
for 2c.
(31) Daura, X.; Gademann, K.; Jaun, B.; Seebach, D.; van Gunsteren, (33) Maxwell, D. S.; Tirado-Rives, J.; Jorgensen, WJLComput. Chem
W. F.; Mark, A. E.Angew. Chem., Int. EEngl. 1999 38, 236. 1995 16, 984.
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Figure 3. The B3LYP/6-31G** energy profiles of 2-methylpropanamide (a) &hoproylformamide (b), energy in kcal/mol.

groups gauche to the amino group. There is a shallow minimum
when one of the methyl groups is eclipsed with the amino group.
Overall, the potential energy surface for the-€C(=0) bond
rotation is relatively flat, with the highest barrier of about 1.6
kcal/mol in the gas phase and 1.5 kcal/mol in methanol. For
N-isopropylformamide, the situation is quite different. The
conformational minimum has both methyl groups gauche to the
amide N-H bond. The potential energy surface is very flat in
the dihedral anglep region of 206-28C°. There is a local
minimum in the vicinity of¢ = 60°, which is higher in energy

by about 1.4 kcal/mol. The barrier of rotation is high, over 4
kcal/mol, and appears at the dihedral anglef 0° and 120.

This high barrier is apparently caused by the severe steric
interaction between the methyl group and the carbonyl oxygen,

which are eclipsing. These conformational features indicate that

the -substitution is more efficient than the-substitution in
reducing the flexibility of thes-peptide backbone.

Figure 4 shows the repeating units for the 10/12-helix and
the 14-helix. Since the 10/12-helix has two alternate sets of
dihedral angle®, u, andy and two alternate units (10-m-r and
12-m-r), there are eight unique substitution sites. Substitution
at R;, Rs, Ry, or R3 by an alkyl group leads to ais
configuration, and substitution Rb, R4, RY', or R4 by an alkyl
group leads to aR configuration. The effect of alkyl substitution
can be divided into two parts. One is the effect on local
conformational stability, which can be analyzed qualitatively
based on the potential energy profiles shown in Figure 3. This
is referred to as “torsional effect”. The other is the steric effect
of the alkyl substituent with the other amino acid residues of
the helix backbone, which is referred to as “steric effect”. This
can be analyzed qualitatively based on the orientation of the
substituent group with respect to the axis of the helix. The result
of the analysis is given in Table 2.

For the 10-m-r unit of the 10/12-helix (Figure 4&h, 11,
¢2, andy, are about 98 —100°, —10C°, and 90, respectively.
Torsionally, R3, R1', and R4 substitutions are in the most
favorable conformational region in comparison with the potential
energy profiles shown in Figure By is also a favorable position
in terms of¢; dihedral angle, but is gauche in termsuaf As
will be shown later, a methyl group Rt causes a destabilization
of about 1.5 kcal/molR; or R2' substitution would cause a large
destabilization of about 3 kcal/mol, and these positions are
designated as “bad”’R; and Rj3' substitutions also cause

J. Am. Chem. Soc., Vol. 121, No. 40, 199867

Gas phase
Solvent

Relative Energy

C(=0)-N-C(a)-C

( Right-handed 10/12-helix unit

(a)

10-membered-ring

C-
R;l terminus
g Rll
R, R,
Ry Rotate

53 R,

(S) o o (S) [€9)

R2 -100 ¢2 -100 Ry

=0 o}

; 1~90° Rz 2-90°
¢ @ ® w®
12-membered-ring %
2
© 14-helix unit
R,
(R) R) °
1~ -14 1~-131
MR R
H c=0 N)@O
Ry Ry N-

S)

terminus

Figure 4. Eight and four substitution patterns in the repeating units
of right-handed 10/12-helix and left-handed 14-helix, respectively.
destabilization. Since the potential energy surface is flatter for
dihedral anglep, the destabilization is only about 1 kcal/mol,
and these positions are designated as “ok”. For the part of steric
effect, R; andR;' are nearly perpendicular to the helix axis,
and they have minimum steric effect on the formation of the
helix. R4 andR2' point toward N- and C-terminus, respectively.
They would be buried in the helix structure, and would disrupt



9358 J. Am. Chem. Soc., Vol. 121, No. 40, 1999 Wu and Wang
Table 2. Conformational Preferences of Alkyl Substituents in the Right-Handed 10/12-Helix and Left-Handed 1%-Helix
10/12-mixed helix
10-m-r 12-m-r 14-helix
torsional steric torsional steric torsional steric
R1 bad (3.0 ok (0.5) good (0.0) good (0.0) good good
R, ok (1.5) ok (0.5) bad (3.0) bad >@3.0) bad bad
R3 good (0.0) good (0.0) ok (0.5) ok (0.0) good good
R4 ok (1.0) bad ¢3.0) good (0.0) ok (1.5) bad bad
Ry good (0.0) good (0.0) bad (3.0) ok (0.5)
R, bad (3.0 bad *$3.0) ok (1.5) ok (0.5)
R3 ok (0.5) ok (0.0) good (0.0) good (0.0)
R4 good (0.0 ok (1.5) ok (2.0) bad >@3.0)

aThe values in parenthesis are roughly estimated destabilization energies (kcal/mol) by methyl groups.

Table 3. Calculated Relative Energies (kcal/mol) and Dihedral Angles of the 10-m-r Conformer of the 10/12-Helix and the 14-helix

Conformer of Tripeptide Model$ and 3—8?

HF B3LYP B3LYP (SCIPCM) dihedral angles
structure Erel Erel Erel 1 H1 Y1 b2 Uz Y2

1
1c, 10-m-r 0.0 0.0 0.0 77.9 61.9 —1105 —90.8 59.2 81.4
1k, 14-helix 9.4 9.8 4.5 —154.7 64.3 —135.9

3, R;= R, = Me
3a, 10-m-r 0.0 0.0 0.0 56.8 548 —101.8 —89.2 58.0 77.2
3b, 14-helix 7.2 7.9 1.2 —154.7 64.3 —135.9

4, R3 = Rl' = Me
43, 10-m—r 0.0 0.0 0.0 79.3 60.9 —108.3 —91.4 57.8 80.3
4b, 14-helix 9.2 9.7 5.0 —154.7 64.3 —135.9

5 R;=R4/=Me
5a, 10-m-r 0.0 0.0 0.0 —80.2 —59.0 104.5 94.8 —57.8 —83.8
5b, 14-helix 7.6 8.6 3.4 —154.7 64.3 —135.9

6, R;=R3 = Me
6a, 10-m—r 0.0 0.0 0.0 78.8 60.7 —105.9 —93.0 57.7 75.0
6b, 14-helix 9.1 10.0 4.4 —154.7 64.3 —135.9

7, R,=R{=Me
7a, 10-m-r 0.0 0.0 0.0 69.0 53.8 —99.8 —-91.0 57.6 80.0
7b, 14-helix 13.8 13.6 8.5 154.7 —64.3 135.9

8, R; =R/ = Me
8a, 10-m-r 0.0 0.0 0.0 82.4 61.7 —113.3 —93.0 59.9 82.7
8b, 14-helix 12.1 12.2 7.6 —154.7 64.3 —135.9

a All energies are calculated with the 6-31G** basis set on HF/6-31G** geometries.

the formation of the helix. Therefore, these positions are
forbidden for alkyl substitution, and are designated as “bad”.
Ri1, Rz, R3', andR4' point outward, but have a dihedral angle
of about 20-40° with the helix axis. These positions allow small
alkyl substituents but do not allow bulky ones. For the 12-m-r

For the unsubstituted mod#) the conformer for the 10/12-
helix 1cis more stable than the conformer for the 14-hdlkx
by 4.5 kcal/mol in methanol solution. Upon methyl substitution
at theR; andR;' positions (refer to Figure 4a3ais found to
be only 1.2 kcal/mol more stable th&t. This 3.3 kcal/mol

unit, the situation is the same as the 10-m-r unit, except that reduction in the preference for the 10/12-helix is mainly caused

the set of groupf;, Ry, Rs, andR,4 and the set of groupRy’,
R2, R3', andR, should be exchanged. Thu’; andRj3' are
perfect for the 12-m-r.

The situation for the 14-helix is much simpler. The repeating
unit is a dipeptide model. There are only four unique substi-
tution positions.R; and R3 are both tortionally and sterically
favorable, whileR, andR, are highly unfavorable. Therefore,
any substituent at thR, or R4 position would disrupt the 14-
helix.

Substituted Tripeptide Models 3—8. To substantiate the

by the steric interaction between the methyl at Riegposition
and the carbonyl group (torsional effect). It is also reflected by
the change o, dihedral angle. The decrease in the dihedral
angle from 78 in 1 to 57 in 3a is to reduce the steric
interaction.

Model4 has theR; andR;' replaced by methyl groups. These
positions are ideal for both the 10/12-helix and the 14-helix.
The calculated energy difference betwekmand4b is 5 kcal/
mol in methanol, very similar to the situation bfOn the other
hand, whenR; and R;' are replaced by methyl groups, the
preference fobaover5b is decreased by over 1 kcal/mol. This

above analysis, several substituted tripeptide models werejs due to the torsional effect of the methyl group Rs.
calculated. For the 10/12-helix, only the 10-m-r structure was Calculations for mode® indicate that methyl groups at thes

calculated. For the 14-helix, dihedral angigsu, andy were

constrained during geometry optimization. The calculated ener-

gies and dihedral angles @fand3—8 are given in Table 3. A

andRj3' positions have little effect on the preference between
the 10/12-helix and the 14-helix.
Model 7 has methyl groups at tHe, andR;' positions. The

comparison of energy difference between the conformer for the methyl groups slightly destabilize the 10-m-r conforriiay but

10/12-helix Ba—84a) and the conformer for the 14-heli8l§—
8b) with that betweeric and1k should tell the torsional effect
of the substituents discussed in the last section.

cause a large destabilization to the 14-helix conforitterAs
a result, the 10/12-helix is favored over the 14-helix. Moglel
has methyl groups at thRsz and R4 positions. There is no
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Table 4. Predicted Preferences for the Right-Handed 10/12-Helix
and Left-Handed 14-Helix fop-Peptides of the Types(5)n

10/12-helix

—(BIB)— unit 10/12/16-  12/10/12~ 14-helix
(9-8%(9-8° Ry, R/ unfavorable unfavorable favorable
(9-p2(9-8° Rs; R/ favorablé unfavorable favorable
(9-8%(S)#> Ry, Ry unfavorable favorabfe favorable
(9-5%(S)#?> Rs; Ry favorablé favorablé  favorable
(R-B(9-8 Rz R/ favorablé unfavorable unfavorable
(9-B4(R)-A? Rs, R/ favorablé unfavorable  unfavorable
(9-f4(R-B° Rs, R’ unfavorable favorable unfavorable
(R-B(9-?> Ry Ry favorable unfavorable  unfavorable

a Predicted to be favored over the 14-hefieft-handed 12/10/12-
helix is equally favorable.

torsional problem for the 10-m-r conformer, but a torsional
destabilization in the 14-helix conform&b. The 10/12-helix
is favored over the 14-helix.

Substituent Effects on the 14-Helix and the 10/12-Helix.
The above analysis of the individual substituent effect, calcula-
tion results for the substituted tripeptide models, along with the
fact that there is an intrinsic preference for the 10/12-helix
without any substituent (modeél) allow us to qualitatively
predict the relative preferences for the 10/12-helix and the 14-
helix.

Considerf-peptides of the types{s),, with eachs-amino

J. Am. Chem. Soc., Vol. 121, No. 40, 1989369

clearly stated by Seebach et #lthe alternating chiraB3- or
B2-polypeptide is sterically not allowed for the 14-helix because
half of the side chains interfere with the backbone. However,
they are sterically allowable for the 10/12-helices if the
substituents are not too bulky. For botR}{5%(S)-5°] and [©)-
B?(R)-B?-peptides, we predict that the right-handed 10/12/
10- and left-handed 12/10/12-helices are equally favorable but
the right-handed 12/10/12- and left-handed 10/12/10-helices are
unfavorable. Peptides §-8%(R)-5°], should favor the right-
handed 12/10/12-helix while R)-3%/(9-4, should favor the
right-handed 10/12/10-helix. It should be noted that all these
favored helices are still somewhat destabilized compared to the
unsubstituted 10/12-helix. We expect that each dipeptide unit
causes about 42 kcal/mol destabilization. Whether these
peptides can exist iff-sheet or other structures needs to be
further studied. It has been shown that pghalanine exists in
af-sheet formé*3>However, side-chain substituents reduce the
tendency forB-sheet formatior?

14-Helix vs 10/12-Helix for Heptapeptide Models 9-11.
To verify the above predictions and compare our results with
existing experimental results, we carried out calculations on
heptapeptide mode®-11. The results are summarized in Table
5 and Figures 57.

The right-handed 10/12/10/12/10- and right-handed 12/10/
12/10/12-helices and the 14-helix of heptapeptide mBdetre
fully optimized. These structures are given in Figure 5. At each

acid monosubstituted; there are 16 possible combinations for cajculation level, the 12/10/12/10/12-helix is slightly more stable
the alkyl substituents for the 10/12-helix. Only eight molecules than the 10/12/10/12/10-helix. However, the two 10/12-helices
need to be analyzed because these 16 molecules are eight paitgre about 3 kcal/mol less stable than the 14-helix. If the entropy
of enantiomers. Since the first hydrogen bond from the anq enthalpy corrections f@aand9c are assumed to be about
N-terminus can be either 10-m-r or 12-m-r, two types of 10/ the same as that f@a and2c, that is, a destabilization of 2.6
12-helices should be analyzed. A helix starting with 10-m-r from kcal/mol for9c with respect t®a 36 the free energy odcwould

the N-terminus is termed 10/12/10-helix, and a helix starting pe ahout 5 kcal/mol smaller than thoseSafand9b, suggesting
with 12-m-r from the N-terminus is termed 12/10/12-helix. The that the 14-helix is more stable than the 10/12-helix f&r

ana|ySIS for the I’Ight-handed 10/12-helix and left-handed 14- peptlde This is in agreement with Seebach’s experimental

helix is summarized in Table 4.
For [(9-5%(9-5°%]n- or (9-3-peptides, both 10-m-r and 12-
m-r haveR; and R/’ substitutions. WhileR/' is allowed, each

observatior?
A comparison betweef and 2 indicates that, as expected,
the methyl groups cause about 10 kcal/mol destabilization to

methyl group aR; causes over 3 kcal/mol destabilization (see the 10/12-helix with respect to the 14-helix. The heptapeptide
Table 2). Thus, both the 10/12/10- and 12/10/12-helices are model9 can be constructed from three units of tripeptide model
unfavorable. On the other hand, the substitution pattern is ideal 3. As discussed earlier, each unit of tripeptide causes about 3.3
for the left-handed 14-helix. Therefore, the 14-helix is favored. kcal/mol destabilization to the 10/12-helix by one unfavorable

For [(9-4%/(S)-B°]n-peptides, the 10/12/10-helix would have methyl group (indicated by an arrow), amounting to about 10
Rs and Ry substitutions in the 10-m-r andR; and R3' kcal/mol by three units.

substitutions in the 12-m=rboth are favorable. On the other Seebach et al. have proposed that the 14-helix might be
hand, the 12/10/12-helix would haws and Ry’ substitutions  stabilized by a favorable hydrophobic interaction because there
in the 12-m-r andR; andR3' substitutions in the 10-m-rboth are three pairs of alkyl groups which are nearly staggered in
are unfavorable. The substitution pattern is also favorable for the 14-helixé" Because the pair of methyl groups @t are

the 14-helix. While both the 10/12/10-helix and the 14-helix separated by about 5.5 A’ the hydrophobic interaction cannot
are favorable, we predict that the former is more stable becausepe important in our calculations, as indicated by the above
of an intrinsic preference for the helix as demonstrated by the energetic ana|ysis_ It could be important for |arger a|ky| side

heptapeptide mode2. Following a similar argument, the 12/ chains which were used in their experiment.

10/12-helix is predicted to be most favorable foB)3%(S- The right-handed 10/12/10/12/10-helix, left-handed 12/10/

B?n-peptides. _ ) 12/10/12-helix, and left-handed 14-helix of heptapeptide model

~ [(9-AA(9-p7- or (S-p*-peptides have all the substituents 10 are shown in Figure 610aand 10b can be considered as

in favorable positions for all the three types of helices, that is, constructed from three 10/12-helical conformers of tripeptide

R3 andR3' substitutions for both the 10/12/10- and 12/10/12- models4 and 5, respectively. A comparison of energies 4f

helices andRs substitutions for the 14-helix. Since the calcula- ands indicates that the 10/12-helix conformiais destabilized
tions on tripeptide moded suggest thalRs' substitution causes - - -
(34) Narita, M.; Doi, M.; Kudo, K.; Terauchi, YBull. Chem. Soc. Jpn.

little destabilization to the 10/12-helix, we predict that the 10/

12/10- and 12/10/12-helices are more favorable than the 14-

helix because of their intrinsic preference.
A common feature for peptidesR(-53(9-5%n, [(9-54(R)-
B [(9-4?(R-F%n, and [R)-4%(S)-Bn is that they have

different chiralities aff- anda-carbon centers, respectively. As

1986 59, 3553.

(35) Yuki, H.; Okamoto, Y.; Taketani, Y.; Tsubota, T.; Marubayashi,
Y. J. Polym. Sci. Polym. Chem. EZR78 16, 2237.

(36) Vibration frequency calculation was not carried out for substituted
heptapeptides9—11. The assumption that the entropy and enthalpy
correction between the 10/12-helix and the 14-heli®@efll is the same
as that of unsubstituted heptapeptRienly gives a rough estimate.
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Table 5. Calculated Relative Energies (kcal/mol) and Average Dihedral Angles of the 14-Helix and the 10/12-Helix of Heptapeptide Models

2 and9—112
HF B3LYP B3LYP (SCIPCM) av dihedral angles
structure Erel Erel Erel ¢ 221 Y1 2 U2 P2
2
2a,10/12/10/12/10 0.0 0.0 0.0 (0.0) 88.1 65.1 —109.4 —97.7 60.3 87.5
2b, 12/10/12/10/12 -13 -14 0.3 86.7 63.7 —122.1 —99.7 60.3 92.7
2¢, 14-helix 22.0 24.0 7.4 (4.8) —141.9 61.4 —137.4
9
9a, 10/12/10/12/10 0.0 0.0 0.0 (0.0) 69.9 66.0 —108.9 —97.5 60.8 91.9
9b, 12/10/12/10/12 -0.3 -0.4 -0.5 73.5 68.3 —121.0 —100.6 61.3 99.5
9¢, 14-helix 11.4 14.8 —3.4(—5.0) —144.4 59.9 —135.3
10
10a 10/12/10/12/10 0.0 0.0 0.0 (0.0) 87.4 64.1 —107.6 -99.3 59.9 86.4
10b, 12/10/12/10/12 9.9 7.5 8.5 —97.6 —58.3 116.3 1009 —54.8 —95.2
10¢ 14-helix 21.4 24.2 7.6 (5.0) —144.1 59.2 —134.0
11
11g 10/12/10/12/10 0.0 0.0 0.0 (0.0) 87.6 66.1 —106.5 —98.6 61.5 82.4
11b, 14-helix 18.9 22.6 6.0 (3.4) —144.3 58.0 —130.6

2 All energies are calculated with the 6-31G* basis set on HF/6-31G* geométiié® values in parentheses are estimated relative Gibbs free
energies2cis 2.6 kcal/mol less stable th&a by enthalpy and entropy corrections based on the HF/3-21G frequency calculations.

9b
right-handed 12/10/12/10/12-helix

9a
right-handed 10/12/10/12/10-helix

Figure 5. HF/6-31G* optimized 10/12/10/12/10-, 12/10/12/10/12-, and 14-helices of heptapeptide $nodel

by torsional interaction by about 1.6 kcal/mol. Thu€b should

be destabilized by the torsional effect of the methyl groups by
about 5 kcal/mol whilelOahas no torsional effect. The energy
difference of 8.5 kcal/mol betweetDa and 10b suggests that
10bis also destabilized by the steric effect of the methyl groups.
Indeed, in10b, there are two close H/H distances of 2.17 A
involving two of theo-methyl groups. The calculated preference
for the 10/12/10/12/10-helix over the 14-helix is 7.6 kcal/mol,
very similar to that calculated for the unsubstituted ma2lel

9¢
left-handed 14-helix

The right-handed 10/12/10/12/10-heli¥1@ and the left-
handed 14-helixX1b) of heptapeptide moddll are given in
Figure 7. The right-handed 12/10/12/10/12-helix was not
calculated because it is expected that it should have similar
stability as1la 11 can be constructed from three units of
tripeptide modelb. As shown earlier, the methyl groups
cause only a small destabilization to the 10/12-helix. The
calculated energy difference betwegha and 11b is 6 kcal/
mol, only about 1 kcal/mol smaller than that betwetmand

(7.1 kcal/mol). This clearly indicates that substituents cause little 2c. With entropy and enthalpy corrections based?arand2c,
steric interaction in these two helices. Assuming the entropy we still predict that the 10/12-helix is more stable than the 14-

and enthalpy corrections fdi0aand10care the same as those
for 2a and 2¢,36 which is 2.6 kcal/mol, the free energy dba
is lower than that ofLlOc by about 5 kcal/mol. Thus, the right-

handed 10/12-helix is predicted to be more stable than the 14-

helix for (S-5%(9)-3-peptides. This is once again in agreement
with Seebach’s experimefftSince the methyl groups have little
effect on the stabilities o10a and 10¢ we conclude that the

helix by over 3 kcal/mol.

It should be pointed out that our models are different from
most experimentai-peptides in two important aspects: (1) We
replace the normal carboxylic acid C-termimus with an amide
group. This allows an additional 12-m-r hydrogen bond at the
C-terminus for the 12/10/12-helix in our model. The allowed
hydrogen bonds are not affected for the 10/12/10-helix and the

preference for the 10/12-helix is due to the intrinsic preference 14-helix. (2) Our models have an acetyl group at the N-terminus,

for the 10/12-helix backbone.

which resembles only the N-protecteépeptides studied



The 14-Helix and the 10/12-Helix gfPeptides J. Am. Chem. Soc., Vol. 121, No. 40, 199861

10a 10b 10c
right-handed 10/12/10/12/10-helix left-handed 12/10/12/10/12-helix left-handed 14-helix

Figure 6. HF/6-31G* optimized 10/12/10/12/10-, 12/10/12/10/12-, and 14-helices of heptapeptide biodel

Table 6. Substituent Effect on the Stability of the 10/12-Helix

10-m-r
[ |
i Re Ri Q) Ry O
.. “, _
| H Re Pa H Ry R l—li
12-m-r
right- left-
handed helix handed helix
entry 10-m-r 12-m-r 10-m-r 12-m-4 energy
1 Rs, Ry Ri, Rs' Rs, RY Rz, R4 0.0
2 Rs, Ry’ Rs, R’ R4, Ry R4, Ry 0.5
3 Rs, Ry R4, RS R4, RS Rs, R/ 15
4 Ro, Ry Ri, Ry Ry, RY Ro, Ry 2.0
5 Rz, Rs' Rs, Ry R1, R4 Rs, RY 25
6 Ro, Ry R4, R R, R’ Rs, Ry’ 3.5
7 Ry, Ry Ri, R Ry, R Ro, R 35
11a 11b 2Reduce to about 2 kcal/mol if the ring is the first ring from
right-handed 10/12/10/12/10-helix left-handed 14-helix N-terminus.

Figure 7. HF/6-31G* optimized 10/12/10/12/10-mixed and 14-helices i certain cases converts a 10/12-helix back to a 14-helix, which
of heptapeptide moddll is reasonable based on dipole-charge interacfibns.

. . . So far, theg-peptides that have been discussed are in the
experimentally’~> Once again, this allows one more 12-m-r o (B/B)n. The above calculations and analysis allow us to
hydrogen bond at the N-terminus for the 12/10/12-helix but has ggtimate roughly the destabilizations caused by methyl substitu-
no effect on the 10/12/10-helix and the 14-helix. Therefore, for tong at different positions, as shown in parentheses in Table 2.
many of thef-peptides studied by Seebach et al., the 10/12- The combinations of the individual substitutions can provide a
helix is actually a 10/12/10-heli: guideline for the derivation and design of 10/12-helix with a

The prediction that the 10/12-helix is preferred over the 14- random sequence. As shown in Table 6, tRe, R1') and R,
helix for f2-peptides is less certain. First of all, the preference Rj) substitutions are the best for the 10-m-r and 12-m-r
for the former is reduced with respect to the unsubstituted model structures, respectivelyRg, R3') substitution is the next best
2. This is because illa three of the methyl groups (with  for both 10-m-r and 12-m-r structures, which only causes about
arrows) are not in perfect steric-free positions. When these 0.5 kal/mol destabilization. Others can be derived in the same
methyl groups are replaced by bulkier groups, even larger way. It should be noted that Table 6 only gives normal
destabilization is expected, reducing the preference for the 10/situations, that is, both torsional and steric effects operate. When
12-helix. Experimentally, there has been no reports of structural a substituent is involved in a terminal ring, its steric effect may
determination for protecte@?-peptides. Seebach et al. have disappear. For examplR, in a right-handed 12-m-r Ry in
reported the CD spectrum of a deprotecfBehexapeptid&tn a right-handed 10-m-r has a steric effect of about 1.5 kcal/mol
The spectrum is similar to that of a typical 14-helix, but the (Table 2). If the ring is the first ring from the N-terminus, this
cotton effect of CD is weak. It has been found that deprotection steric effect disappears (check with Figure 4). SimilaRy,in
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Scheme 3
35 0 35 0 0 0 4 keal/mol
R, Ry R, R, Rs, R,
[ L LI 1 10-mr
R R
A AAAA A, o
H H H H H H
L | 12-m-r
Rs. R, R, Ry
12
0 0 2 0 0 0.5 2.5 keal/mol
Ry, R/ Ry, R/ R;, Ry’
r 1T 1T 1 10-m-r
O R O g O R O o o
R )\)‘\ /'\)J\ )\/U\
A e
H R H H H H R H R
L | ] 12-m-r
R, R, R, Ry
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a 10-m-r orR4 in a 12-m-r has a large steric effect. This steric
effect also disappears if the ring is at the N-terminus.

For the substituent effect on the stability of the left-handed
10/12-helix, everything can be derived by the image of the right-
handed helix. That isRs and R, are most favored for a 10-
m-r, andR, andR,4 are most favored for a 12-m-r (Table 6).
To illustrate the possible applications of the above qualitative

Wu and Wang

provide novel explanations for the experimental observations
of the significant influence of substitution patterns on the

formation of various helical structures. It also allows prediction

for the stability of the 10/12- and 14-helices for a variety of

sequences gf-peptides. These are as follows:

(1) While several helical structures are possible for unsub-
stituted 5-peptides, the 10/12-helix with alternate 10-m-r and
12-m-r hydrogen bonds is intrinsically favored. In particular,
the 10/12-helix is favored over the 14-helix by about 21 and 5
kcal/mol in the gas phase and gBH solution, respectively, if
the peptide is protected (not zwitterionic).

(2) Conformational analysis indicates that while substitutions
at both thea- andg-carbons of thegg-amino residue reduce the
flexibility of the 5-peptide backbone, th& substitution is more
efficient.

(3) For (9-B%(S)33-peptides andF)-S?-peptides, all sub-
stituents are allowable for the right-handed 10/12-helix and the
left-handed 14-helix; the 10/12-helix is predicted to be more
favored because it is intrinsically favorable.

(4) 53-Peptides are predicted to adopt the 14-helix instead of
the 10/12-helix because in the 10/12-helix half of the substituents
are in unfavorable positions.

(5) Several patterns of alkyl substitutions would disrupt the
formation of the 14-helix, but only cause mild destabilization
to the 10/12-helix. These includB).5%/(9-5%-, (9-B4(R)-%-,

analysis of substituent effect, Scheme 3 shows two examples.(9-5%(R)-33- -and R)-3%/(S)-B-peptides. Therefore, theSepep-
Seebach et al. have reported the CD spectrum of hexapeptideides might also form the 10/12-helix.

12. It has a single absorption maximum at abbet 200 nm>3"

Since the CD absorption is quite different from that of a typical
14-helix, it would be tempting to assign the structure as a 10/
12-helix. A closer examination using the conditions in Table 6
indicates that the first two rings from the C-terminus are
favorable; the middle 10-m-r would cause about 3.5 kcal/mol
destabilization; the 10-m-r at the N-terminus would be highly
unlikely to form because it would also cause about 3.5 kcal/
mol destabilization. Thus, a total of about 4 kcal/mol destabi-
lization to the right-handed 10/12-helix is predicted. On the other

It should be pointed out that in deriving the above predictions,
the possible formation g#-sheet or other secondary structures
is not considered explicitly. The effect of the protection for C-
and N-termini also needs to be studied. When sfigueptide
units such as dipeptide or tripeptide units are incorporated into
normala-peptide sequences, special and interesting secondary
structures are also possible. In addition, it is necessary to answer
the question why-peptides > (and likewisey-peptideg) have
a higher tendency to form secondary structures thqeptides
do. Research attempting to address these issues is currently

hand, the side-chain substituents do not cause destabilizationunderway in this group.

to the left-handed 14-helix. Therefore, the intrinsic preference
for the 10/12-helix over the 14-helix is canceled out by the side-
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Summary

We have theoretically studied the conformational features of
a series ofy-tripeptide andg-heptapeptide models. The results

optimized conformations of tripeptide modeland HF/6-31G**
and B3LYP/6-31G** calculated total energies of conformations
of 1—-11 (PDF). This material is available free of charge via
the Internet at http://pubs.acs.org.
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