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Abstract: Cyclic pentapeptides are not known to exist in a-helical conformations. CD and NMR spectra
show that specific 20-membered cyclic pentapeptides, Ac—(cyclo-1,5) [KxxxD]-NH, and Ac-(cyclo-2,6)-
R[KxxxD]-NH, are highly a-helical structures in water and independent of concentration, TFE, denaturants,
and proteases. These are the smallest a-helical peptides in water.

Introduction dimensional space as occupied by side chains—<8 furns of

o-helical peptides.

A common approach to forcing peptides into bioactive
conformations has been to constrain the peptide backbone via
cyclization, either through side chain to side chain, main chain
to side chain, or main chain to main chain linkages, often using
amide, alkyl, alkenyl, or thioether connectors. When used in

(4) (a) Siedlecka, M.; Goch, G.; Ejchart, A.; Sticht, H.; Bierzynski,Rxoc.
Natl. Acad. Sci. U.S.AL999 96, 903-908. (b) Ghadiri, M. R.; Fernholz,
A. K. J. Am. Chem. Sod99Q 112 9633-9635. (c) Hoang, H. N.; Bryant,
G. K.; Kelso, M. J.; Beyer, R. L.; Appleton, T. G.; Fairlie, D. P.Inorg.
Biochem.2003 96, 146-146. (d) Ghadiri, M. R.; Choi, CJ. Am. Chem.
Soc.199Q 112 1630-1632. (e) Benson, D. R.; Hart, B. R.; Zhu, X,;
Doughty, M. B.J. Am. Chem. S0d.995 117, 8502-8510. (f) Arnold, P.

A.; Shelton, W. R.; Benson, D. R. Am. Chem. S0d.997, 119, 3181~
The goal of structurally mimicking shoet-helices with small 3182. (g) Ruan, F. Q.; Chen, Y. Q.; Hopkins, P. B.Am. Chem. Soc.
9 . y . g . oot . 1990 112 9403-9404. (f) Strong, A. E.; Moore, B. DJ. Chem. Soc.,
molecules that have biological activity comparable to proteins Chem. Commurl998 473-474.
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t!on, including helix qucleayng templatésmetlal ion cpqrdlna Am. Chem. So@004 126 4828-4843. (b) Kelso, M. J.. Hoang, H. N.:
tion,*~% unnatural amino acidsnoncovalent side chain interac- Appleton, T. G.; Fairlie, D. PJ. Am. Chem. So200Q 122, 10488-10489.
; 8 ; ; : ; (c) Kelso, M. J.; Hoang, H. N.; Oliver, W.; Sokolenko, N.; March, D. R.;
tions;’ and Co_Valer_'t side chain “nk?rs such as d_|sulﬁde, Appleton, T. G.; Fairlie, D. PAngew. Chem., Int. EQ003 42, 421-424.
hydrazoné? aliphatic! and lactam bridge® Alternatively, @ (a)lBryant, S. D.; Guerrini, R.; Sdalvaﬁiori, S.; Bianchi, C.; Tomat(ig), R.;
P : Attila, M.; Lazarus, L. H.J. Med. Chem.1997 40, 2579-2587.
more recent attempts have been made to mimic just the side  ganeriee! R.; Basu, G.; Chene, P.. Roy)SPept. Res2002 60, 88-94.
chain components of arhelix using nonpeptidic scaffolds such o g, S et W daenzano  Kyle, D led. €
. . 3 4 . f 3 . arcla-echeverria, C.; ene, P.; blommers,
as oligoamidé? terphenyf,* terephthalamidé? and othet® units M. J. J.; Furet, PJ. Med. Chem200Q 43, 3205-3208.
which project two or three substituents into similar three- (8) (a) Tsou, L. K;; Takto, C. D.; Waters, M. . Am. Chem. So@002, 124,
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(c) Zhang, C.; Miller, W.; Valenzano, K. J.; Kyle, D. J. Med. Chem.
Chem. Soc2002 124, 9751-9755. (c) Albert, J. S.; Hamilton, A. D.

Alpha-helical sequences af15 amino acids are estimated
to account for~30% of protein structure and frequently mediate
biological processes through interactions with proteins, DNA,
or RNA! Short synthetic peptides corresponding to such
a-helical recognition motifs tend not to display appreciable
helical structure in water, away from the helix-stabilizing
hydrophobic environments of proteifst short peptideo-he-
lices could be stabilized or mimicked by small molecules, such
compounds might be valuable chemical or biological probes
and lead to development of novel pharmaceuticals, vaccines,
diagnostics, biopolymers, and industrial agents.
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66, 5291-5302. (d) Schafmeister, C. E.; Po, J.; Verdine, G1.LAm. Chem.
Soc.200Q 122 5891-5892.

(12) Taylor, J. W.Biopolymers2002 66, 49—75.

2974 m J. AM. CHEM. SOC. 2005, 127, 2974—2983 10.1021/ja0456003 CCC: $30.25 © 2005 American Chemical Society



o-Helices with Exceptional Stability in Water

ARTICLES

i

~ N il

| 0
Y

&N” -

Figure 1. 7-, 10-, and 13-membered macrocycles formed via hydrogen
bonds that respectively define, -, anda-turns.

Ir=z

conjunction with insertion of other molecular constraints,
cyclization” has been a particularly successful strategy for
mimicking y or f5 turns that are respectively defined by 7- and

bridged peptides for over two decades, there is still a lack of
consensus as to the optimal residue combinations, ring sizes,
and sequences that can effectively stabilize helical peptide
conformations. Indeed, everything has been proposed from Asp-
Lys,?2 Glu-Lys?” Lys-Glu?28 and Lys-Asp?® though there is
some consensus thiatto i + 4 separation of linking residues is
better than other separations. More recently, two overlapping
lactam bridges have been used to stabilize a rigid hexapeptide
o-helix, resistant to thermal degradati#rhat has some limited
templating capacity* There are few studiés that report
o-helicity for the theoretical minimum (pentapeptide) sequence
needed to define am-turn, the existence and properties of which
are not well defined despite the likelihood that only one or a
few turns of a protein helix need to be mimicked for agonist/
antagonist biological activity.

We now report the surprising observation that simple cyclic
pentapeptides, involving one specific type of side chain to side

10-membered hydrogen-bonded pseudo-macrocyclic rings (Fig-chain linkage that results in a 20-membered macrocycle, exhibit
ure 1). Such rings are formed by a hydrogen bond between thehighly a-helical structures in water. Helicity is reasonably

carbonyl oxygen of residuieand the amide NH of residuet
2 ori + 3. By contrast, am-turn, the minimal repeating unit
in an a-helix, is defined by a 13-membered ring formed by a

tolerant of amino acid substitution at three of the five component
amino acids, and the cyclic pentapeptide has both conformational
and chemical stability to protein denaturing/degrading conditions

hydrogen bond between a carbonyl oxygen of one residue (8 M guanidineHCI; trypsin; human plasma). These results

(positioni) and the amide NH of another residue (positich

suggest the use of one or more such cyclic pentapeptides or

4) separated by three residues (Figure 1), suggesting that Sanalogues ast-helical scaffolds that can project additional

residues is the theoretical minimum to definecaturn. While

peptidic, cyclic, and nonpeptidic appendages into positions

peptide sequences longer than 10 residues have been constraineglpical of side chains afi-helical peptides and protein segments.

to varying degrees inta-helical conformations, shorter peptides
have rarely been constrained irteturns. Recently a pseudo-
peptide was shown to adopt anturn conformation in the
crystal state; however it lacked a unique conformation in
solution!8 A hexapeptide inhibitor of calmodulin was found to
adopt a distincti-helical conformation in certain solveritsand

These minimalist single turro-helical modules are now
described.

Results

Macrocycle Synthesis.The solid phase synthesis of cyclic
pentapeptides was achieved using standard Fmoc protocols to

metallopentapeptides have been reported to exhibit solvent-assemble linear peptides, with orthogonal allyl/alloc protecting

dependenta-helicity.® However, restraining peptides to a
substantial proportion af-helicity in water remains a difficult
challenge.

groups on the respective lysine and aspartic acids (Scheme 1).
Once assembly of the linear peptides was completed in
sequences with N-terminal lysine/ornithine residues, the N-

Perhaps the simplest and most common method of enhancingerminal Fmoc group was removed and acetylation was carried

helical structures in long=(15 residues) peptides has been the out before removal of the orthogonal protecting groups with
use of side chain to side chain amide linkages. This has generallyPd(PPh)4 (Scheme 1). Macrolactamization was achieved with
involved forming a covalent bond between side chains of lysine/ BOP/DIPEA in a mixture of polar solvents (DMSO/NMP) and
ornithine residues and aspartic/glutamic acid residues, separate¢h all cases went to completion as judged by mass spectrometry.
by two ( — i + 3) or three (— i + 4) intervening residues, or  Alternatively, for residues with N-terminal aspartic/glutamic acid
through longer linkers betwednandi + 7 residues? These residues, removal of the orthogonal protecting group and
constraints, although initially examined in model peptides, have

been applied to a number of 480 residue peptides of
biological significanc® including PTH2! NPY 22 CRFZ
GCN424 Galanin?® Dynorphin-A26 Despite the study of such

(13) Ernst, J. T.; Becerril, J.; Park, H. S.; Yin, H.; Hamilton, A. Bngew.
Chem., Int. Ed2003 42, 535-539.

(14) (a) Ernst, J. T.; Kutzki, O.; Debnath, A. K.; Jiang, S.; Lu, H.; Hamilton,
A. D. Angew. Chem., Int. EQ001, 41, 278. (b) Kutzki, O.; Park, H. S;
Ernst, J. T.; Orner, B. P.; Yin, H.; Hamilton, A. D. Am. Chem. Soc.
2002 124, 11838-11839. (c) Orner, B. P.; Ernst, J. T.; Hamilton, A. D.
Am. Chem. So001, 123 5382-5383.

(15) Yin, H.; Hamilton, A. D.Bioorg. Med. Chem. Let2004 14, 1375-1379.

(16) (a) Guy, R. K.; Kuntz, I. D.; Felice, L. U. WO 03/040402 A2, 2003. (b)
Guy, R. K.; Baxter, J. D.; Darimont, B.; Feng, W.; Fletterick, R. J.; Kushner,
P. J.; Wagner, R. L.; West, B. L.; Yamamoto, K. R.; Geistlinger, T. R.;
Arnold, J. R.; Kuntz, I. D. WO 02/02488 A2, 2001.

(17) Fairlie, D. P.; Abbenante, G.; March, D. Rurr. Med. Chem1995 2,
654—686.

(18) Maji, S. K.; Haidar, D.; Bhattacharyya, D. B.; Banerjee JAMol. Struct.
2003 646, 111-123.

(19) Esteve, V.; Blondelle, S.; Celda, B.; Perez-Pay&iBpolymers2001, 59,
467—-476.

(20) Felix, A. M.; Heimer, E. P.; Wang, C. T.; Lambros, T. J.; Fournier, A,;
Mowles, T. F.; Maines, S.; Campbell, R. M.; Wegrzynski, B. B.; Toome,
V.; Fry, D.; Madison, V. Sint. J. Pept. Protein Red.988 32, 441—-454.

(21) Barbier, J. R.; Neugebauer, W.; Morley, P.; Ross, V.; Soska, M.; Whitfield,
J. F.; Willick, G.J. Med. Chem1997, 40, 1373-1380.

(22) Yao, S. G.; Smith-White, M. A.; Potter, E. K.; Norton, RJSMed. Chem.
2002 45, 2310-2318.

(23) Miranda, A.; Lahrichi, S. L.; Gulyas, J.; Koerber, S. C.; Craig, A. G.;

Corrigan, A.; Rivier, C.; Vale, W.; Rivier, J. Med. Chem1997, 40, 3651~

3658.

Zhang, M.; Wu, B.; Baum, J.; Taylor, J. \W. Pept. Res200Q 55, 398—

408.

Carpenter, K. A.; Schmidt, R.; Yue, S. Y.; Hodzic, L.; Pou, C.; Payza, K.;

Godbout, C.; Brown, W.; Roberts, Biochemistry1999 38, 15295-15304.

(26) Lung, F. D. T.; Collins, N.; Stropova, D.; Davis, P.; Yamamura, H. I;
Porreca, F.; Hruby, V. 1. Med. Chem1996 39, 1136-1141.

(27) Geistlinger, T. R.; Guy, R. KI. Am. Chem. So2001, 123 1525-1526.

(28) Tsomaia, N.; Pellegrini, M.; Hyde, K.; Gardella, T. J.; Mierke, D. F.
Biochemistry2004 43, 690-699.

(29) Bracken, C.; Gulyas, J.; Taylor, J. W.; BaumJJAm. Chem. S0d.994
116 6431-6432.
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Scheme 1. Representative Syntheses for Cyclic Peptides (X =

Lys/Orn, Y = Asp/Glu)

SP PS
—Q

H
R—Y/X ARAX/Y—N

attributed to the relatively high loading of trityl chloride-1.0
mmol/g) and Rink-amide MBHA resin~0.70 mmol/g) en-
couraging intermolecular coupling. In contrast to previous
reportst233 we found that formation of these byproducts was

Allyl/Alloc Alloc/Ally! relatively independent of the coupling reagent, base, solvent,
e and time. Prolonged cyclization times24 h) generally yielded
el S ROk RETO greater oligomerization. Although the side products could be
z-gﬂg:hah removed by HPLC, switching to a low substitution resin

Fmoc YA RA X—N—O

H
Ac-XARAY—N

(Tentagel S RAM 0.25 mmol/g) significantly improved the

yield and purity of the desired monocyclic products, with no
more than 10% oligomers. In addition, we found that diluting
high loading resins had little effect on oligomer formation,

HOOC N Hal cooH possibly because the distribution of anchored peptide may not
BOP BOP be uniform.
RAPER RIFGS Helix Characterization By Circular Dichroism Spectra.
The helix stabilizing effects of — i + 4 lactam bridges in
i ? peptides are well documentéti;however there are many
Fmoc—Y A HA}(—NO Ac-X A RAY—NO inconsistencies in the literature as to the optimal bridge size
\T“ LNH‘NJ and the order of bridging residues (see above). The lengths and
S I sequences of the peptides examined by other workers have
varied considerably, CD and/or NMR spectra have been used
1. Piperidine TFA, TIPS to measurea-helicity under quite different conditions, or
§; ?ggf'ﬁﬁgjrﬁzo H:0 a-helical content has simply been inferred from observations
of enhanced biological activity. Consequently it has been very
Ac-Y AR A X—NH, Ac—X AR A Y—NH, difficult tq compare data anq mgke accurate _conclusions about
L’FH erl key requirements forr-helicity in short peptides. We have
N N chosen a systematic approach to examine factors that influence
o} o] o-helicity in water by using circular dichroism spectroscopy to

both qualitatively and quantitatively comparehelicities in a
macrolactamization were best undertaken before the final Fmoc-range of pentapeptides, being the theoretical miniea&lirn
deprotection and acetylation steps. Cleavage with TFA yielded unit. Previously, it has only been possible to stuthelical
the desired peptides (Scheme 1). In general this synthesispeptides in this size range by incorporating them into larger
provided milligram quantities of the desired peptides, although stabilizing systems and then subtracting the contribution of the
yields were compromised by three competing side reactions. stabilizing system from the CD spectrim.

When aspartic acid was at the N-terminus, side chain Twenty one compounds (Tables 1 and 2) were synthesized
deprotection and cyclization was carried out before deprotectionto determine whether a pentapeptide could be nadelical
of the N-terminal Fmoc group and acetylation, to avoid through cyclization and to examine the effects on helicity of
piperidine-mediated aspartimide formation. The latter resulted varying the length and orientation of, { + 4) side chain to
in mixtures that could not be separated by rpHPLC, and also side chain bridges, capping one or both ends of the pentapeptide
occurred during macrolactamization, when large excesses ofthrough amide bond formation, altering the nature of the three
coupling reagent and base were used. Instead, we used storesidues between the bridging residues. We began with Ala and
ichiometric ratios of coupling reagent (1.2 equiv) and base (2 Arg (for solubility) residues at the center of the pentapeptide,
equiv)3t Alternatively Sheppard’s Hmb groép could be as thea-helix inducing capacity of these residues is well
positioned on the preceding alanine residue, although lower documented®
yields were observed due to incomplete coupling of the last Helix Dependence On Ring Size.ysine (K), ornithine (O),
aspartic acid residue (even with prolonged coupling times), aspartic acid (D), and glutamic acid (E) were systematically
resulting in contamination of the desired product by the substituted at andi + 4 positions (positions 1 and 5) in the
tetrapeptide deletion product. cyclic pentapeptide sequence Ac-(cyclo-1,5)-[XARAX]-NH

A second minor problem occurred when glutamate was at (Table 1,1-8). Figure 2 shows that a 20-membered macrocycle
the N-terminus. Side chain deprotection and cyclization, carried formed through a K — D(i + 4) linkage (i.e.3) is the bridge
out before acetylation, resulted in higher yields as some System that results in maximal helicity. To confirm that this
piperidine-mediated pyroglutamate deletion peptide was ob- was the direct result of the lactam constraint, a CD spectrum of
served in the alternative sequence of acetylation followed by the acyclic versiong) was acquired under identical conditions
cyclization. This was not a significant problem for Glu residues and gave a characteristic spectrum of an unstructured peptide.
at the C-terminus, although yields of these products were lower.

A third problem occurred during cyclization, resulting in-30 gig ﬁﬁ}ﬁg?sgvg-_ Tr gfyclgﬁ ng?r%heg_r?; Lﬁg&:ﬁg%ﬂ Zl\%ggél;ﬁ%ers

70% of the product yield being dimers and higher oligomers 2002, 63, 141-149.

(35) (a) Yang, J.; Spek, E.; Gong, Y.; Zhou, H.; Kallenbach Pxbtein Sci.
1997 6, 1264-1272. (b) Richardson, J. S.; Richardson, DSCiencel 988
240, 1648-1652. (c) Chou, P. Y.; Fasman, G. Bnnu. Re. Biochem.
1978 47, 251-276. (d) Chakrabartty, A.; Kortemme, T.; Baldwin, R. L.
Protein Sci.1994 3, 843-852.

(31) Vigil-Cruz, S. C.; Aldrich, J. VLett. Pept. Sci1999 6, 71-75.
(32) Johnson, T.; Quibell, M.; Owen, D.; Sheppard, RIGChem. Soc., Chem.
Commun.1993 369-372.
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Table 1. Molar Elipticities ([#] deg cm? dmol~1! residue~1) at A = 215, 207, and 190 nm, Ratios of Elipticites at 215/207 nm, and Percentage
Helicity for Peptides 1—12 in 10 mM Phosphate Buffer (pH 7.4, 25 °C)

relative

peptide (01215 [O1aor [0]190 021510207 helicity®
Ac-(cyclo-1,5)- K ARAE]-NH2 (1) ~1068 —3393 —10611 031 0.08
Ac-(cyclo-1.5)-EARAK -NH2(2) ~7430 ~12803 20735 0.58 0.58
Ac-(cyclo-1.5)-K ARADJ-NH> (3) ~12757 ~12211 38300 1.04 1.00
Ac-(cyclo-1.5)-DARAK]-NH2 (4) 7723 ~10705 15600 0.72 0.60
Ac-(cyclo-1.5)-DARAD]-NH (5) 92 2077 ~4613 —0.04 0
Ac-(cyclo-1.5)-DARAO]-NH; (6) —4671 —9748 —6954 0.48 0.37
Ac-(cyclo-1,5)-DARAE]-NH2 (7) 741 —3368 —16228 -0.22 0
Ac-(cyclo-1.5)-EARAO]-NH: (8) 2442 ~1917 ~11256 ~1.27 0
Ac-KARAD-NH (9) —524 —5555 —7372 0.09 0.04
Ac-(cyclo-1,5)-K ARAD]-OH (10) 207 —5643 —13953 ~0.04 0
a —625 —3195 —2659 0.20 0.06
H-(cyclo-1,5)-KARAD]-NH2(11) —812 —2228 1355 0.36 0.06
b —2590 —-3327 8452 0.78 0.2
H-(cyclo-1,5)-KARAD]-OH (12) —-1033 —5737 —4966 0.18 0.08

aln 0.01 M HCI pH 2.°In 0.001 M NaOH pH 10¢[6]215 (3)/[0]215 (X) refer to “Quantitation of Helicity” section.

Table 2. Molar Elipticities ([#] deg cm? dmol~1! residue~1) at A = 215, 207, and 190 nm, Ratios of Elipticites at 215/207 nm, and Percentage
Helicity for Cyclic Peptides 13—21 in 10 mM Phosphate Buffer pH 7.4 at 25 °C

relative

peptide [01ass [01o07 [0]100 0150207 helicity®
Ac-(cyclo-2,6)-RKAAAD]-NH; (13) —13537 —13 684 39 352 0.99 0.91
Ac-(cyclo-2.6)-RK ALA DJ-NH; (14) -14798 ~15165 46 621 0.98 1.00
Ac-(cyclo-2.6)-RK AMA DJ-NH; (15) ~11853 ~12296 38 464 0.96 0.80
Ac-(cyclo-2,6)-RKAQAD]-NH; (16) —11394 —12 279 36 865 0.93 0.84
Ac-(cyclo-2.6)-RK AFAD]-NH2 (17) “8644 “9087 27718 0.95 0.76
Ac-(cyclo-2,6)-RKAGAD]-NH, (18) —4874 —7678 10036 0.63 0.32
Ac-(cyclo-2.6)-RK GSAD]-NH (19) —4810 ~6975 12 831 0.69 032
Ac-(cyclo-2,6)-RK SSP]-NH, (20) —4432 —8017 6827 0.55 0.30
Ac-(cyclo-2,6)-RKGGGD]-NH; (21) —2131 —4868 —1593 0.44 0.14

360215 (14)/0215 (X) refer to “Quantitation of Helicity” section.

a-helices, it is not surprising that their CD spectra differ from
those of much longer helices. Theoretical stutfiesto the
chiroptic properties of ther-helix have predicted that short
o-helices should have different CD spectra from longer
o-helices. The negative minimum at 215 nm is consistent with
the long wavelength A~ 7* transition commonly observed for
a-helices angB-sheets in the 215230 nm wavelength rangé.
The observed positive maximum at 190 nm and negative
minimum at 207 nm characterize the structurecdselix rather
thanf-sheet, as these bands can only arise from exciton splitting
T T T T 1 of the NV; transition by the interaction of electric dipole
190 210 230 250 transition moments among amides in the well-defined geometry
A (nm) of the a-helix.38 The relative intensities of these peaks Br
Figure 2. CD spectra of cyclic pentapeptid&gpilnk), 2 (blue),3 (black), mirror thOS? Obs?fved for otherhelices; therefore we _have
4 (red),5 (aqua) 6 (purple),7 (orange), an@ (yellow) in 10 mM phosphate quoted the intensities at 190 nm, 207 nm and 215 nm in Table
buffer (pH 7.4, 25°C). 1.

Some helicity was observed for D~ K(i + 4) (e.g.,4) and
E@i) — K(i + 4) (e.g.,2); however the negative shift and deeper
minimum around 208 nm suggest that this may hehlicity.
Thus it is clear that a 20-membered macrocycle is optimal for
a-helicity, that an increase or decrease in ring size by one carbon
significantly reduces helicity, and that in addition to ring size
the position of the amide bond is also crucial. Reversing the
position of the amide bridge in the 20-membered ring systems
(3 — 4) or shifting the amide along by one carbaf §) has a
detrimental effect on helicity.

Interestingly, the CD spectrum f& shows a slight shift in
its minima to lower wavelengths compared with longehnelical

40000+

N
8
=]
o
1

(6]

(deg.cmZ.dmol™)

Helix Dependence On Sequenc€ertain residues are known
to favor or disfavora-helicity; therefore the residues in this
system were altered in an attempt to gain insight into the helicity
for these cycles. Initial solubility issues with hydrophobic
pentapeptides prompted us to incorporate an additional arginine
at the N-terminus. Nine K{ — D(i + 4) side-chain cyclized
hexapeptidesl3—21) were synthesized with the three residues
intervening the bridge systematically replaced byhelix
inducing (alanine, leucine, methionine, glutamine}helix
indifferent (phenylalanine, serine), arhelix breaking (glycine)
residues (Table 2).

(36) (a) Tinoco, I., Jr.; Woody, R. W.; Bradley, D. ¥.Chem. Physl963 38,

peptides (222 nm> 215 nm, 208 nm— 207 nm), as has been 1317-1325. (b) Woody, R. W.; Tinoco, 1., J8. Chem. Phys1967, 42,
. : i . 4927-4944.
observed before in short fixed nucleus alanine heko8szen 37) Woody, R. W.: Koslowski, ABiophys. Chem2002 101, 535-551.

that these are the first CD spectra of very short isolated (38) Moffitt, W. J. Chem. Physl195§ 25, 467—-479.
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Figure 3. CD spectra of compoundE3 (black), 14 (grey), 15 (red), 16
(blue), 17 (yellow), 18 (purple),19 (green),20 (aqua), an®1 (orange) in
10 mM phosphate buffer (pH 7.4, 2¥).

T T
190 210 250

Figure 3 shows that helicity is indeed dependent on which
residues intervene between the bridging residues. The helical
structure is tolerant of substitution layhelix inducing residues
such as Ala13), Leu (14), Met (15), GIn (16), and Phe 17),
as demonstrated by the deep minima at 215/207 nm, high
maximum at 190 nm, and high ratit»150,07. There is some
variation in the intensity at these wavelengths which closely
mirrors the intrinsia-helical propensity of specific amino acids
determined in protein environmeris The system is quite
delicate; however, replacing only the central residue by glycine
(18) results in a substantial decrease in intensity at 215 nm,

abolition of helicity was indicated by the single deep minimum
at 200 nm characteristic of a random coil.

NMR Evidence For a-Helicity. The compelling CD spectra
acquired for3, 13—16 prompted us to explore them further.
Structural characterization was conducted 3oand 13 using
1D and 2D'H NMR spectroscopy in 90% #D: 10% DO at
288 K (pH 4.0). 2D-TOCSY spectra at 600 MHz were used to
identify resonances for each amino acid, and individual spin
systems are shown in the Supporting Information (Figure S1).
Due to the molecular weight of the macrocycle, ROESY instead
of NOESY spectra had to be used to identify sequential
connectivity and intraresidue NHNH and NH-CH cross-peaks
(Figures S2 and S3, Supporting Information). Spectral overlap
in 3 prevented unambiguous identification of key long-range
ROEs; howeverl3 gave well-defined resonances and was
investigated further. There were a number of spectral features
that are characteristic of a well-defined structure in the cyclic
hexapeptidel(3) and specifically characteristic of alpha helicity.

First, there were conspicuously low coupling constants
(®INHCHe < 6 Hz) for all amide resonances except D6 (see
Experimental Section), as normally observed drhelical
peptides’® Second, all of the residues displayed an upfield shift
(0.18 to 0.32 ppm) fo(Ho) relative to the corresponding
residue in random coil structures (Figure S4, Supporting
Information), this also being typical of helical peptid€hird,
there was a low temperature dependence for amide NH chemical
shifts, with temperature coefficienta\§/T) being <4 ppb/K
for Ala3, Ala4, Ala5, Asp6, and one C-terminal amide NH
(Figure S5, Supporting Information), consistent with their

207 nm, and 190 nm, along with the appearance of a deepefinvolvement in hydrogen bonds that characterizexamelix 4

minimum at 201 nm that is commonly observed fefBelicity/
random coil structures. This reductiondrhelicity also results
from placement of two 19) or three R0) helix disfavoring

Fourth, the observation in ROESY spectra of nonsequential
medium rang@un(i,i + 4), dan(i,i + 3), anddeg(i,i + 3) ROEs
(Figure 4) suggest helical structure, and the particularly

residues between the bridging residues, although based on therominentdyn(i,i + 4) versus weakl,(i,i + 2) ROEs support

shape of their CD spectra there is some bias toward a helical
conformation. For three-helix breaking residues2(), total

3
JNH(‘MOL <6Hz

Ad/T < 4 ppb/K
d Ny it
d on e
d gy 1)
d on iiv2)

d on i+3)

d op i+3)

d o i)

a high proportion ofa-helicity rather than gr-helicity or turn
conformations.

Figure 4. ROE summary diagram (left) and 20 lowest energy calculated structures (right, lactam bridge in purple) for Ac-(cyclo-2,6)-R[KAAARBNH
in 90% H0:10% DO at 20°C. Thickness of bars reflects intensity of ROEs.
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Figure 5. CD spectra o88in 10 mM phosphate buffer (black) (pH 7.4, 25
°C) and 50% TFE (red).

Solution Structure of 13. The three-dimensional structure
for the hexapeptidd.3 in 90% H0:10% DO at 20°C was
calculated using dynamic simulated annealing and energy
minimization in Xplor (3.851% from 81 ROE (26 sequential,

25 medium range, 30 intraresidue) distance restraints and four
phi angle restraintSJyncre 6 Hz, ¢ = —65 & 30°). No explicit
H-bond restraints were included in calculations. The final 16
lowest energy structures contained no dihedral ang®) or
distance £ 0.1 A) violations and are displayed in Figure 4. These <.
lowest energy structures indicate a well defireedurn, with

fouri — i + 4 hydrogen bonds involving NH protons of the
C-terminal amide, Asp6, Ala5, Ala4, and the CO oxygens of
Ala3, Lys2, Argl, and N-terminal amide. The backbone pairwise
RMSD for this family of structures for Ac-(cyclo-2,6)-
R[KAAAD]-NH » (13) in water is 0.35 A, indicating a fairly

Figure 6. Three putative hydrogen bonds that definecahelix.
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o
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1
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tight structural convergence. Whe8 was superimposed on
an idealized textbook hexapeptide-helix (i.e., backbone
dihedral angles sefp = —47°, ¢ = —57°), the backbone
pairwise RMSD = 0.81 A. However, for just the cyclic
pentapeptide component @8, the backbone pairwise RMSD

A (nm)
Figure 7. CD spectra of compound(black, solid),9 (black, broken)10
(red, solid),11 (blue, solid), andl2 (green, solid) in 10 mM phosphate
buffer (pH 7.4, 25°C); 10 (red, broken) in 0.01 M HCI (pH 2) andl
(blue, broken) in 0.001 M NaOH (pH 11).

= 0.22 A over backbone carbon and nitrogen atoms. This pentapeptide cycle. To investigate the importance of these
structural evidence strongly supports the conclusion that the hydrogen bonds for the conformational stability 8f we

endocyclic residues are in a highdyhelical conformation, more
so than the exocyclic Arg residue.

Effect of a Helix Stabilizing Solvent. To see whether the
o-helicity exhibited by3 in water could be increased, a CD
spectrum was acquired f@& in 50% aqueous TFE (a helix-
inducing solvent which increases helicity for peptithes-igure

synthesized a series of analogues with variable potential for
forming intramolecular hydrogen bonds. Since 1,5-hydrogen
bonds are characteristic afhelicity, inclusion or exclusion of
the N-terminal acetyl group or the C-terminal amide group
allowed variation between one and three potential hydrogen
bonds (Figure 6). Thus Ac-(cyclo-1,5)-[KARAD]-NH3) can

5 shows that the presence of 50% TFE does not increase molaform three potential intramolecular 1,5-hydrogen bonds (Figure

elipticity at 215 nm, suggesting thatis already maximally
o-helical in water alone. This optimun-helicity is also
supported by the ratif»156,07 > 1 in water alone, as reported
for an idealized (100%)-helix.*® Although there is some
controversy regarding the accuracy of this rdfia our case it
is at least still indicative of appreciabte-helicity.

Helix Dependence On Hydrogen BondsThe NMR analysis

4), while Ac-(cyclo-1,5)-[KARAD]-OH @0) and H-(cyclo-1,5)-
[KARAD]-NH 7 (11) can form only two hydrogen bonds, and
H-(cyclo-1,5)-[KARAD]-OH (12) can only form one hydrogen
bond (Table 1).

Interestingly, only3 showeda-helical structure in water at
pH 7 (Figure 7), indicating that a minimum of three hydrogen
bonds is required fon-helicity in a pentapeptide sequence.

indicated the presence of three hydrogen bonds within the Since the effect of charges at the N- and C-termini might be

(39) Pardi, A.; Billeter, M.; Wuthrich, KJ. Mol. Biol. 1984 180, 741-751.

(40) (a) Wishart, D. S.; Sykes, B. D.; Richards, F. MMol. Biol. 1991, 222,
311-333. (b) Wishart, D. S.; Sykes, B. D.; Richards, F. RBlochemistry
1992 31, 1647-1651.

(41) (a) Dyson, H. J.; Cross, K. J.; Houghten, R. A.; Wilson, I. A.; Wright, P.
E.; Lerner, R. A.Nature 1985 318 480-483. (b) Kessler, HAngew.
Chem., Int. Ed1982 21, 512-523.

(42) Luo, P. Z.; Baldwin, R. LBiochemistryl997, 36, 8413-8421.

(43) Manning, M. C.; Woody, R. WBiopolymers1991, 31, 569-586.

(44) Wallimann, P.; Kennedy, R. J.; Miller, J. S.; Shalongo, W.; Kemp, D. S.
J. Am. Chem. So@003 125 1203-1220.

expected to destabilize helicity, CD spectra were also recorded
for 10 and11in 0.01 M HCI (pH 2) and 0.001 M NaOH (pH
11), ensuring that the uncapped termini were fully protonated
and deprotonated, respectively. The pH had little effect on
conformation; botli0and11 showed slight increases in helicity
but remained largely unstructured. Compoub® was not
examined at high or low pH, as one of the termini will always
be charged.
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Figure 8. Dependence on temperature-&b °C) of mean residue ellipticity at 215 nm (top) and full CD spectrum (bottom)°& flue), 45°C (black),
and 85°C (red) for3, Ac-(cyclo-1,5)-[KARAD]-NH; (left panel), andl3, Ac-(cyclo-2,6)-R[KAAAD]-NH; (right panel).

Table 3. Amide 3Jyn-cro Coupling Constants for 3 and 13 at Low
(5 °C) and High (65 °C) Temperatures

K A R A D
5°C 3.2Hz 3.4Hz 5.9Hz 45Hz 7.0 Hz
65°C 4.5 Hz 4.8 Hz 6.9 Hz 5.1Hz 7.6 Hz
R K A A A D
5°C 44Hz 45Hz 38Hz 44Hz 47Hz 73Hz
65°C 6.9 Hz 5.5Hz 5.4 Hz 5.5 Hz 6.2 Hz 7.8 Hz

a3Jyn-cha coupling constant at 10C since these overlapped at6.

Helix Dependence On Temperature.The stabilities of3
and13were investigated by thermal denaturation experiments.

0-
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Figure 8 (upper) shows the temperature dependence of molar

elipticity at 215 nm for3 and 13, and is consistent with some
unwinding of the helix. Figure 8 (lower) shows CD spectra for
these compounds at 5, 45, and°85 There is a gradual increase
in signal intensity at 215 nm with temperature, and a corre-
sponding shift in the minimum from 208 to 203 nm above 45
°C, as expected for some helix unwinding.

NMR data were also consistent with some helix unwinding
for 3 and 13. We were unable to detect medium/long-range
NOE/ROEs at 65C for 3 and 13, which may be due to some
helix unwinding. Second, alJyy—chq coupling constants for
3 andl13increase by 2630% between 3C and 65°C (Table
3). However, three of four amide NH coupling constants
(®InH-cho) for 3 and three of five coupling constants faB
that were<6 Hz at 5°C were also<6 Hz at 65°C, indicating
retention of somex-helicity at 65°C.

Stability of 3 to Denaturants. Using the molar elipticity at
215 nm as an indicator af-helicity, Figure 9 clearly shows
that macrocycle is conformationally stable, and the pentapep-
tide maintains fulla-helicity even in the presence of 8 M

2980 J. AM. CHEM. SOC. = VOL. 127, NO. 9, 2005

[Gua.HCI] (M)

Figure 9. Variation in molar elipticity of3 at 215 nm with increasing
[guanidine HCI] at 25°C.

guanidinium chloride. These conditions readily denature peptides
and proteins, but do not affeat-helicity in 3.

Proteolytic Stability of the Helix. Compound3 and its
acyclic version9 were incubated with trypsin (pH 8.2), and
aliquots were removed at intervals between 1 and 155 min and
analyzed by LCMS. The cyclic compound remained intact over
this period, whereas the acyclic analogue completely hydrolyzed
within a few minutes to fragments Ac-KAR-OH, H-ARAD-
NH,, H-AR-OH, and H-AD-NH. Similarly the cyclic com-
pound3 was not degraded by human serum (1 h{ @Y. These
results prove that the peptide sequenc8,iteing held in an
o-helical conformation, is not susceptible to recognition by the
proteolytic enzyme. This is consistent with other observations
that only an extended or linear peptide conformation is
recognized, not only by trypsin but also by all proteolytic
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enzymes?® Presumably the cycle is too tightly locked into an
a-helical turn to permit significant unwinding to the extended
format needed for recognition by trypsin.

Quantitation of Helicity. Assuming that mearo-helix
content {y) is linearly related to elipticity at 222 nm, or in our
case 215 nm {Jobs219, then the equation for calculating helix
content is

fH = ([H]c,bszls_ [9](:)/([‘9]00215 - [G]C) 1)

Luo and Baldwir? determined that the random coib{g) and
infinite o-helix ([A]«222) mMolar elipticities are temperature-
dependent based on the equations:

[6]c = 2220~ 53T (2a)

[0]015= (—44 000+ 250T)(1 — K/N,) (2b)
whereT is temperature in degrees Celsibd,is the number of
peptide units, and is a finite length correction.

Despite the widespread use of eq 1, a key problem is the
implementation of a suitablefactor for which a range of values
between 2.4 and 4.5 have been u&eBaldwin has suggested
using k = 3.0 for carboxyamidated peptides and 4.0 for
unblocked peptide¥. For 3, variation of thek factor from 2.4
to 4.5 resulted in 56135% helicity, so it was clear that the
factor can impact significantly on reported valuesushelical
content. There is no empirical method to determine a suitable
k factor, and the problem of choosing one becomes particularly
acute for short peptides. Given our compelling high-resolution
NMR data and CD studies in the presence of benign, helix
stabilizing, and helix destabilizing environments, we believe it
is highly likely that the equilibrium between random coil, partial
helix, and purea-helix is shifted significantly toward pure
a-helix such thafy is ~1 and the contribution offf]¢c is ~0.
Based on the assumption thaihas 100%a-helicity, we can
derivek ~ 4, which is within the suggested range. If we apply
this value to eq 2b, then the percentage helicities for the
a-helical compounds in Tables 1 and 2 are 1033 &3% (L3),

91% (14), 73% (15), 70% (16), and 53% (7).

There are, however, problems associated with this derivation.

First, despite the significance of the LuBaldwin study, it does

not reflect the properties of very short peptides. Second it is
based on extrapolating TFE titration data to CD data acquired
in water alone”* Third, their study is calibrated to elipticity at
222 nm, whereas the absolute minimum in these peptides occur
at 215 nm. Given these difficulties, we have expressed relative,

rather than absolute, helicities for our peptides in Tables 1 and

2.
Discussion

This paper has reported the first 5-residue peptides that displ
essentially completex-helicity in water, making them the
shortest and most stable peptidénelices known. This result,
confirmed by NMR-derived structure determination in water,

(45) (a) Tyndall, J. D. A,; Fairlie, D. Rl. Mol. Recognit1999 12, 363—370.
(b) Fairlie, D. P.; Tyndall, J. D. A.; Reid, R. C.; Wong, A. K.; Abbenante,
G.; Scanlon, M. J.; March, D. R.; Bergman, D. A,; Chai, C. L. L.; Burkett,
B. A. J. Med. Chem200Q 43, 1271-1281. (c) Tyndall, J. D. A.; Nall, T.;
Fairlie, D. P.Chem. Re. 2005 in press.

(46) Wallimann, P.; Kennedy, R. J.; Kemp, D.Agew. Chem., Int. EA999
38, 1290-1292.

(47) Ronhl, C. A.; Baldwin, R. LMethods Enzymoll998 295 1—26.

S

was unique for pentapeptides cyclized through amide formation
specifically between lysine and aspartate at positicarsdi +

4, respectively. Thein-helical nature has been convincingly
established by circular dichroism atid NMR spectra, neither

of which were concentration dependent, thus ruling @te-
licity due to aggregation. Failure to enhaneénelicity (espe-
cially of 3) using 50% TFE, failure to diminish it with 8 M
guanidineHCI, and lack of success in degrading it with
proteolytic enzymes support our conclusion of an exceptionally
high proportion of a-helical conformers in the structural
ensemble, especially for compouBd

Conventional head to tail cyclic pentapeptides are traditionally
associated with various types gf and y-turn conformations
in solutionl7-48 although in water they tend to display no well
defined structure at all. In the literature of peptide hormones
there is evidence that lactam bridges, particularlyi - 4)
linkages in pentapeptide components, can increase helicity in
longer peptides and enhance bioactivity. However there is
considerable disparity in the-helix stabilizing effects of various
lactam bridges, with little agreement about which sequences,
ring sizes, and ring compositions impart the highestelicity!?
and suggestions that effectiveness is case depefdinthis
paper, we have systematically examined the effects of different
lactam bridges oru-helix stability in simple pentapeptides,
cyclized through side chain to side chain coupling. We have
shown that cyclic pentapeptides of defined size (20-membered
rings) and specific composition have the capacity to adopt a
single a-turn conformation that is remarkably stable in water.
Spectral data from circular dichroism and 2B NMR strongly
supporta-helicity for such cycles in water, even under severe
peptide-denaturing conditions such as high concentrations of
guanidine hydrochloride{8 M). These results also demonstrate
that a single lactam bridge can effectively stabilizdelicity
in short peptides, which contrasts with the best results td'tate
where two overlapping lactam bridges were required to neces-
sitatea-helix stabilization in short peptides.

A feature of this work is the finding that appreciable
o-helicity is dependent not only on the cyclic constraint that
produces a 20-membered ring but also on accompanying
formation of three intramolecular 13-membered hydrogen
bonded rings. Thus threée— i + 4 hydrogen bonds together
with the cyclic constraint would appear to be the minimum
requirements to stabilize anturn, since either removal of just
one of these hydrogen bonds or minor modification to the cyclic
restraint was sufficient to collapse thehelical structure. It is
worth pointing out that, for a conventional uncapped peptide,
three 1— 5 hydrogen bonds would require a minimum sequence
of seven amino acids. In the absence of the thermodynamic
stability afforded by the cyclic constraint, it is therefore
unsurprising that acyclic peptides can only be highipelical

ayif they are much longer.

The significant difference observed in the RMSD values
between thex-helical hexapeptide structud8 and its cyclic

(48) (a) Jones, R. M.; Boatman, P. D.; Semple, G.; Shin, Y. J.; Tamura, S. Y.
Curr. Opin. Pharmacol2003 3, 530-543. (b) Giannis, AAngew. Chem.,
Int. Ed.1993 32, 1244-1267. (c) Hruby, V. J.; Sharma, S. Burr. Opin.
Biotechnol.1991, 2, 599-605. (d) Hruby, V. J.; Alobeidi, F.; Kazmierski,
W. Biochem. J199Q 268 249-262. (e) Toniolo, Clnt. J. Pept. Protein
Res.1990, 35, 287—-300.

(49) (a) Yu, C. X.; Taylor, J. WTetrahedron Lett1996 37, 1731-1734. (b)
Tian, Y.; Ramesh, C. V.; Ma, X.; Naqvi, S.; Patel, T.; Cenizal, T.; Tiscione,
M.; Diaz, K.; Crea, T.; Arnold, E.; Arnold, G. F.; Taylor, J. W. Pept.
Res.2002 59, 264-276.

J. AM. CHEM. SOC. = VOL. 127, NO. 9, 2005 2981



ARTICLES Shepherd et al.

pentapeptide structural component is consistent with the needNovabiochem (Melbourne, Australia). Benzotriazol-1-yl-1,1,3,3-tet-
for the cyclization restraint, rather than just three (or four) ramethyluronium (HBTU) and benzotriazol-1-yloxy-tris(dimethylamino)-
hydrogen bonds, fon-helicity. Although NMR data at low  Phosphonium (BOP) were obtained from Richelieu Biotechnologies
temperature did indicate that the exocyclic Arg residud.3n (Quebec_Canada). All other reagents were of p_eptlde synthesis grade
was in armo-helical environment created by four hydrogen bonds and obtamgd from Auspep (Melbourne, Australia), )

and the cyclization constraint, the deviation from an idealized Synthesis Of Compounds #21. General Procedure:Peptides

heli as larger for the hexapeptide over the pentapeptide were prepared on 0.25 mmol scale by manual stepwise solid-phase
O-NElXw 9 xapept v P pepude, peptide synthesis using HCTU/DIPEA activation for Fmoc chenfistry

reﬂectlng_ lessu-helicity for thl§ residue which is ou_t5|de the 51 Rink Amide MBHA resin (substitution 0.78 mmot4, Tentagel S
cycle. This does not necessarily mean that the cyclic pentapep-ram resin (substitution 0.25 mmol¢g), or Trityl chloride resin
tide cannot transmit.-helicity to multiple attached exocyclic  (substitution 1.0 mmol o). Amino acid (4 equiv) and diisopropyl-
residues, only that it is not very effective in inducing helicity ethylamine (DIPEA, 8 equiv) were employed in each coupling step
in a single attached residue. This slight fall off in helical integrity (45 min), except for Fmoc-Asp(OAllyl)-OH and Fmoc-Lys(Alloc)-OH
outside the cycle is not too surprising, since the termini of where only 2 equiv were used. Fmoc deprotections were achieved with
protein/peptidea-helices are normally quite disordered in 3 x5 min treatments with excess 1:1 piperidine/DMF. Coupling yields

solution structures, and certainly more disordered than found Were monitored by quantitative ninhydrin as$agind double couplings
for the ends ofL3 were employed for yields below 99.6%. After the assembly was

The heli bility is d d h id complete, the allyl ester of aspartic acid and allyl carbamate of lysine
e helix stability Is dependent upon sequence, those resi U€Svere removed by treating the peptide resin with PdgRRB.1 equiv)

known to favora-helicity in proteins also favow-helicity in andN,N-dimethylbarbituric acid (4 equiv), in DCM, under argon and
these cyclic pentapeptides. However, unlike proteins, thesein the dark for 2 h; this procedure was repeated once. After the peptide
simple systems are not complicated by effects of side chain was washed with DCM, DMF, and 0.5% diethyldithiocarbamate in
packing, folding, and intra- or inter- molecular interactions other DMF, 2 mg of resin were subjected to cleavage and the progress of
than with solvent and thus would appear to offer excellent the reaction was monitored by MS. This process was repeated if
opportunities to investigate effects of individual natural or necessary.
unnatural amino acid Components on thelix. There is how- Cyclization was effected on-resin using 1.5 equiv of BOP and 2
ever the possibility of steric interactions between the lactam €duiv of DIPEA in DMSO/NMP (1:4). The reaction was monitored
bridge and adjacent residues. Since the cycles remained intacPY cleavage of-2 mg resin and subjecting the residue to MS; total
under peptide-denaturing conditions, they may be useful as tem_reacuon time was<24 h. The peptides were simultaneously deprotepted

. . - : . and cleaved from the resiryla 2 htreatment of the washed and dried
plates in longer peptides for studying unfolding/refolding and

. - . . . ... resinin 95% TFA, 2.5% TIPS, 2.5%:8, or 1% TFA in DCM (15
for “seeding” structure in proteins and polypeptides. The stability | per 10 mg resin). The solution was then filtered, the filtrate was

of the cycles under peptide-degrading conditions (trypsin, human concentrated in vacuo, and the peptide was precipitated with cold diethyl

serum) also suggests that they may have usefiielix- ether. The peptide precipitate was filtered, washed with copious amounts

mimicking properties in biologically relevant environments.  of diethyl ether, redissolved in 1:1 acetonitrile/water, and lyophilised.
In another context the observations in this paper complete The crude peptides were purified by rp-HPLGy(Rydac C18 column,

the picture for cyclic peptides as mimetics of the key elements 300 A. 22x 250 mnf, 214 nm, solvent A= 0.1% TFA in HO, solvent

of protein structure. Whilé — i + 4 side chain to side chain B = 0.1% TFA, 10% HO in acetonitrile. Gradient: 0% B to 100% B

cyclization herein has produced a stableurn with a 13-~ 9ver 30 min. R:Phenomenex C18 column, 300 A_.2<22500 mi,

membered hydrogen bonded ring in pentapeptides,i + 3 214 nm, solvent A= 0.1% TFA In F0, solvent B= 20.1% TFA,

ide chai ide chai lization is k d h 10% H0 in acetonitrile. Gradient: 0% B to 100% B over 30 mit).
side chain to side chain cyclization is known to produce the \wvRr was carried out in bD/D,O (9:1) at 298 K.

ﬁ-turn_ with a l_O-membered_hy_drogen bon_ded ““9 (m_ultlpIeS CD Spectroscopy.CD experiments were performed on a Jasco
of which constitute the 3-helix) in tetrapeptides, anid— i + Model J-710 spectropolarimeter which was routinely calibrated with

2 side chain to side chain cyclization has producedytitern (19-(+)-10-camphorsulfonic acid. Spectra were recorded in a 0.1 cm
involving a 7-membered hydrogen bonded ring as well as the Jasco cell between 260 and 185 nm at 50 nm/min with a bandwidth of
beta strand, depending upon the constraints in the cycle, in1.0 nm, response time of 2 s, resolution step width of 0.1 nm, and
tripeptides. Clearly cyclization, together with appropriate use sensitivity of 20, 50, or 100 mdeg. Each spectrum represents the average
of molecular constraints in peptide sequer®éd, can be of five scans with smoothing to reduce noise. Peptide samples for CD

systematically and effectively used to mimic any of the spectroscopy were dissolved in 18Mdistilled water ¢3—4 mg/
fundamental structural elements of proteins mL). Each stock solution (500L) was then diluted 1:1 with phosphate

| the high f fi | and teolvtic stabilit buffer pH 7.4. Solutions were then prepared for each sample with final
n summary, the high conformational and proteolytic stability concentrations ranging from 50 to 88M in 10 mM sodium phosphate

of thesea-helical cyclic pentapeptides suggests their use as pfrer (oH 7.4), with or without additives (2,2,2-trifluoroethanol (TFE),
single turna-helical modules, with capacity for decoration by  guanidineHCI, 0.01 M HCI, 0.001 M NaOH). Over this concentration
peptidic, cyclic, or nonpeptidic appendages, to mimic bioactive range the CD intensity was found to be independent of concentration

peptide or proteiro-helical segments. ruling out aggregation as a stabilizing effect. The remaining &00
' ] from the initial stock solution was used for accurate concentration
Experimental Section determination.

General. Fmoc-Asp(OAllyl)-OH, Fmoc-Lys(Alloc)-OH, Tentagel- GuanidineHCI denaturation experiments were performed according

. S . e
S-RAM resin, and tetrakis(triphenylphosphino)palladium were obtained to Cr_elghton5, briefly a s_atur_at_ed stock solution of guanidine hydro-

from Sigma-Aldrich (Sydney, Australia). Boc-Lys(Fmoc)-OH, Rink chloride was prepared in distilled water, and the concentration was
Amide MBHA resin and other-amino acids were obtained from

(51) Sarin, V. K.; Kent, S. B. H.; Tam, J. P.; Merrifield, R. Bnal. Biochem.
1981, 117, 147-157.

(50) Chan, W. C.; White, P. Dxmoc solid-phase peptide synthesis: a practical (52) Creighton, T. EProtein Structure: A Practical Approaci2nd ed.; Oxford
approach Oxford University Press: New York, 2000; p 346. University Press: New York, 1997; pp 29321.
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accurately determined by refractive index measurement. Solutions (32)analyzed using the program SparkyNMRand assigned using the
were then prepared increasing the concentration of guanidi@idrom sequential assignment technigtie

0to 8.11 M in approximately 0.25 M increments, with a standard pep- ~ Structure Calculations. Cross-peaks in ROESY spectra were
tide concentration of 208M. The solutions were allowed to incubate  integrated and calibrated in SparkyNMR, and distance constraints, from
overnight at room temperature and run the following day. ROE intensities and placed into four groups: strong (2.7 A upper limit),

Temperature experiments were conducted between 5 af@ &b medium (35 A upper Ii_mit), weak (5 A upper limit), and very we_ak 6
5 °C increments. Temperature control was achieved using a NeslabA upper limit). Corrections for pseudo atoms were added to distance
RTE-111 circulating water bath and an PTC-423 thermostated cell constraints where needed. Backbone dihedral angle restraints were
holder. Once the desired temperature was reached, a 10 min equilibraJnferred from*Jyucrq coupling constants in 1D spectra at 288 K, and

tion time was allowed before CD spectra were recorded as described® Was restrained te-65 + 30° for *Juncqa < 6Hz. Peptide bona
above. angles were all set to trans, and structures were calculated without

explicit hydrogen bond restraints. Initial structures were generated using
XPLOR 3.851. Starting structures with randomizgdand i angles
and extended side chains were generated using an ab initio simulated
annealing protocdl? The calculations were performed using the
standard force field parameter set (PARALLHERRO) and topology
file (TOPALLHDG-PRO) in XPLOR with in house modifications to
generated lactam bridges between lysine and aspartic acid residues.
Refinement of structures was achieved using the conjugate gradient
Powell alogrithm with 1000 cycles of energy minimization and a refined
force field based on the program CHARMh.Structures were
visualized with MOLMOL®* and Insightl16?

Trypsin Digestion. A standard solution of Ac-KARAD-Nkl and
Ac-(cyclo-1,5)-KARAD-NH, (1 mg/mL) was prepared in 100 mM
Circular Dichroism Data Analysis. CD data in ellipticity was ammonium carbonate buffer at pH8.2. To 100uL of each solution

Accurate concentrations of stock solutions were determined by 1D
IH NMR spectroscopy based on integrations of nonexchangeable proton
signals using the method of Larive et®@Briefly 475 uL of the initial
peptide stock solution was mixed with &0 of D,O and spiked with
an internal standard, 2. of 10.077 mM DSS (the concentration of
which had carefully been back-calibrated by NMR from a standard
solution ofL-tryptophan, the concentration of which was determined
by UV €275 = 5579%. 1D H NMR spectra were then recorded with
presaturation and a relaxation delay (d1) of 30 s to allow for full
relaxation of peptide and DS3H signals to facilitate accurate
integration of proton signals wit&/N > 250:1. This method provides
reproducible concentrations withih2%.

converted to meapeptideellipticity using the equation: was added 1 mg/mL trypsin (L). The digestion was conducted at
room temperature with GL aliquots taken at 1, 4, 8, 28, 48, 55, 110,
[6] = 6/(10x C x N, x ) and 155 min. Aliquots were diluted with/4_ of 3% TFA to stop the

reaction and analyzed by LC-MS using a 21150 mn? Phenomenex
300A C18 5um column, with a 3% per minute linear gradient of
where 0 is the ellipticity in millidegrees,C is the peptide molar 0—60% acetonitrile over 20 min. The amount of starting material left

concentration (M)] is the cell path length (cm), arid, is the number in each sample was quantified by determination of total ion counts for
of peptide units (i.e., pentapeptidég, = 6; hexapeptided\, = 7; 10 the molecular ion.
and11, N, = 5; 12, N, = 4). Serum Stability. Standard solutions of Ac-KARAD-NHand Ac-

Relative helicities were employed to allow scaling of compounds (€yclo-1,5)-KARAD-NH; (1 mg/mL) were prepared in water. Each
1-22 by dividing the Ploss21€3)/[0]ons214X) for pentapeptides and ~ Peptide (20Q:L) was added to human serum (80D) and incubated
[0]obs22£14)/[ O] aps214X) for hexapeptides. at 37 °C. Acetonitrile/water 3:1 (30@&L)was added to aliquots (100
uL) of serum at 5, 15, 30, 45, and 60 min to precipitate serum proteins,
which were removed by centrifugation. The decanted supernatant was
analyzed by LC-MS MS with a 2.k 150 mn¥ Phenomenex 300A
C18 5um column, using a 3% per minute linear gradient from-0%
60% acetonitrile over 20 min. The amount of starting material left in
each sample was quantified by determination of total ion counts for
the molecular ion.

NMR Spectroscopy.Samples for NMR analysis of hexapeptitie
were prepared by dissolving the peptide (2 mg) in 450f H,O and
50 uL of D,O (5 mmol) and adjusting the pH of the solution to 4.5 by
adding HCI or NaOH and stirring for 30 min. 1D and 2B NMR
spectra were recorded on Bruker Avance DRX-600 spectrometers at
288 K. All spectra were recorded in the phase sensitive mode using
time proportional phasing incrementati®m2D experiments included
TOCSY using MLEV-17 spin lock sequence with a mixing time of Acknowledgment. We thank the Australian Research Council
80—100 ms and included ROESY with a mixing time of 250 ms. Water for partial support of this work and for fellowship support to
suppression was achieved using watergate W5 pulse sequences witlD .P.F.

gradients using double ech®2D TOCSY and ROESY experiments Supporting Information Available: *H NMR, HPLC, and

were recorded over 6620.5 Hz with 4096 complex data points in F2 .
and 512-1024 increments in F1 with 16 and 48 scans per increment, HRMS characterization data for all compounds-1). 2D

respectively. Spectra were processed using XWINNMR (Bruker, SPectral data, variable temperature, and distance restraints used
Germany). Thel dimensions of all 2D spectra were zero filled with ~ for the calculation of the NMR structure 8. This material is
2048 real data points, and 9phase-shifted sine bell window functions ~ available free of charge via the Internet at http://pubs.acs.org.
applied in both dimensions followed by Fourier transformation and fifth

: . . ) . JA0456003
order polynomial baseline correction. Chemical shifts were referenced
to TSP an internal standard at 0.00 ppm. Processed Spectra Weré57) Goddard, T. D.; Kneller, D. GGPARKY SUniversity of California: San

Francisco.
(58) Wuthrich, K.NMR of Proteins and Nucleic Acigg/iley-Interscience: New

(53) Larive, C. K.; Jayawickrama, D.; Orfi, lAppl. Spectrosc1997, 51, 1531~ York, 1986.

1536. (59) Nilges, M.; Gronenborn, A. M.; Brunger, A. T.; Clore, G. Frrotein Eng.
(54) Fasman, G. DHandbook of Biochemistry and Molecular Biology, Proteins 1988 2, 27—-38.

I, 3rd ed.; CRC Press: 1976; pp 18303. (60) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.; Swaminathan,
(55) Marion, D.; Wuthrich, K.Biochem. Biophys. Res. Commu983 113 S.; Karplus, M.J. Comput. Chenil983 4, 187-217.

967-974. (61) Koradi, R.; Billeter, M.; Wuthrich, KJ. Mol. Graphics Modell1996 14,
(56) Liu, M. L.; Mao, X. A,; Ye, C. H.; Huang, H.; Nicholson, J. K.; Lindon, 51.

J. C.J. Magn. Reson1998 132, 125-129. (62) Insight Il, version 2000; Molecular Simulations Inc.: San Diego, CA.

J. AM. CHEM. SOC. = VOL. 127, NO. 9, 2005 2983



