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Abstract: Our previous work revealed that two adjacent p-o-aminoxy acids could form two homochiral
N—O turns, with the backbone folding into an extended helical structure (1.8s-helix). Here, we report the
conformational studies of linear peptides 3—6, which contain a p,L-o-aminoxy acid dimer segment. The
NMR and X-ray analysis of 3 showed that it folded into a loop conformation with two heterochiral N—O
turns. This loop segment can be used to constrain tetrapeptides 4 and 6 to form a reverse turn structure.
1H NMR dilution studies, DMSO-ds addition studies, and 2D-NOESY data indicated that tetrapeptides 4
and 6 folded into reverse turn conformations featured by a head-to-tail 16-membered-ring intramolecular
hydrogen bond. In contrast, tetrapeptide 5 with L-Ala instead of Gly or p-Ala as the N-terminal amino acid
could not form the desired reverse turn structure for steric reasons. Quantum mechanics calculations showed
that model pentamide 7, with the same substitution pattern of 4, adopted a novel reverse turn conformation
featuring two heterochiral N—O turns (each of an 8-membered ring hydrogen bond), a cross-strand 16-
membered ring hydrogen bond, and a 7-membered ring y-turn.

Introduction designed by Smith and Hirschman was also shown to adopt a
Reverse turns, in which the peptide chain reverses its feverse turn conformatidh.Here, we report that a,L-o-
direction, are commonly observed secondary structures of @MinOxy acid dimer segment can induce a novel reverse turn
proteins and peptides and play important roles in protein folding Structure in the peptide backbone.
and receptor binding.The most common type is the-turn,
defined by four residues at positions designaited i + 3.
Significant efforts have been made to search for mimics of
various types off-turns to modulate proteinprotein and
protein—peptide interaction3.Most of thoseS-turn mimics
contain fused rings or macrocyclic structures to constrain
conformations. Recently, significant progress has been made
in building reverse turns and hairpins using linear oligomers of
unnatural unit$: 7 Seebach and co-workers reported an oligomer
of acyclic f-amino acids adopted hairpin conformations in
methanol? A reverse turn structure was observed by Gellman
and co-workers in peptides containingRJ)-dinipecotic acid
segmentc which could promote the formation of hairpins in
the adjacent residues. In addition, the configurations of the
central twof-amino acids were critical to the stability of the
reverse turn and hairpin structures.pA ,b,L-tetrapyrrolinone

(3) For recent examples of ring-fused or macrocyclic reverse turn mimics,
see: (a) Eguchi, M.; Shen, R. Y. W.; Shea, J. P.; Lee, M. S.; Kahrl. M.
Med. Chem2002 45, 1395. (b) Jiang, L.; Burgess, K. Am. Chem. Soc.
2002 124, 9028. (c) Banerji, B.; Bhattacharya, M.; Madhu, R. B.; Das, S.
K.; Igbal, J. Tetrahedron Lett2002 43, 6473. (d) Wels, B.; Kruijtzer, J.

A. W.; Liskamp, R. M. J.Org. Lett. 2002 4, 2173. (e) Sukopp, M;
Marinelli, L.; Brandl, T.; Goodman, S. L.; Hoffmann, R. W.; Kessler, H.
Helv. Chim. Acta2002 85, 4442. (f) Cheng, R. P.; Suich, D. J.; Cheng,
H.; Roder, H.; DeGrado, W. FJ. Am. Chem. So001, 123 12710.
(g) Park, C.; Burgess, Kl. Comb. Chen001, 3, 256. (h) De Borggraeve,
W. M.; Rombouts, F. J. R.; Van der Eycken, E. V.; Toppet, S. M,;
Hoornaert, G. JTetrahedron Lett2001, 42, 5693. (i) Gademann, K.; Ernst,
M.; Seebach, D.; Hoyer, DHelv. Chim. Acta200Q 83, 16. (j) Estiarte,
M. A.; Rubiralta, M.; Diez, A.; Thormann, M.; Giralt, El. Org. Chem.
200Q 65, 6992. (k) MacDonald, M.; Vander Velde, D.; Aube, Org.
Lett. 200Q 2, 1653. (I) Feng, Y.-B.; Pattarawarapan, M.; Wang, Z.-C.;
Burgess, KJ. Org. Chem1999 64, 9175. (m) Eguchi, M.; Lee, M. S.;
Nakanishi, H.; Stasiak, M.; Lovell, S.; Kahn, M. Am. Chem. S0d.999
121, 12204. (n) Haskell-Luevano, C.; Rosenquist, A.; Souers, A.; Khong,
K. C.; Ellman, J. A.; Cone, R. DI. Med. Chem1999 42, 4380. (0) Souers,
A. J.; Virgilio, A. A.; Rosenquist, A.; Fenuik, W.; Ellman, J. A. Am.
Chem. Socl1999 121, 1817. (p) Fink, B. E.; Kym, P. R.; Katzenellenbogen,
J. A.J. Am. Chem. S0d.998 120, 4334. (q) Ranganathan, D.; Haridas,
V.; Kurur, S.; Thomas, A.; Madhusudanan, K. P.; Nagaraj, R.; Kunwar,
A.C.; Sarma, A. V. S.; Karle, I. LJ. Am. Chem. S0d.998 120, 8448. (r)
Feng, Y.-B.; Wang, Z.-C.; Jin, S.; Burgess, X.Am. Chem. Sod.998
120, 10768. (s) Souers, A. J.; Virgilio, A. A.; Schurer, S.; Ellman, J. A,;
Kogan, T. P.; West, H. E.; Ankener, W.; Vanderslice,Btoorg. Med.

T The University of Hong Kong.
* The Hong Kong University of Science and Technology.
(1) (a) Venkatachalam, C. MBiopolymers1968 6, 1425. (b) Chou, P. Y.;

2

~

Fasman, G. DJ. Mol. Biol. 1977, 115, 135. (c) Sibanda, B. L.; Thornton,
J. M. Nature1985 316, 170. (d) Wilmot, C. M.; Thornton, J. MJ. Mol.
Biol. 1988 203 221. (e) Rose, G. D.; Gierasch, L. M.; Smith, J.Adw.
Protein Chem1985 37, 1.

For recent reviews on reverse turn mimics, see: (a) Ball, J. B.; Alewood,
P. F.J. Mol. Recognit199Q 3, 55. (b) Kahn, M.Synlett1993 11, 821. (c)
Miller, G. Angew. Chem., Int. Ed. Endl996 35, 2767. (d) Gillespie, P.;
Cicariello, J.; Olson, G. LBiopolymers1997, 43, 191. (e) Hanessian, S.;
McNaughton-Smith, G.; Lombart, H.-G.; Lubell, W. Detrahedron 997,
53, 12789. (f) Stigers, K. D.; Soth, M. J.; Nowick, J.@urr. Opin. Chem.
Biol. 1999 3, 714. (g) Burgess, KAcc. Chem. Re001, 34, 826.
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Chem. Lett1998 8, 2297. (t) Bach, A. C., II; Espina, J. R.; Jackson, S.
A.; Stouten, P. F. W.; Duke, J. L.; Mousa, S. A.; DeGrado, WJ.FAm.
Chem. Soc1996 118 293. (u) Haubner, R.; Schmitt, W.; Holzemann, G.;
Goodman, S. L.; Jonczyk, A.; Kessler, Bl. Am. Chem. Sod.996 118
7881. (v) Virgilio, A. A; Bray, A. A.; Zhang, W.; Trinh, L.; Snyder, M;
Morrissey, M. M.; Ellman, J. ATetrahedron1996 53, 6635. (w) Kim,
K.; Dumas, J.-P.; Germanas, J. P.Org. Chem.1996 61, 3138. (x)
Hoffmann, T.; Waibel, R.; Gmeiner, B. Org. Chem2003 68, 62. (y)
Rombouts, F. J. R.; De Borggraeve, W. M.; Delaere, D.; Froeyen, M,;
Toppet, S. M.; Compernolle, F.; Hoornaert, GEdir. J. Org. Chem2003
1868.
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Figure 1. The calculated conformations of (a) two homochirat() N—O turns (), and (b) two heterochiral -p) N—O turns @).

Results and Discussion expected that the second—D turn would bend backward,
resulting in a loop conformation (Figure 1b). Theoretical
calculations indeed revealed that the loop conformatio2 of
was more stable than its helical counterparir{ the Supporting
Information) by about 0.6 kcal/mol both in the gas phase and
in CH,Cl; solution®

IH NMR studies of triamide3, with a b-aminoxy leucine

Our early works on peptides af-aminoxy acids revealed
that they had a strong tendency to form an eight-membered-
ring intramolecular hydrogen bond between adjacent residues
(referred to as the NO turn)8 It was established that-a-
aminoxy acid induced a right-handed—® turn while the
L-enantiomer induced a left-handed-® turn8 For dipeptide : . ’ b
1 with two consecutivex-aminoxy acids of the same config- followed by anL-aminoxy phenylalanlne (Figure 2), indicated
uration, the backbone folded into an extended helical structure that NFb and NH were intramolecularly hydrogen-bonded
(1.8-helix) with two homochiral N-O turns (Figure 1aj.Yet because their chgmlcal shifts changed little upon d||gt|on with
for dipeptide2 with two heterochirale-aminoxy acids, it is ~ CPCls or the addition of DMSQs to the CDC} solution:®

On the contrary, NH was solvent accessible because its
(4) For reverse turn mimics based gramino acids, see: (a) Seebach, D.; chemical shift changed drastically. The NOESY spectrur8 of

Abele, S.; Gademann, K.; Jaun, Bngew. Chem., Int. EA.999 38, 1595. displayed a NOE pattern similar to that observed in two

(b) Seebach, D.; Abele, S.; Sifferlen, T.;htmi, M.; Gruner, S.; Seiler, P. . K

Helv. Chim. Actal998 81, 2218. (c) Chung, Y.-J.; Christianson, L. A,  consecutive homochiral-NO turns?@strong NOEs between NH

Stanger, H. E.; Powell, D. R.; Gellman, S. Bl. Am. Chem. Sod 99§ and o.CH;, but weak NOEs between NH and o.CH; (Figure

120, 10555. (d) Huck, B. R.; Fisk, J. D.; Gellman, S. Blg. Lett.200Q . . . .
2, 2607. (e) (C?wng, Y.-J.; Huck, B. R.; Christianson, LQ.] A Stanger, H. 2a&). Therefore, triamid& also preferred a conformation with

E.; Krauthaser, S.; Powell, D. R.; Gellman, S. Bl.Am. Chem. So200Q H i i

122 3995. (f) Arnolq, U.; Hinderaker, M. P.; Nilsson, B. L.; Huck, B. R;; two consecutive N-.O turr_ls Ir.] solutlgn. .

Gelll_man, SH H.; JRe'\\IAn% R. _'D.I /:m_. GCP?Iem- Sg@ggz 124(,:E522|85t2?|<»5.d The X-ray analysis of triamid8 confirmed the predicted loop
() ngenhan. & M.; Guzel, I A.; Gellman, S. Angew. Chem., Int. Ed. ¢, nformation with two heterochiral NO turns (Figure 2b)°

G

~

For reverse turn mimics based gramino acids o-amino acids, see: The short NH- -G=C distances and the ideaH\WH- -O angles
(a) Hanessian, S.; Luo, X.-H.; Schaum,TRtrahedron Lett1999 40, 4925. . A
(b) Woll, M. G.; Lai, J. R.: Guzei, I. A.: Taylor, S. J. C.; Smith, M. E. .. Of the two intramolecular hydrogen bonds 3n(2.14 A/156

Gellman, S. HJ. Am. Chem. So©001, 123 11077. (c) Brenner, M., for the first hydrogen bond from the N-terminus and 2.04 A?157
Seebach, DHelv. Chim. Acta2001, 84, 2155. (d) Cheung, E. Y.; McCabe, ydrog Afl
E. E.; Harris, K. D. M.; Johnston, R. L.; Tedesco, E.; Raja, K. M. P.; for the second one) were comparable to those observed in two

Balaram, P.Angew. Chem.Int. Ed. 2002 41, 494. (e) Nowick, J. S i i 8 i

Brower. 3. O Am. Chem. So@003 125 876. consecutive homochiral NO turns® The distance between
(6) For reverse turn mimics based on pyrrolinones, see: Smith, A. B., IlI; aCepivy and aCj-py) (6.23 A) was below 7 A. It was thus

\1/\;%”91'12)%% Sprengeler, P. A.; Hirschmann, R.Am. Chem. So200Q expected that the segment of two heterochiralturns could

For recent reviews on the secondary structures of unnatural oligomers, be used to build a reverse turn structure.
see: (a) Gellman, S. HAcc. Chem. Red.998 31, 173. (b) Seebach, D; . . . .
Matthews, J. LChem. CommurL997, 2015. (c) Soth, M. J.; Nowick, J. Tetrapeptidel with one amino acid added to each end of the

S. Curr. Opin. Chem. Biol1997 1, 120. (d) Stigers, K. D.; Soth, M. J,; above loop segment was prepared and subjected #itheVIR
Nowick, J. S.Curr. Opin. Chem. Biol1999 3, 714. (e) Kirshenbaum, K.; bseq brep )

(7

~

Zuckermann, R. N.; Dill K. ACurr. Opin. Siruct Biol1099 9, 530. () dilution and the DMSQdg addition studies (Figure 3). In non-
gaggg?g)“bﬁéggé?W§gﬂ' J{; nqsucrofye\'g.elge%tf‘ggs'l";gg g 4yeg(‘)%?52ﬁ) hydrogen-bonding solvents such as CR@lsolvent accessible
Cheng, R. P.; Gellman, S. H.; DeGrado, W.Ghem. Re. 2001, 101, o-aminoxy amide NH usually appears in the range of @3®

® ?3)13@9 D Ng, F-F.: Li Z-3.: Wu, Y.-D.; Chan, K. W.-K.; Wang, .. PPM: Whereas a hydrogen-bonded NH falls in the range of
P.J. Am. Chem. S0d996 118 9794. (b) Yang, D.; Li, B.; Ng, F-F..  10.3—12.2 ppnm#®As to normalo-peptide amide NH’s, the non-
Yan, ¥.-L.; Qu, J., Wu, ¥.-DJ. Org. Chem2001, 66, 7303. hydrogen-bonded NH generally appears at abot6 Hpm,

(9) (a) Yang, D.; Qu, J.; Li, B.; Ng, F.-F.; Wang, X.-C.; Cheung, K.-K.; Wang, i '
D.-P.; Wu, Y.-D.J. Am. Chem. Sod999 121, 589. (b) Wu, Y.-D.; Wang, while the hydrogen-bonded NH typically appears at abet8 7
D.-P.; Chan, K. W. K;; Yang, DJ. Am. Chem. Sod999 121, 11189. (c)
Peter, C.; Daura, X.; Van Gunsteren, W.J-Am. Chem. So200Q 122,
7461. (10) See Supporting Information for details.

J. AM. CHEM. SOC. = VOL. 125, NO. 47, 2003 14453
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Figure 2. (a) Portion of the NOESY spectrum 8fand the summary of NOEs observed (3 mM in Cp&tl 25°C; s, strong NOE; w, weak NOE; all proton
signals were assigned through the combined use of COSY and HMBC spectra). (b) Front view of the X-ray strict{iEroefpt for three amide hydrogen
atoms, all hydrogen atoms were omitted for clarity. The intramolecular hydrogen bonds were indicated as dashed lines.)

ppm!! One exception is the N-terminal carbamate NH such as tively large Adyn for NHe in 4 implied that it was solvent
Cbz protected NH. Because of the electron-donating feature ofaccessible. Theé\ony value observed for aminoxy NHwas
the Cbz group, solvent accessible carbamate NH'’s typically larger than that of aminoxy NHn the same molecule but was
appear at about 5 ppm, while hydrogen-bonded NH'’s generally smaller than or comparable to that of the free aminoxy amide
appear at about 6 ppf When the above criteria were applied NH, found in 3 (Adny = 0.83 ppm in the dilution study and
to analyze the upfield limiting chemical shifts of amide NH's Adnu = 2.17 ppm in the DMSQJs addition study), indicating
of tetrapeptidet at 1 mM concentration in CDgKTable 1)13 that it was partially hydrogen-bonded. Accordingly, as compared
the amides NKand NH;, which appeared at about 11 and 8 with those assignments made directly by using the upfield
ppm, respectively, were found to be intramolecularly hydrogen- limiting chemical shifts of amide NH's, thtH NMR dilution
bonded, whereas NHat about 6 ppm was a free amide NH. and DMSO#ds addition studies of provided similar assignments
NHp at about 9.5 ppm, between those hydrogen-bonded andof hydrogen-bonded and non-hydrogen-bonded amide NH’s.
non-hydrogen-bonded aminoxy amide NH'’s, was thus partially ~ The observation on NHand NH; of 4 could be readily
hydrogen-bonded. The N-terminal Cbz protected carbamate NH explained because they were involved in two heterochiraON
appeared at about 6 ppm, implying that it formed an intramo- turns as in triamide3. The finding that NH instead of NH
lecular hydrogen bond. was intramolecularly hydrogen-bonded indicated thadopted
It should be pointed out that aminoxy amide protons were the expected reverse turn conformation, featuring a 16-membered-
more sensitive (with relatively largédyy values) than normal  ring hydrogen bond between NHnd the C-terminal-Ala
amide protons in théH NMR dilution and DMSOels addition carbonyl group rather than an 18-membered-ring hydrogen bond
studies because the aminoxy amide protons are much bettebetween NH and the N-terminal Cbz carbonyl group.
hydrogen-bond donors. Therefore, different standards should be More information on the conformation of tetrapeptiéle/as
applied to analyze th&d values for two kinds of amide NH’'s. ~ obtained from the NOESY experiment (Figure 4a). The NOE
The smallAdwn for NH,, NHe, and NH; in 4 suggested that  pattern for thep,L.-aminoxy acid portion ot matched very well
they are involved in intramolecular hydrogen bonds. The rela- with that of triamide3, suggesting that this portion maintains
the conformation of two heterochiral-ND turns. The observa-

(11) Liang, G. B.; Rito, C. J.; Gellman, S. H. Am. Chem. Sod.992 114,
4440. (13) The chemical shift changes for amide protonstah the concentration

(12) (a) Kim, K.; Germanas, J. B. Org. Chem1997, 62, 2847. (b) Kim, K.; range of 0.+1 mM were below 0.02 ppm, indicating that no aggregation
Germanas, J. Rl. Org. Chem1997, 62, 2853. of 4 occurred at 1 mM (see Supporting Information).
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Figure 3. First row: amide proton chemical shifts as a function of the logarithm of the concentration in tetrapéptfis CDCl; at 25°C). Second row:
amide proton chemical shifts as a function of the amount of DMs@dded n a 5 mMsolution of4—6 (0.5 mL in CDC} at 25°C) (NHa, ©; NHp, O; NHc,
O; NHg, A; NHe, V).

Table 1. The Upfield Limiting Chemical Shifts and the Chemical Shift Changes (Adnn Values) for *H NMR Dilution Studies (Dilu.) and the
DMSO-ds Addition Studies (DMSO) of Tetrapeptides 4—6

NH, (ppm) NH, (ppm) NH (ppm) NHy (ppm) NHe (ppm)
AS® A6 AS® A6 AS® AS® AP AS* AS® Ao
g Dilu. DMSO & Dilu. DMSO I Dilu. DMSO o Dilu. DMSO o Dilu. DMSO

4 6.31 0.09 0.29 9.25 1.29 1.60 10.68 0.57 0.79 7.87 0.05 0.06 6.07 0.81 0.89
5 5.16 0.53 0.93 9.66 0.92 1.42 11.06 0.22 0.44 8.08 0.04 0.19 6.24 0.32 0.50
6 6.46 0.15 0.12 9.30 1.07 1.79 10.84 0.34 0.78 8.13 0.14 0.09 6.05 0.73 0.98

a g is the amide NH’'s chemical shift obtained from ¢ NMR spectrum of the indicated compound at 1 mM concentration in GBC25°C. ® Adnn
in the dilution studies was calculated A8nn = Onn (200 MM) — Snw (1 mM). ¢ Adww in the DMSOdg addition studies was calculated ASny = Onn
(9% DMSOds in CDClz) — dnt (CDCly).

tion of a weak long-range NOE between the head {\&hd (8.79 A). (3) Structur@ showed a reverse turn structure similar
the tail (-Bu group) residues, separated by the middle loop to that observed foB in the X-ray structure, and the four
segment, further suggested thhis constrained to a reverse a-carbon atoms of were superimposed very well with those
turn structure. of 3 except for thenC of thei-Bu group (Figure 4d). (4) The
Quantum mechanics calculations of model pentamide

(14) All calculations were performed with: Frisch, M. J.; Trucks, G. W.;

which resembles the substitution pattermipfvere performed, Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R;
A . % Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann, R. E.; Burant, J.
and the g_eometry was fully optimized with the _HF/6'3lG C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, K. N_; Strain, M.
method (Figure 4b}? The lowest-energy conformation @has C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi, R.; Mennucci,
. . B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.; Petersson, G. A.;

the following features. (1) The distance betwee@; and Ayala, P. Y.: Cui, Q.. Morokuma, K.: Malick, D. K.; Rabuck, A. D.;

) i ithi Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov,
aC+s) lvvas 5'.80 A (Figure 4c), well WIFhm the range for B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.;
pB-turns! (2) With the presence of an additional oxygen atom Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.;

H _ H ; i H i Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson,
in eacho amlnpxy acid as cqmpar'ed with apammo acid, B.G . Chen W.. Wong. M. W.. Andres. J. L. Head-Gordon, M.. Replogle.
the a-carbon distance betweérandi + 1 residues (4.64 A) E. S.; Pople, J. AGaussian 98revision A7M; Gaussian, Inc.: Pittsburgh,

. ; ; PA, 1998. Cartesian coordinates of structuteg, 2, and7 are given in
and that betw_een + landi +2 re_S|dues (4_'68 A) b_ecame the Supporting Information. The relative energieg ahd2' were calculated
longer accordingly than that betweer 2 andi + 3 residues with the B3LYP/6-31G** method.

J. AM. CHEM. SOC. = VOL. 125, NO. 47, 2003 14455
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Figure 4. (a) The summary of NOEs observed in the NOESY spectruminfCD,Cl, (3 mM at 278 K). (b) HF/6-31G* optimized lowest-energy conformation
of the model tetrapeptidé. (c) Schematic diagram af-carbon atoms of calculated structute(d) Superimposition of structuréwith X-ray structure of
3. TheaC (3)- - -aC (7) distances are in angstroms.

i1 0 s Note that the N-terminus Gly residue was at itlp@sition of
(YKN\/) the reverse turn structure found4nlt would be interesting to
N - investigate whether the chirality ofC; affects the reverse turn
0y 720 structure. Tetrapeptidésand6 with L-Ala andb-Ala, respec-
i W N i+3 tively, at thei position were prepared accordinghd NMR
o \H"-o\)ﬂf dilution and DMSO€ds addition studies were performed fér

/N_ and6, and the results are summarized in Figure 3 and Table 1.

Figure 5. A reverse turn structure reported by Gellman et al. In both tetrapeptides, #ivas weakly hydrogen-bonded, indicat-
ing the presence of a-turn. However,6 but not5 displayed

pseudodihedral angléa.C)—a.Cg+1)y—aCgi+2—0Cgi+3) Of Struc- the same hydrogen bond patterrdags to tetrapeptid®, NH,

ture 7 was —82°, larger than those of typical typé f-turns was solvent accessible becausény, values were relatively

(—40° to —60°) observed in proteins.(5) A cross-strand large in both dilution and DMS@s addition experiments. The

N—Hg)- -O=C+3 hydrogen bond (16-membered ring) was 2D NOESY experiments showed that the long-range cross-strand

present with a favorable N- -O distance (3.01 A), in agreement NOE signal observed it and6 was missing irb. This indicated

with the fact that H of 4 was involved in intramolecular  that the incorporation oif-Ala as the N-terminal amino acid

hydrogen bonding. A similar 16-membered ring hydrogen bond disfavored the reverse turn conformation. This can be explained

has been reported by Gellman and co-workers to form betweenby examining the calculated structure As shown in Figure

the NH of a-amino acidi and the GO of a-amino acidi + 3 6a, the methyl group ab-Ala residue in6 did not create any

in a reverse turn induced by R,§)-nipecotic acid dimer (Figure  steric interaction for either the seven-membered-ring or the

5).4d (6) The calculated structuré revealed a close distance cross-strand hydrogen bond. However, the methyl group of the

between NH of thé + 1 residue and €0 of thei — 1 residue, L-Ala residue at the position in5 would bump into the Cbz

suggesting the formation of a seven-membered-ring hydrogencarbonyl group in the/-turn region (Figure 6b). To maintain

bond -turn). This was supported by the observation thagNH the y-turn, NH, of 5 would twist away from the appropriate

of 4 was partially hydrogen-bonded. orientation needed for the formation of the cross-strand hydrogen
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Figure 6. The conformational preferences of tetrapeptifesd6.

bond. The above results suggested the importance of cooperatiomristol-Myers Squibb Foundation Unrestricted Grant in Syn-
between they-turn and the reverse turn in tetrapeptidess. thetic Organic Chemistry (D.Y.). D.Y. and Y.-D.W. acknowl-
The formation of the strong eight-membered-ring hydrogen edge the Croucher Foundation for the Senior Research Fellow-
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Conclusion Supporting Information Available: H NMR dilution and

In summary, we have shown that, similar to the heterochiral DMSO-ds addition studies 08; *H NMR dilution studies o;
dinipecotic acid segment, a,.-a-aminoxy acid dimer can 2D ROESY data fod—6; preparation and characterization data
induce a novel reverse turn structure in peptides. This result, °f 3—6; the Cartesian coordinates (in PDB format) of structures
together with our previous reports on the formation of Helix 112 2, and7; and X-ray structural analysis datadEontaining

and cyclic chloride ion receptf,demonstrates that-aminoxy tables of atomic coordinates, therma_l paramt_ate_rs, bopd lengths,
acids are useful building blocks for the construction of a diverse @nd bond angles (PDF and CIF). This material is available free
range of new secondary structures. of charge via the Internet at http://pubs.acs.org.
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