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Abstract: The conformational properties of azapeptide derivatives, Ac-azaGly-NHMe (1), Ac-azaAla-NHMe
(2), Ac-NMe-azaGly-NHMe (3), Ac-NMe-azaAla-NHMe (4), Ac-azaGly-NMe; (5), Ac-azaAla-NMe; (6), Ac-
NMe-azaGly-NMe; (7), and Ac-NMe-azaAla-NMe; (8), were systematically examined by using ab initio
MO and DFT methods. Structural perturbations in azapeptides resulting from cyclic substitution of a methyl
group at three N-positions of an azaamino acid were studied on the basis of the structure of the simplest
model azapeptide, 1. Potential energy surfaces were generated at the HF/6-31G* level for 1—4 and at the
HF/6-31G*//HF/3-21G level for 5—8 by rotating two key dihedral angles (¢, 1) in increments of 30°. The
backbone (¢, ) angles of the minima for 1—4 are observed at the i + 2 position to form the gI(I')-, lI(II')-,
BVI-turns or the polyproline Il structure according to the orientation of the acetyl group and the positions of
the N-methyl groups. Compounds 5—8 coupled to a secondary amine were found to preferentially adopt
polyproline 11, SI(Il)-turn, or a-helical structure or even extended conformations depending on the orientation
of the acetyl group and the positions of the N-methyl groups. Furthermore, N-methyl groups, depending on
their positions, were found to affect the orientation of the amide group in the lowest energy conformations,
the pyramidality of the N2 atom, and the bond length in azapeptide derivatives. These unique theoretical
conformations of N-methyl azapeptide derivatives could be utilized in the definite design of secondary
structure for peptides and proteins, and in the development of new drugs and molecular machines.

1. Introduction peptides to adopt distinct preferred conformations by removing
the flexibility of the parent linear peptidés.

The identification of conformational preferences for peptido-
mimetics has become immensely important because of the need
for predictable and controllable secondary structures in drug
discovery and nanotechnology (i.e., peptide engineering,
foldamers)t=% The ideal¢ andwy dihedral angles for regions
of these secondary structures are shown in Tabié’IThe
various experimental and theoretical approaches to characterize

The structure of proteins is controlled by varying the simplest
elements of the secondary structure: heliggsheets, and
pB-turns. Among these structural elements of proteinsjthens
are the most abundant regular elements connecting two
B-strands-2 Since the biological effects mediated by peptides
greatly depend on their conformational properties, the introduc-
tion of geometrical constraints to the peptide structure could
enhance the selectivity of biologically active peptides.

Sl.nce bioactive peptides must adopt a spemﬂp Confor.ma.tlon (4) (a) Chorev, M.; Goodman, Micc. Chem. Re4.993 26, 266. (b) Giannis,
to bind to an acceptor molecule, the exploration of binding A.; Kolter, T. Angew. Chem., Int. Ed. Engl993 32, 1244. (c) Schneider,

conformations is one of the most important processes involved g:thKRegélsJaga\;nghle% Re. 1993 95, 2169. (d) Gellman, S. Hacc.
in the effort to obtain potent and selective therapeutic agents. (5) (a) Wu, Y.-D.; Wang, D.-PJ. Am. Chem. Sod.998 120, 13485. (b) Wu,
Y.-D.; Wang, D.-P.J. Am. Chem. Sod999 121, 9352. (c) Wu, Y.-D. J.;
For this purpose, constrained peptidomimetics cause the resulting Wang, D-P.: Chan. K. W. K. Yang, O Am. Chem. S0d994 121
11189. (d) Mdnle, K.; Ginther, R.; Thormann, M.; Sewald, N.; Hofmann,

% . . . H.-J.Biopolymersl999 50, 167. (e) Gather, R.; Hofmann, H.-J.; Kuczera,
(:_qrrespondmg author. Tel.: 82-2-958-5957. Fax: 82-2-958-5969. K. J. Phys. Chem. B001 105 5559 (f) Guther, R.; Hofmann, H.-11.
E-mail: Ieekb_@klst.re.kr.' Am. Chem. SoQ001 123 247.
TKorea Institute of Science and Technology. (6) (a) Hruby, V. J.; Li, G.; Haskell-Luevano, C.; Shenderovich,Bibpoly-
#Korea University. mers 1997, 43, 219. (b) Artis, D. R.; Lipton, M. A.J. Am. Chem. Soc.
(1) (a) Kabsch, W.; Sanders, Biopolymers1983 22, 2577. (b) Sibanda, B. 1998 120, 12200. (c) Thormann, M.; Hofmann, H.-J. Mol. Struct.
L.; Thornton, J. M.Nature1985 316, 170. (c) Rose, G. D.; Gierasch, L. (THEOCHEM) 199§ 431, 79. (d) Kim, B. H.; Cho, S. G.; Ha, T.-KJ.
M.; Smith, J. A.Adv. Protein Chem.1985 37, 1. (d) Wilmot, C. M.; Org. Chem.1999 64, 5036. (e) Alema, C.J. Phys. Chem. B001, 105
Thornton, J. MJ. Mol. Biol. 1988 203, 221. (e) Stanfield, R. L.; Fieser, 860.
T. M.; Lerner, R. A.; Wilson, |. A.Sciencel99Q 248 712. (7) (a) Venkatachalam, C. MBiopolymersl968 6, 1425. (b) Ramachandran,
(2) (a) Dobson, C. MCurr. Opin. Struct. Biol1993 3, 57. (b) Fersht, A. R.; G. N.; Sasisekharan, \Adv. Protein Chem1968 23, 283. (c) Toniolo,
Dill, K. A. Curr. Opin. Struct. Biol.1994 4, 67. C.; Benedetti, ETrends Biochem. Scll99], 16, 350. (d) Smith, L. J,;
(3) Goodman, M.; Ro, S. IBurger's Medicinal Chemistry and Drug Discery, Bolin, K. A.; Schwalbe, H.; MaArthur, M. W.; Thronton, J. M.; Dobson,
5th ed.; Wolff, M. E., Ed.; Vol. I. Principle and Practice; Wiley: New C. M. J. Mol. Biol. 1996 255, 494. (e) Wu, Y.-D.; Zhao, Y.-LJ. Am.
York, 1995; pp 803-861. Chem. Soc2001, 123 5313.
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Table 1. ldeal ¢ and y Dihedral Angles (in Degrees) for Residues
of Defined Secondary Structure? l l
secondary structure ¢ P ?I1 T2 IIR:; o o1 '?2“’1 l'?3
right-handedb-helix —57 (—65) —47 (—40y C1/Cz~N (Nz\c /Ns\c4 /[%(N)fN N
3ichelix —49 (-63) —26 (-17p | 13 o | o1
y-turn (2 ribbons) —86 63 R+ O2 1 0
polyproline 11 —78 149 T
polyglycine Il —80 150
p-strand —180 180
: R1=R2=R3=H (1); R4=R3=H, R2=CH3 (2);
turn (5 i+ i+ i+
P s Y 9= e R1=CH3, Rz=R3=H (3); R4=R»=CH3, R3=H (4);
g’:, % % -9 ° R1=R2=H, R3=CH3 (6); R4=H, R2=R3=CHj (6);
R1=R3=CHg, Ry=H (7); R4=R=R3=CH 8
Bl —60 120 80 0 1=R3=CHgs, R> 1=R2=R3=CH3 (8)
Al 60 —-120 —80 0 Figure 1. Chemical structures and torsion angles for Ac-azaGly-NHMe
Al —60 -30 —60 —30 (1), Ac-azaAla-NHMe ), Ac-(NMe)azaGly-NHMe 8), Ac-(NMe)azaAla-
A’ 60 30 60 30 NHMe (4), Ac-azaGly-NMe (5), Ac-azaGly-NMe (6), Ac-azaGly-NMe
BVlac —-60 120 -90 0 (7), and Ac-NMe-azAla-NMeg (8).
pVIb' € -120 120 —60 150

synthesis have been extensively investigated in solution and in
A alﬁ)IUPAC—IUB Colmmission on Biohchemica(; Nome?](:laturéTheI the solid phase, many azaamino acids have been inserted into
ackbone torsion angl@, or i, in parentheses indicates the mean values ; ; ; ; [y c taimizi
(ref 7e).¢ The cis peptide bond is at tfiet 1 position (i.e.wis ~ 0°). peptides and qu to desirable bloact|ye mo!etles, Qutglnlzmg
hormone-releasing hormone, angiotensin-coverting enzyme
the conformational properties of designed peptidomimetics in (ACE) inhibitor, and serine and cysteine proteade¥)Despite
solution and crystalline states were performed by using NMR €Xt€nsive usage of azaamino aplédézlzl‘l peptides, conformational
and X-ray spectroscopic methods and quantum mechanicalStudies have been relat|yely I|m|F g Aubry,.Boussard, and.
calculations. These approaches have provided structural infor-Marraud have made major contributions to this area by carrying

mation regarding the accessible conformations of the modified °Ut crystallographic and spectroscopic studies of peptides
amino acids in long peptidds® containing azaamino acid:1® Thormann and Hofmann in-

Azaamino acids are formed by replacing arcarbon of tensively investigate_d the_preferentigl confprmations of variogs
amino acids with a nitrogen atom without changing the side azapept|d7e models, |nclgd|ng hydrazine, using Se"er"?" theoretical
chains, as shown in Figure 81?2 Since methods for their methods.” These experimental and theoretical studies demon-

strated clearly that azaamino acids in peptides have characteristic
structural propertie¥:—22 The preferential backbone dihedral

(8) (a) Gante, JSynthesisl989 405. (b) Gante, JAngew. Chem., Int. Ed.

o (En)g/k 1d994F33M1699.d M Teouloufic. T T . we angles ¢, ) of azaamino acids in peptide structures ar®@
a) Andre F.; Marraud, M.; Tsouloufis, T.; Tzartos, S. J.; BoussardJG. o :
Pept. Sci1997 3, 429, (b) Ahn, L-A.. Kim, D, W.: Ro, SMol. Dizers, ~ + 30%, 0° & 30°) and €:90° + 30°, +180" + 3(°), which appear
(1(;3)9(§;b1999 é, 263. ((éj) Han%enL, THngtgh_%iron Letté99}9<2 40] 911H91>- at thei + 2 position ofSI(11)-turn (6r) and polyproline 11 Gp)
Ipson, C.; Goodman, S. L.; Hann, D.; @emann, G.; Kessler, H. . A H :
Org. Chem.1999 64, 7388. (e) Liley, M.; Johnson, Tretrahedron Lett. StrUCtu_reSv re_Spe_C“Ver- The_se imply that the incorporation of
2009 41, 3983. azaamino acid into a peptide would stabilize theurn or

(10) (a) Ho, T. L.; Nestor, J. J.; McCrae, G. |.; Vickery, B. hit. J. Pept. . . .
Protein Res1984 24, 79. (b) Greenlee, W. J.; Thorsett, E. D.; Springer, polyproline Il conformation. We reported earlier that the
J. P.; Patchett, A. A,; Ulm, E. H.; Vassil, T. ®Giochem. Biophys. Res. azapeptides Ac-Aib-azaGly- Boc-Phe-azal eu-Ala-OMe
Commun.1984 122, 791. (c) Calabretta, R.; Giordano, C.; Gallina, C.; PEp y i !
Morea, V.; Consalvi, V.; Scandurra, Eur. J. Med. Chem1995 30, 931. and Boc-Ala-Phe-azal eu-Ala-OMe adopt thle and Sll-turn
(d) Grayblll, T. L.; Dolle, R. E.; Helaszek, C. T.; Ator, M. A.; Strasters, J. Conformations in Solution’ as Observed using NMR Spectros_

Bioorg. Med. Chem. Letll995 5, 1197. (e) Simone, G. D.; Balliano, G.; 19-21 " . i
Milla, P.; Gallina, C.; Giordano, C.; Tarricone, C.; Rizzi, M.; Bolognesi, ~COPY: The structures of azapeptides studied so far, in

M.; Ascenzi, P.J. Mol. Biol. 1997, 269, 558. (f) Xing, R.; Hanzlik, R. P. Y i ,19-22
J. Med. Chem1998 41, 1344. (g) Huang, Y.; Malcolm, B. A.; Vederas, aqldmon to these compounds, are Shown_m Table 2 .
J. C.Bioorg. Med. Chem1999 7, 607. (h) Sulyok, G. A.; Gibson, C.; Since the X-ray and NMR structures available for azapeptide

Goodman, S. L.; Hazemann, G.; Wiesner, M.; Kessler, Bl. Med. Chem. ; ; R i i i ~Aifi _
2001 44, 1938. (i) Hart, M.+ Beeson, Q. Med. Chem2001, 44, 3700. () derlvatlves are con&deraply limited, |t-|s significant t(_) chqrac
Zhang, R.; Durkin, J. P.; Windsor, W. Bioorg. Med. Chem. Let2002 terize the structures of various azapeptides coupled with primary
12, 1005. ; ;
(11) Benatalah, Z.; Aubry, A.; Boussard, G.; Marraud, Int. J. Pept. Protein and Secondary amme_s i_it the C'terml_n_us' . i
w2) F/_e\ez.;gls:al 38, 603.d & Baveul. b.. Didieriean. .- Aubry. A M g Methyl group substitution at NH positions of azaamino acids
ndre F.; Boussard, G.; Bayeul, D.; Didierjean, C.; Aubry, A.; Marraud, . . .
M. J. Pept. Res1997, 49, 556. incorporated in peptides, as shown in Table 2, would severely

(13) Didierjean, C.; Duca, V. D.; Benedetti, E.; Aubry, A.; Zouikri, M.; Marraud,  perturb the typicaf-turn conformation of the azapeptide, and
M.; Boussard, GJ. Pept. Res1997, 50, 451.

(14) Zouikri, M.; Vicherat, A.- Aubry, A.; Marraud, M.; Boussard, G. Pept. this fact gives rise curiosity about the structural perturbation of
Res.1998 52, 19. ) ) _ azapeptides by methyl group substitution in azaamino acids.
(15) Vanderesse, R.; Grand, V.; Limal, D.; Vicherat, A.; Marraud, M.; Didierjean, . . . .
C.; Aubry, A.J. Am. Chem. Sod998 120, 9444. Understanding the effects of such alkylation of azaamino acids
(16) (&) Lecoq, A.; Boussard, G.; Marraud, M.; Aubry, Biopolymers1993 on the conformation of azapeptides is critical for the design of
33, 1051. (b) Didierjean, C.; Aubry, AActa Crystallogr. C1995 51, 688. . . . Pep . K . 9
(c) Marraud, M.; Aubry, A Biopolymers (Pept. Sci)996 40, 45. conformationally bioactive azapeptides. To investigate the
(17) Thormann, M.; Hofmann, H.-J. Mol. Struct. (THEOCHEM).999 469 influence of structural changes in azapeptides by methyl group
(18) (a) Ro, S.; Yoon, C.-Z. Phys. Chem200q 214, 1699. (b) Lee, H.-J.: substitution in three N-positions of an azaamino acid [i.e., Ac-

Song, J.-W.; Choi, Y.-S.; Ro, S.; Yoon, C.Bhys. Chem. Chem. Phys _ _ _ _ - -
AT A azaAla-NHMe ), Ac-NMe-azaGly-NHMe 8), Ac-NMe

(19) Ro, S.; Lee, H.-J.; Ahn, 1.-A; Shin, D.-K.; Lee, K.-B.; Yoon, C.-J.; Choi, azaAla-NHMe 8), Ac-azaGly-NMe (5), Ac-azaAla-NMe (6),
Y.-S. Bioorg. Med. Chem2001, 9, 183. _ _ ~ _ _ _

(20) Lee, H.-J.; Ahn, 1.-A: Ro, S.; Choi, K-H.: Choi, Y.-S.; Lee, K.<BPept. Ac-NMe-azaGly-NMe (7), and Ac-NMe-azaAla-NMg8)], we
Res.200Q 56, 35.

(21) Lee, H.-J.; Choi, K.-H.; Ahn, I.-A.; Ro, S.; Jang, H. G.; Choi, Y.-S.; Lee, (22) Gante, J.; Krug, M.; Lauterbach, G.; Weitzel, R.; Hiller, W Pept. Sci.
K.-B. J. Mol. Struct.2001, 569, 43. 1995 2, 201.
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Table 2. Single-Crystal and Solution Structures of Various Azapeptide Derivatives

azapeptide derivatives phase wg b1 Y1 w1 structure
() Azapeptides Including Primary Amine
Ac-Aib-AzaGly-NH, NMR? 178 —78 —10 178 pl
Boc-AzaPheAzaGly-X-Azalle-OMe? X-ray® —174 65 —168 169
Boc-AzaPheAzaGly-X-Azalle-OMe X-ray© -109 11 —-174
Boc-AzaPhe-AzaGly-XAzalle-OMe? X-ray® 169 —87 —4 —170
Piv-ProAzaAla-NHiPr X-rayd 180 89 18 169 pll
Piv-ProAzaAsn(Me)}NHiPr X-ray? 178 81 2 —-179 Al
Boc-PheAzal eu-Ala-OMe NMRf 175 107 —4 175 All
Boc-Ala-PheAzal eu-Ala-OMe NMRO 176 88 1 176 BlL(AI)
Boc-Ala-(NMe)AzaAla-Ala-NHiPr X-ray’ 14 —107 15 177 pVI
(1) Azapeptides Including Secondary Amines

Boc-AzaAla-Pro-NHiPr X-ray 172 —67 —18 172 pl
Z-AzaAsn(Me)-NMe, X-ray® —178 —61 —38 179+11
Z-AzaAsn(Me)-Pro-NHiPr X-ray -179 —52 —36 —178 pl

aReference 19 X is an organic spacef.Reference 229 Reference 11¢ Reference 12\ Reference 209 Reference 21" Reference 13.

employed ab initio MO and density function theories to draw generated on a 3@rid by full optimization of all degrees of freedom
the Ramachandran plot and to calculate the minimum energy except¢: andy; at the HF/6-31G*//HF/6-31G* level fot—4 and at
conformations on the basis of the structure of a model the HF/6-31G*//HF/3-21G level fo5—8.26 The reason moleculeis-4
azapeptide, Ac-azaGly-NHMeL) are studied at a different level than molecutes8 is that for5—8,

due to molecular size, it is appropriate to optimize at first at the HF/
3-21G level by rotating two key backbone anglgsy) in increments

of 30°, and then perform a single-point energy calculation at the HF/

d N2-C3 bond | h he ol . indi a 6-31G* level of theory. Numerous studies have shown that the HF/6-
and N ond lengths. The planar nitrogen indicates sp 31G* level is sufficient to provide an initial picture of the conforma-

character, and the pyramidal nitrogen atom implies moe sp jona| preferences in peptid&&2’ Minimum energy conformations were
character. Thus, the NZC3 bond length increases as the jgentified by complete geometry optimization of the starting structures
pyramidality of the N2 atom increas&s!’ Therefore, it is  selected from the HF/6-31G* or HF/6-31G*//HF/3-216: (/1) maps.
important to know hoviN-methyl groups affect the pyramidality = The quenched molecular dynamics were additionally applied to search
of nitrogens, since that will affect the rotational barriers ofN1  the starting structures. This calculation involved two steps: high-
N2 (¢1) and N2-C3 ;). Also, since it was found that the less  temperature molecular dynamics at 1000 K for 1000 ps, and full
favorable cis peptide bond occurs in some cases with proteins,minimization of the structures that appeared every picosecond of the
the conformational properties of the pep“de or pept|dom|met|c molecular dynamics. For these calculations, the DISCOVER program
compounds with a cis peptide bond are considered to be equallytMolecular Simulations Inc., 9685 Scranton Rd., San Diego, CA 92121-
important as those of the compounds with a trans peptide bond3_‘752) was used. Additionally, to obtain hlghly dlversm_ed confqrma— .
for their possible application in peptide design, and the tions, we repeated the same procedures using three different dielectric

: . . j constants { = 1, 45, 80), leading to 4000 AMBER-minimized
conformational properties for both orientations of model com- g ) o
3 conformationg® These conformations were then classified into con-
poundsl1—8 were calculated?

formational families by cluster analysis on the basis of torsion angles.
2. Computational Methods The resulting conformations were fully optimized at the.HFIS-ZlG level,
and subsequently selected structures were reoptimized at the HF/6-

The conformational properties of azaamino acid derivatives were 31G* level. The minima obtained by two different approaches led to

investigated using the GAUSSIAN program package run on the Cray the same results.

T3E supercomputef. The starting structures for ab initio and DFT The HF/6-31G* minimum energy conformations for model com-

calculations of azapeptide derivativés-8 were obtained using two pounds1—8 were fully reoptimized at the B3LYP/6-31G* level. Al

different methods: the potential energy surface and the quenched ¢ stationary points were found to be local minima, as indicated by

molecular dynamics: the absence of imaginary frequencies. The vibrational frequencies

The potential energy surfaces of compourids8 were generated .10 jated at the same levels were also used to compute the enthalpy
for the two cases with the acetyl group oriented in a transy¥ 180°)

or cis (wo ~ 0°) configuration. Relaxed potential energy surfaces were

The pyramidalization of the N2 atom in azapeptide derivatives
involves the hybridization of the nitrogen atom in azaamino
acid-containing peptides and leads to changes in the N\l

(26) (a) Petersson, G. A.; Bennett, A.; Tensfeldt, T. G.; Al-Laham, M. A.;
Shirley, W. A.; Mantzaris, 3. Chem. Physl988 89, 2193. (b) Petersson,

(23) (a) Stewart, D. E.; Sarkar, A.; Wampler, JJEMol. Biol. 199Q 214, 253. G. A.; Al-Laham, M. A.J. Chem. Physl991, 94, 6081. (c) Hehre, W. J.;
(b) Jabs, A.; Weiss, M. S.; Hilgenfeld, B. Mol. Biol. 1999 286, 291. (c) Radom, L.; Schleyer, P. v. R.; Pople, J. Ab Initio Molecular Orbital
Weiss, M. S.; Metzner, H. J.; Hilgenfeld, REBS Lett.1998 423 291. Theory Wiley: New York, 1986.

(d) He, X.-L.; Li, H.-M.; Zeng, Z.-H.; Liu, X.-Q.; Wang, M.; Wang, D.-C. (27) (a) Scarsdale, J. N.; van Alsenoy, C.; Klimkowski, V. J.; ‘$ehalL.;
J. Mol. Biol. 1999 292, 125. (e) Wittelsberger, A.; Keller, M.; Scarpellino, Momany, F. AJ. Am. Chem. Sod991, 113 3438. (b) Head-Gordon, T.;
L.; Patiny, L.; Acha-Orbea, H.; Mutter, MAngew. Chem., Int. EQ00Q Head-Gordon, M.; Frisch, C. L.; Brooks, C. L.; Pople, JJAAm. Chem.
39 1111. So0c.1991 113 5989. (c) Perczel, A.; Agyan, J. G.; Kajta, M.; Viviani,

(24) Frisch, M. J.; Trucks, G. W.; Schlegel, G. B.; Gill, P. M. W.; Johnson, B. W.; Rivail, J.-L.; Marcoccia, J.-F.; Csizmadia, I. G. Am. Chem. Soc.
G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G. A, 1991, 113 6256. (d) Béhm, H.-J.; Brode, SJ. Am. Chem. S0d991, 113
Montgomery, J. A.; Raghavachari, K.; Al-Lagam, M. A.; Zakrzewski, V. 7129. (e) Gould, I. R.; Kollman, P. Al. Phys. Cheml992 96, 9255. (f)
G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.; Brooks, C. L., Ill; Case, D. AChem. Re. 1993 93, 2487. (g) Gould, I.
Nanayakkara, A.; Challacome, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W, R.; Cornell, W. D.; Hillier, I. H.J. Am. Chem. S0d.994 116, 9250. (h)
Wong, M. W.; Anders, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.; Endredi, G.; Perczel, A.; Farkas, O.; McAllister, M. A.; Csonka, G. |.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head- Ladik, J.; Csizmadia, I. GJ. Mol. Struct. (THEOCHEM)997, 391, 15.
Gordon, M.; Gonzalez, C.; Pople, J. &aussian 94 Gaussian Inc.: (28) (a) Weiner, S. J.; Kollman, P. A.; Case, D. A,; Singh, U. C.; Ghio, C.;
Pittsburgh, PA, 1995. Alagona, G.; Profeta, S.; Weiner, R.Am. Chem. Sod984 106, 765. (b)

(25) (a) Becke, A. DJ. Chem. Phys1993 98, 5648. (b) Lee, C.; Yang, W.; Weiner, S. J.; Kollman, P. A.; Nguyen, D. T.; Case, D.JAAm. Chem.
Parr, R. GPhys. Re. B 1988 37, 785. Soc.198§ 7, 230.
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Figure 2. HF/6-31G*//HF/6-31G* potential energy surfaces of azapeptide derivativedgAB) 1b, (C) 2a, (D) 2b, (E) 3a (F) 3b, (G) 4a, and (H)4b.

Here,a represents a trans amide orientatian & 180°) andb a cis amide orientationup ~ 0°). Geometry optimization of all variables excefatandy;

was performed on a grid with 3Gpacing. Solid contours are drawn every 2 kcal/mol from the global minimum to 20 kcal/mol. An enlarged minima region
for lais available in the Supporting Information.

and the Gibbs energy differences for the cis/trans isomerization at bond was fixed with a transl&—8a; wo ~ 18C°) or cis (Lb—
298 K2 8b; wo ~ 0°) orientation. On the basis of the HF/6-31G*

3. Results and Discussion potential energy surfaces, the starting structures were selected
3.1. Potential Energy Surfaces.The potential energy and then fully optimized at the HF and B3LYP levels with the
surfaces for trans and cis orientations of an acetyl amide bond6-31G* basis set. These potential energy surfaces were generated

were generated by rotating two key dihedral angtesandy1, further for Ac-azaAla-NHMe %), Ac-NMe-azaGly-NHMe 8),
in increments of 3Dat the HF/6-31G* level for the compound  and Ac-NMe-azaAla-NHMe4) to figure out how the methyl
Ac-azaGly-NHMe (). During the rotation, the acetyl amide  groups affect the conformational preference of those azapeptides

(29) Kang, Y. K.J. Mol. Struct. (THEOCHEMZ2001, 546, 183 and references n companson to that Of_ the_ SImpIeSt represent.atlve of an
therein. azapeptide,1. As shown in Figure 2, the potential energy

11884 J. AM. CHEM. SOC. = VOL. 124, NO. 40, 2002
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Figure 3. HF/6-31G*//HF/3-21G potential energy surfaces of azapeptide peptide derivativés,(@®) 5b, (C) 6a, (D) 6b, (E) 7a, (F) 7b, (G) 8a, and (H)

8b. Here,a represents a trans amide orientation & 180°) andb a cis amide orientationup ~ 0°). Geometry optimization of all variables excefatand

11 was performed on a grid with 3Gpacing. Solid contours are drawn every 2 kcal/mol from the global minimum to 20 kcal/mol. An enlarged minima
region for5ais available in the Supporting Information.

surfaces for azapeptide derivatives4 show similar features,  polyproline Il regions p; ¢1 ~ —80° £ 30°, y1 ~ £170° +
giving aC, symmetry axis¢: ~ 0°, 11 ~ 0°); the replacement ~ 30°) in the Ramachandran plots. These are the characteristic
of hydrogen by a methyl at the N1 and/or N2 position would potential energy surfaces for azaamino acids, and their local
not perturb much the structure of Ac-azaGly-NHM&) ( minimum energy conformations are not located in fhgheet
published earlier, irrespective of the acetyl amide orientafié. regions fs; ¢1 ~ —180C + 30°, 31 ~ 180C° £ 30°), in contrast
However, the curvature patterns Nfmethyl-substituted aza-  to those of natural amino acid$3°

peptide derivatives are steeper than that of compduimchich The potential energy surfaces of compounds Ac-azaGly-NMe
demonstrates that methyl groups at the N1 or N2 position would (5), Ac-azaAla-NMe (6), Ac-NMe-azaGly-NMe (7), and Ac-
restrict the allowedp; and vy regions of the azaamino acid. NMe-azaAla-NMe (8) coupled to a secondary amine were also
The low-energy conformations Gf-4 are located in the right-
handed regionsog; ¢1 ~ —90° + 30°, y1 ~ 0° £ 30°) and (30) Notation: Karplus, P. AProtein Sci.1996 5, 1406.
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generated. Due to the molecular size, the HF/3-21G optimiza- Tag/?\l g Czotgtiog&zl I)3arfri§\rs (kcet\!émollj) for tthe Nll—lZIZ tBtohnd (9)
: _ : an - ond (y) or Azapeptide Derivatives 1—4 at e
tions for 5—8 were performed by rotating two key backbone s 51 52 oyel and 5-8 at the HF/6-31G*/HF/3-21G Level
(¢, y) angles in increments of 300n the basis of these HF/

3-21G-optimized structures, a single-point energy calculation N1—N2 Bond ¢)
was performed at the HF/6-31G* level of theory. As shown in path | (min — ¢ = ~180°) path II (min — ¢ = 0°)
Figure 3, the potential energy surfaces for compouel also fixed angle fixed angle fixed angle fixed angle
have a symmetric counterpart, but the potential energy surfaces =0 y =180° =0 y =180°
of compounds5—8 show significantly different features as la 6.4 2.9 14.1 215
compared to those ofi—4. The local minimum energy %b E% 2'451 ig-g gi-;‘
: a . . . .
conform'at|ons for compounglwere found to be located at the % 515 148 529 12.9
polyproline Il (Br; ¢1 =~ —80°, y1 6 ~ 17(°), the bend §; ¢1 3a 12.7 8.4 17.6 24.7
~ —120, y1 ~ 60°), and thea-helical (@r; ¢1 ~ —60°, 1 =~ 3b 17.5 15.9 25.3 15.4
_ i ; i i 4a 27.1 36.1 26.1 25.6
30°) regions, re_ga_rdless of the onen_tatlon of the acetyl amide 4b 539 158 838 173
group. The similarity of the potential energy surfaces for g, 46 3.0 236 223
compounds6—8 with that of compound indicates that the 5b 9.3 13.6 217 13.2
N-methyl groups at the N1 and N2 positions do not perturb the 6a 234 5.7 25.8 24.8
local minimum energy conformations fd& but restrict the gg lg'i g'é gg'g ;g'i’
energetically allowed region of the conformers. It is noticed  7p 14.2 128 235 16.0
that the-strand regionsfls; ¢1 ~ 180C°, 1 ~ 180°) were 8a 24.9 19.6 35.0 15.2
destabilized byN-methylation. 8b 21.2 17.5 24.6 16.5
3.2. The Rotational Energy Barriers. The conformational N2—-C3 Bond )
preferences of azapeptide derivatives have been known to be path 11 (min — y = ~180%) path IV (min — y = 180%)
related to the repulsion between nitrogen lone pairs and the : :
. . . . fixed angle fixed angle
conjugated amide bond in the urea-type struct&@This fact 6= —90° 6= —90°
can be rationalized on the basis of the rotational barriers of the 1a 11.0 9.2
N1—N2 (¢1) and N2-C3 (y1) bonds, estimated on the basis of b 126 6.9
the potential energy surfaces in Figures 2 and 3; these rotational 2a 11.0 9.1
barriers are shown in Table 3. These rotational barriers could 2P 10.2 12.1
R : : o 3a 11.0 9.1
give insight into the preferred conformation or rigidity of 3b 138 116
azapeptides. The barriers of the N2 bond for rotation 4a 14.2 9.5
through path | (rotation ap; from the minimum through-18C°) 4b 14.1 11.2
or ; o 5a 9.7 6.5
path Il (rotation ofg; from the minimum through Q were
) : " . . 5b 5.9 10.0
estimated at fixedp, (0° or 18C). The rotational barriers of 6a 9.0 5.0
the N1-N2 bond range from 2.9 to 35.0 kcal, depending on 6b 7.0 6.5
the orientation of the acetyl amide group and the number of ;g‘ 1%‘; g-g
methyl groups bound to azapeptide derivatives. Methyl groups g, 8.7 58
at the N3 position would not affect the rotational barriers of 8b 8.1 73

the N1-N2 bond, but methyl groups bound at N1 and N2

positions increase its rotational barriers due to steric hindrance, ) ) ) ]
as presented in Table 3. The barriers of the4d3 bond for optimized structures, including the geometries and intramolecu-

rotation through path Il (rotation ofy; from the minimum larhydrogen-bonding parameterf for-8, are displayed in
through—18C°) or path IV (rotation ofy; from the minimum Figures 4-11. The B3LYP/6-31G* backbonep{, 1) angles
to 180°) were estimated at fixes; (—90°). The rotational and the relative energies, enthalpies, and Gibbs energies of

barriers of the N2C3 bond seem not to depend on the Minima forl-8are given in Tables 4 and 5.
orientation of the acetylamide group, and the average rotational A¢-a3zaGly-NHMe (1). Five minima were found at the
barrier for the N2-C3 bond of azapeptides—4 is about 11.0 ~ B3LYP/6-31G* level, as presented in Table 4 and Figure 4.
kcal/mol, which is relatively higher than that (8.0 kcal/mol) of ~Three minima for compountla (wo ~ 18C°) were characterized.
azapeptide§—8, which means that the additional methyl group The backbone angles for all minima were found in the secondary
at N3 lowers the rotational barriers for the N3 bond, as structure of native proteins or peptides, which indicates that the
shown in Table 3. These rotational energy barriers, as functionsNcorporation of azaamino acids in peptides could stabilize the
of conformers and configurations, allow us to visualize the SPECIfic conformations. Conforméa-1(0g; ¢1 = —94°, y1 =
influence of N-methyl substitutions on the conformations of —24°) adopts gl(I")- or li(lI ")-turn in thei + 2 position, and
azapeptides. conformerla-2 (fBp; 1 = —73°, 1 = 165°) appears to be the
3.3. Minimum Energy Conformations. As shown in the polyglycine I or polyproline Il helix structure, as displayed in
Ramachandran plots in Figures 2 and 3, the minimum energy 'ablé 1. Conformeda-1and the mirror image ola-2 were
conformations forl—8 have their own mirror image conforma- found in solution as well as in the solid state (see Table 2).
tions, and only one symmetric part of the mirror image Conformerla-3(dr/y’; ¢1=—82, y1 = 37°) has a backbone

conformations is considered. The resulting B3LYP/6-31G*- angle similar to that ola-1, but a distinct difference is seen in
the pattern of the intramolecular hydrogen bond. The hydrogen
(31) (a) Reynolds, C. H.; Hormann, R. E.Am. Chem. S0d.996 118 9395

and references therein. (b) AlémaC.; Puiggél J. J. Org. Chem1999 bond_Of Conformeﬂ'a'_lforms a five-membered ring involving
64, 351. the nitrogen lone pair, N1(Ip), and the-HN3 bond, whereas

11886 J. AM. CHEM. SOC. = VOL. 124, NO. 40, 2002



Conformations of N-Methyl Azapeptide Derivatives

ARTICLES

Table 4. Dihedral Angles and Relative Energies (AE at 0 K, in kcal/mol),

Enthalpy (AH at 298 K, in kcal/mol), and Gibbs Energies (AG at

298 K, in kcal/mol) for the Minima of Azapeptide Derivatives 1—4 at the B3LYP/6-31G* Level

conformer o & W1 N AE AE? AH AG SN2 structure®
la-1 —168 —-94 —24 178 0.22 0.51 0.51 0.37 341.0 Or
la-2 166 —-73 165 171 1.18 1.42 1.23 0.71 337.4 pr
la-3 179 —82 37 173 1.92 2.17 2.35 2.78 348.6 Orly'
1b-1 15 —-125 20 176 0.00 0.00 0.00 0.00 349.2 Or
1b-2 -19 —-95 —-169 —-172 2.30 2.77 2.42 2.31 345.0 e
2a-1 —-167 -92 -13 173 1.36 1.44 1.37 0.91 355.9 Or
2a-2 163 =71 163 —-178 2.57 2.31 3.05 3.50 354.5 fBp
2b-1 19 -119 15 -179 0.00 0.00 0.00 0.00 353.6 Or
2b-2 -19 —-82 —-167 —-171 4.32 458 4.27 4.20 352.8 €'
3a-1 —-171 —94 —22 176 3.10 3.11 3.19 3.06 341.3 Or
3a-2 175 -84 166 172 2.98 3.03 3.20 2.64 334.1 Bp
3a-3 —-175 —-87 40 172 4.27 4.45 4,99 5.77 345.2 Orly'
3b-1 12 —-122 23 174 0.00 0.00 0.00 0.00 346.9 Or
3b-2 -8 —-93 —165 178 2.60 2.86 2.59 2.65 347.1 ¢
4a-1 —-171 —-92 -9 173 3.42 3.28 3.66 3.91 357.0 Or
4a-2 172 -70 160 —-178 413 4.02 477 6.06 352.6 pr
4b-1 12 —-114 15 174 0.00 0.00 0.00 0.00 354.1 Or
4b-2 -10 -84 —165 178 3.78 3.93 3.91 4.55 356.7 ¢

aB3LYP/6-31H+G**//B3LYP/6-31G*. » The sum of the bond angles around nitrogefihe notations are according to ref 30.

1b-1

1b-2

Figure 4. B3LYP/6-31G* minima of Ac-azaGly-NHMe1). The geometries with intramolecular hydrogen-bonding parameters are included.

the hydrogen bond of conformé&ga-3forms a seven-membered
ring between the G201 and N3-H bonds (01— = 2.115 A,
ON3—H- - -O1 = 145.£). A y-turn-like conformation irnLa-3

by a hydrogen bond would not stabilize its conformation, since
11 deviates from the idegl-turn structure ¢ ~ —80°, y1 ~
70°) of natural peptides defined by the characteristic1{3
bond angle. Although this H-bond angle (103.5f 1a-1is
relatively small, this type of the intramolecular H-bond was
recognized to stabilize the conformati®®! The minimum
energy conformations fodla are generally consistent with
previous result$”2° Two minima for 1b (wo ~ 0°) were
generated. The backbone angle of conforierl (Ogr; ¢1 =
=125, y31 = 20°) is found at the + 2 position of thefVla-
turn, and conformetb-2 (¢'; ¢1 = —95°, y1 = —169) adopts
an extended conformation. The hydrogen bond of conformer
1b-1forms a five-membered ring, which is similar to the case
with conformerla-1 The lowest energy conformation faris
determined to be conformdb-1 at the B3LYP/6-31G* level
or by a single-point energy calculation at the B3LYP/6-
31++G**//B3LYP/6-31G* level, as displayed in Table 4. The
relative enthalpy and Gibbs energy also indicate &l is

the global minimum. This fact is unique, from the point of view
that a trans peptide bond is more favorable than a cis peptide
bond in natural peptide®.Since the relative energy db-1is
a little lower than that ofLa-1, two isomers could coexist in
solution with a higher proportion dfb-1. Thus, modell could
be utilized as the3Vla-turn scaffold, as in the Xaa-azaPro
sequence, where Xaa is an amino dgigf.18b

Ac-azaAla-NHMe (2). As shown in Table 4 and Figure 5,
four minima are generated with detailed geometries and
intramolecular hydrogen-bonding parameters. The backbone
angles of minima foR are very close to those fdrexcept that
the y-turn-like conformer in2a was not a local minimum. The
most stable conformation f& is shown by conformeRb-1,
which adopts a backbone angle similar to that forThese
results indicate thatl-methyl substitution on the N2 atom does
not alter the conformational properties and may stabilize the
cis peptide bond. Conforme2b-1 (0g; ¢1 = —119, y; = 15°)
and2a-1(dg; ¢1 = —92°, y1 = —13°) would be stabilized by
the intramolecular H-bond interaction of N(Ip)- --HN. The

(32) The energy difference between native peptides with cis and trans amide
bonds is about 2.873.11 kcal/mol.
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3b-1

3b-2

Figure 6. B3LYP/6-31G* minima of Ac-NMe-azaGly-NHMe3). The geometries with intramolecular hydrogen-bonding parameters are included.

relative energy difference betwe2h-1and2a-1is in the range

found to be 3.20 and 2.64 kcal/mol, respectively. The results

of 1.36-1.44 kcal/mol, depending on the calculation method indicate that the cis peptide bond is stabilized Nymethyl

used, and the relative Gibbs energy difference betwased
and2b-1is small, 0.91 kcal/mol at the B3LYP/6-31G* level.

substitution on the N1 atom. Although it was not certain that
the calculated minimum conformers can be conserved in solu-

However, the X-ray and NMR structures shown in Table 2 tion or in the solid state, there is some evidence that the
indicate that azaalanine-containing peptides adopt the backboneheoretical minimum conformers for azapeptides containing a

angles of2a-1 and its enantiomer rather than those 2t 1.

N(Me)-azaAla residue are consistent with those in solution or

This indicates that the calculated minimum energy conformers the solid state. This will be shown for the minima fér(see

may not be the real minima in solution or in the solid state,

below).

although the substituents of azaAla-containing peptides in Table Ac-NMe-AzaAla-NHMe (4). The backbone angles of minima

2 are different from those dl.

Ac-NMe-azaGly-NHMe (3). Five minima were generated,
as shown in Figure 6 and Table 4. These minima3fare very
close to those fol. As discussed fol, conformer3b-1 (dg;
¢ = —122, y; = 23°), forming a five-membered ring with a
hydrogen bondrg;—n = 2.334 A, ON3—H- - -N1 = 102.4),
is the lowest energy conformation. Conforn8a-2 (0p; ¢1 =
—84°, y; = 166°), appearing to have the polyproline Il or
polyglycine Il structure, is second only t8b-1 in relative
energy. The difference in energy between conforrdérd and
3a-2is 3.03 or 3.20 kcal/mol at the two levels of theory. The

for 4 are very close to those fd, which indicates that the
conformational properties fd and4 are essentially the same
(see Figures 5 and 7). Conform@is-1 (Or; ¢1 = —114°, 1 =

15°) is the most stable in terms of the relative energy, enthalpy,
and free energy, as shown in Table 4. Therefore, it is found
that all of the minimum energy conformers fbr-4 adopt the

cis amide bond. However, this may not always be true.
Didierjean et al. reported that the crystal structure of Boc-Ala-
NMe-azaAla-Ala-NHiPr with a N(Me)-azaAla residue adopts
the gVla-turn (i+1 = 14°, ¢piv2 = —107, Yir2 = 15°) like
4b-1, and this model compound in solution was found to coexist

relative enthalpy and Gibbs energy for the two conformers are in a ratio of 80(cis):20(trans) in CDgand 25(cis):75(trans) in
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4a-2 4b-2

Figure 7. B3LYP/6-31G* minima of Ac-NMe-azaAla-NHMe4). The geometries with intramolecular hydrogen-bonding parameters are included.

Table 5. Dihedral Angles and Relative Energies (AE at 0 K, in kcal/mol), Enthalpy (AH at 298 K, in kcal/mol), and Gibbs Energies (AG at
298 K, in kcal/mol) for the Minima of Azapeptide Derivatives 5—8 at the B3LYP/6-31G* Level

conformer o o Y1 [on AE AE? AH AG YN2° structure®
5a-1 —170 —83 —46 174 3.36 3.69 3.38 3.57 335.7 aR
5a-2 165 —-75 168 —-175 0.00 0.00 0.00 0.00 336.9 Bp
5a-3 —-172 —-131 19 —-175 3.83 3.72 3.88 4.48 341.7 Or
5b-1 10 —144 44 —=174 3.97 3.75 3.84 4.17 338.9 c
5b-2 —-20 —103 —-174 172 1.39 1.69 1.22 1.49 342.1 €
5b-3 10 —-73 —45 174 3.67 3.54 3.62 3.92 343.5 aRr
6a-1 —169 —67 —41 172 1.34 1.95 1.03 1.02 346.5 AR
6a-2 161 =71 —-175 —-173 2.33 2.80 2.31 2.52 344.0 €
6a-3 —-169 —-135 46 —-173 0.11 0.50 0.00 0.19 347.6 ¢
6a-4 170 —-134 —-172 173 0.00 0.00 0.03 0.00 351.4 Ps
6b-1 12 —141 44 =172 1.61 1.78 1.42 1.69 3435 c
6b-2 -19 —106 168 173 1.24 1.75 0.86 0.95 337.7 €’
6b-3 14 —-72 —41 172 1.52 1.67 1.46 1.51 351.6 aRr
6b-4 —18 —67 —166 —169 3.49 4.06 3.36 3.94 358.3 €
7a-1 —173 —66 —43 174 5.16 5.24 5.36 5.95 336.6 aR
7a-2 174 —83 169 —-175 0.00 0.00 0.36 0.36 333.8 Bp
7a-3 —-172 -132 48 —-175 4.82 4.79 5.19 5.94 341.4 ¢
7b-1 8 —142 43 —=175 2.18 2.08 2.37 2.71 345.6 c
7b-2 -8 —-91 —-170 175 0.15 0.41 0.00 0.00 347.7 €'
7b-3 14 —68 —40 175 3.45 3.14 3.48 3.65 338.7 aRr
8a-1 —173 —63 —40 171 2.54 2.92 2.35 2.78 345.6 AR
8a-2 175 —83 156 165 1.35 2.61 1.61 1.96 359.7 Bp
8a-3 —-173 —-131 38 —-173 0.97 1.24 1.14 1.48 352.0 ¢
8a-4 169 —74 —-175 —-172 2.29 1.62 2.52 3.23 351.8 €
8b-1 5 —134 40 —-173 0.00 0.00 0.00 0.00 352.4 c
8b-2 —4 —95 173 172 1.25 1.62 1.16 1.51 359.8 €’
8b-3 16 —69 —36 173 0.70 0.61 0.52 0.32 345.7 aR
8b-4 —-11 —76 —164 —167 0.79 0.95 0.71 0.63 353.5 €

aB3LYP/6-31H+G**//B3LYP/6-31G*. ®» The sum of the bond angles around nitrogefihe notations are according to ref 30.

DMSO-ds.131* These facts suggest that the lowest energy N-methyl group substituent on the N3 atom could significantly
conformers for azapeptide derivatives can be changed as achange the conformational behaviors of azapeptides. The lowest
function of solvent. energy conformation ib is the trans conformesa-2 (8p; ¢1 =
Ac-azaGly-NMe; (5). Six minimum energy conformations —75°, y1 = 168°), appearing to be the polyproline Il or
were generated at the B3LYP/6-31G* level, as presented in polyglycine Il structure, whereas the conformers with a cis
Table 5 and Figure 8. The minima fbrcoupled to a secondary  peptide bond inl—4 were the global minima. Interestingly,
amine are significantly different from those fibrcoupled to a conformer5a-1 (ag; ¢1 = —83°, y1 = —46°), appearing to
primary amine at the C-terminus. This demonstrates that the have thegl(lll) structure in thei + 1 position, is found as a
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-46°
Q

-830

5a-1 5a-2 5a-3

5b-1 5b-2 5b-3
Figure 8. B3LYP/6-31G* minima of Ac-azaGly-NMg(5). The backbone angles are included.

6b-1 6b-2 6b-3 6b-4
Figure 9. B3LYP/6-31G* minima of Ac-azaAla-NMg(6). The backbone angles are included.

local minimum which is 3.36 kcal/mol less stable thza-2 for 5. Conformer6a-1has a backbone angle ¢f = —67° and
The y; angle of 5a-1, with an additionalN-methyl group 11 = —41° corresponding to the-helix or thei + 1 position
substituent on the N3 atom, is distorted by aboudt\&ith respect of and ideals-I(ll)-turn structure, consistent with a single-
to that ofla-1 Conformer5a-3 (0g; ¢1 = —131°, ;1 = 19°) crystal structure (Table 2). The conformer with the most stable
forms a seven-membered ring with a weak hydrogen bond conformation is6a-4 (Bs; ¢1 = —134°, v, = 172), located at
between C2-01 and the hydrogen of the N3-methyl group the boundary of thg-sheet fs) and extendede() structures,

(fo1-—n = 2.452 A,0001- -H-C = 150.0). which is not observed i@ and5. Although conformeba-3(¢;

As shown in Figure 8, the minima &b with a cis peptide ¢1 = —134, 1 = 46°) is predicted to be the most stable in
bond show conformational behavior similar to to thabafwith terms of enthalpy energy, Gibbs energy of conforda4 is
a trans peptide bond. Note that conforrbbe3 (ag; 1 = —73°, the global minimum. The energy difference between conformers
Y1 = —45°), with a helix structure, appears to be a local 6a-3 and6a-4 is about 0.6-0.5 kcal/mol, depending on the
minimum which is 3.67 kcal/mol less stable than the global calculation method used. As shown in Figure 9, the difference
minimum. in the backbone dihedral angles between conforrbar2 (¢';

Ac-AzaAla-NMe; (6). Eight minimum energy conformations  ¢1 = — 71°, 91 = — 175°) and6a-4is due to the difference in
were generated, as shown in Table 5 and Figure 9. The backbonéhe steric repulsion, according to the orientation of the methyl
(¢, y) angles of minima for compoun@ were greatly altered  groups on the N2 and N3 atoms. Conforn@a-3 (&; ¢1 =
with respect to those for compour2dand are similar to those  —13%, y; = 46°), like 5a-3 forms a seven-membered ring
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Ta-1

7b-1 Th-2 Tb-3
Figure 10. B3LYP/6-31G* minima of Ac-NMe-azaGly-NMg(7). The backbone angles are included.

with a hydrogen bond between €®1 and the C-terminal  NMe-Gly-NMe; is 17—24 kcal/mol less stable than its global

methyl group (Figure 9). Conform@b-3 (ag; ¢1 = —72°, Y1 minimum. These facts indicate that the conformational properties
= —41°), with helical structure likesb-3, is found as a local  for 7 are different from those of Ac-NMe-Gly-NMe
minimum. The energy difference between conforiiet3 and Ac-NMe-AzaAla-NMe; (8). Eight minima were generated

the global minimum6a-4is 1.52 kcal/mol at the B3LYP/6-  at the B3LYP/6-31G* level, as presented in Table 5 and Figure
31G* level. A single-point energy calculation shows that the 11 The backbone dihedral angles of the minimafare similar
helical conformer6a-1is 0.18 kcal/mol more stable than the  tg those for6, which confirmed thatN-methyl substitution on
helical conformer6b-3 at the B3LYP/6-31%+G**//B3LYP/ the N1 atom would not perturb the conformations, as suggested
6-31G* level. earlier, but the relative energy order of the minima 8owas
Ac-NMe-AzaGly-NMez (7). Six minimum energy conforma- ot consistent with those 6 The lowest energy conformation
tions were generated at the B3LYP/6-31G* level, as presentedg conformersb-1 (& ¢ = —13%, y1 = 40°) in terms of the

in Table 5 and Figure 10. The backbone angles of minima for enthalpy and Gibbs energy as well as the relative energy. The

7 are similar to those fob. Conformer7a-2 (Be; ¢1 = —83,  nglical conformeBb-3 (ag; ¢1 = —6%, 11 = —36°), in terms
1= 169), adopting the polyproline Il structure, is the lowest ot rejative energies, is second only to the lowest energy
energy conformer, although conformeb-2 (e'; ¢, = —971°, conformer8b-1. The energy difference betwe8b-1 and8b-3

1 = —170) is the most stable in terms of the enthalpy and s apout 0.61 kcal/mol at the B3LYP/6-313G**//B3LYP/
Gibbs energy. However, the two conformers could coexist in g_31G* Jevel of theory. Remarkably, the helical conforrBarl
solution due to the small energy difference. Confor.r?iar3. (aR; ¢1 = —63°, y1 = —40°) is about 2 kcal/mol less stable
(6 ¢1 = — 132, 1 = 48") forms a seven-membered ring with 5y conformeBb-3. This shows that the helical structure with
a hydrogen bond like conformesa-3(0g) and6a-3(c). These 4 (s peptide bond i8 is stabilized byN-methy! substitution
facts indicate that the methyl groups bound to N1 and N2 atoms g, the N1 atom, as compared to the helical structuress is

would not perturb their own backbone skeleton by much. discussed for compour@ the structures of the trans conformers
Moehle and Hofmann reported earlier three minima for Ac- 8a-2(Br; ¢1 = —8%, 1 = 156°) and8a-4(e’; ¢y = —74°, 1

NMe-Gly-NMe, with a trans or a cis peptide bond at the MP2/ _ —175°) and corresponding cis conformeBs-2 (¢": ¢1 =
6-31G* level® The backbone dihedral angles for Ac-NMe- _ge 1= 17F) and8b-4 (¢, ¢1 = —T76°, 1 = —164°,) seem

Gly-NMe with a trans peptide bond weres; ¢, = —55°, y1 to be related in terms of the minimization of the steric repulsion

- __470)' (Bei ¢1 = —74°, y1 = 176’), and €; ¢, = —128,, between the methyl groups of the N2 and N3 atoms. The relative
Y1=177), aer thgse for Ac-NI\ﬁe-GJy-NI'\./I@Mt_h a C|s°peptije energy difference between the different minima &s rather
bond were {; ¢ = —158, y1 = 63), (€ 1= =72, Y1 =" a1 "in the range of 0-72.5 kcal/mol at the B3LYP/6-31G*

;17k2t:)' and (TR; ¢?t:h —62, wlfd: _51?)',IAlt?°lf[ﬁh thef level. This implies that the structures f8rcould coexist as
ackbone angles of the minima f@rare similar to those o diverse conformers in solution.

Ac-NMe-Gly-NMe,, the relative energies of the minima fér . N
y © g 3.4. Nitrogen Pyramidalization and Bond Length. The

are significantly different from those of the minima for Ac o . . "
NMe-Gly-NMe,. For example, the global minimum farand characteristic structural difference, in addition to the backbone
X ! dihedral angles, inN-methyl azapeptide derivatives is the

Ac-NMe-Gly-NMe, adoptsf, and¢ conformers, respectively. oo .
y & pisfy ¢ P y pyramidalization of the N2 position (see Tables 4 and 5). The

In particular, the local minimum energy of helical structures e el
for 7is 5.2 kcal/mol less stable than its global minimum energy, 2Veragex N2 values, indicating the sum of bond angles around
the N2 atom, range from 339.80 344.2 in compoundsdl, 3,

and the local minimum energy of the helical structure for Ac- . X :
5, and 7, including the azaGly residue, whereas those of

(33) Moehle, K.; Hofmann, H.-Biopolymers1996 38, 781. compound2, 4, 6, and8, including the azaAla residue, range
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8b-1 8b-2 8b-3 8b-4
Figure 11. B3LYP/6-31G* minima of Ac-NMe-azaAla-NMg(8). The backbone angles are included.
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Figure 12. (A) Distribution of the backboneg, 1) dihedral angles for the minimum energy conformationslehethyl azapeptide derivativds-8 in the
¢, ¥ map. Allowed and partially allowed regions of native conformations and nomenclatures were taken from agf 89Ht-handedx-helix; o, mirror
image ofa-helix; s, region largely involved in3-sheet formationgp, regions associated with extended polyproline-like heliyheet;y andy’, y and
inversey turns;og, the bridge regiony., mirror image ofdr region;e, extensive region witkp > 0, ¢ = +180C; €' ande'’, mirror images of the two parts
of thee region; ¢, a region associated with residues preceding Pro). (B) Distribution of the backpone) dihedral angles for the minima 48 in two
full cycles of theg, ¥ map.

from 347.6 to 355.F. This demonstrates that a methyl group N-methyl azapeptide derivativés-8 were found to have single-

bound to the N2 enhances the planarity of éhritrogen atom, bond charactet The average bond orders of the-@91, N1—

N2, and pyramidalization of the N2 atom in azapeptide N2, N2-C3, and C3-N3 bonds seem not to change upon the

derivatives including the azaGly residue can, as a result, decreasaddition of methyl groups or with the orientation of the acetyl

the amide conjugation between N2 and=€32 and increase  group. However, the rotational barriers of the-N42 and N2-

the N2-C3 bond length. Thus, the NX3 bond is longer than ~ C3 bonds are sufficiently large to restrict the free rotation, as

the C2-N1 and N1:-N2 bonds (see Supporting Information). shown in Table 3.

These results show that the azapeptide derivatives including the )

azaGly residue lead to the pyramidalization of N2, while the 4- €onclusions

N1 and N3 atoms are slightly pyramidalized. The average N2 The distributions of the backbonep,(y) angles of the

C3 bond length in the azapeptide derivatives including azaAla minjimum energy conformations fdr-8, showing characteristic

is 1.408 A, which is shorter than the average in the azapeptidesconformational preferences foN-methyl azapeptides, are

including azaGly. superimposed in Figure 12, which represents the observed
To understand the structural changes as a function of the gjstribution of conformations in native protein and peptiée®.

addition of methyl groups on the N1, N2, and N3 atoms, the The backbone dihedral angles of the minima 168 were

bond orders ofN-methyl azapeptide derivatives—8 were located mostly in allowed regions of native proteins and
calculated at the B3LYP/6-31G* level, and all of the bond orders

for the C2-N1, N1-N2, N2—-C3, and N2-C3 bonds in (34) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88, 9.

11892 J. AM. CHEM. SOC. = VOL. 124, NO. 40, 2002



Conformations of N-Methyl Azapeptide Derivatives ARTICLES

peptides, which means that the minima\afnethyl azapeptides  the case of azapeptides including azaGly, which indicates that
can be utlized to mimic native peptides or proteins. The N2-methyl group can stabilize the urea-type amide resonance
N-methyl group substituent on the N1 or N2 atom in azapeptide structure of azapeptide derivatives including the azaAla residue.
derivatives does not perturb the backbone torsion anglesThis conformational information for azapeptide derivatives could
significantly, whereas the additiongtmethyl group on the N3 play a critical role in designing useful molecules containing
atom significantly changes the backbone torsion angles (seeazaamino acids for drug discovery and peptide engineering.
Figure 12). Also, the minima with a cis peptide bond in

azapeptide derivatives—4 coupled to a primary amine are the ~ Acknowledgment. The authors thank Dr. S. Ro of Crystal-
lowest energy conformers, which is inconsistent with the fact genomics Inc. and Dr. C.-J. Yoon of the Catholic University of
that the native amino acids with a trans peptide bond are Korea for their useful discussion. We also acknowledge the
generally perferred over those with a cis peptide b¥rd. financial support of the Korean Ministry of Health and Welfare
However, the minima with a trans peptide bond in azapeptide (2M10970). H.-J.L. acknowledges the financial support of KRF
derivatives5—7 coupled to a secondary amine are more stable (2001-037-DA0016).

than those with a cis peptide bond, except8om herefore, the ) ) ) .
N-methyl azapeptide derivatives can be utilized to determine  Supporting Information Available: = Selected geometries of
the orientation of the amide bond. Furthermore, the helical the B3LYP/6-31G* minimum energy conformations for model
structures were found as a local minimum conformation in cOmpoundsl—8, selected Wiberg bond orders far-8, and
compound$—8 coupled to a secondary amine. This shows that _enlarged PESs qf the critical section drawn w!th 1 kcgl/m_ol
N-methyl azaamino acid derivatives can be utilizedxalselix increments for Figures 2A and 3A (PDF). This material is
initiators as well as varioug-turn mimetics. TheN-methyl available free of charge via the Internet at http://pubs.acs.org.
group on the N2 atom of azapeptides including the azaAla

residue leads to the planarity of the N2 atom, in comparison to JA026496X
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