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Abstract: Recent reports have shown that cyclic peptides composed of an even number of alternatidg
L-amino acids can adopt flat, disklike conformations and stack through backbankbone hydrogen-bonding

to form extended nanotubular structures. The present work details a general strategy for limiting this self-
assembly process through backbone alkylation, giving rise to cylingfishleet peptide dimers. Scope and
limitations of dimerization are examined through NMR, FT-IR, mass spectral, and X-ray crystallographic
studies of 20 cyclic peptides varying in ring size, location and identity of backbone alkyl substituents, and
amino acid composition. The cyclic peptides are shown to self-assemble both in solution and in the solid
state through the expected antiparafietheet hydrogen-bonding network. While solution dimerization by
cyclic octapeptides appears general, peptides with alternative smaller or larger ring sizes fail to self-associate.
Formation of cylindricals-sheet ensembles is found to tolerate a number of backNealkyl substituents,
including methyl, allyl,n-propyl, and pent-4-en-1-yl groups, as well as a range of amino acid side chains.
Within the hemiN-methylated octapeptide framework, residues exhibit differential propensities for dimer
stabilization, analogous to amino agédsheet propensities in natural systems. Dimer-forming cymwjie
peptides are thus among the most structurally well characterized and synthetically acg¢eshibdd peptide

model systems.

Introduction

Hollow tubular structures with nanometer-sized interiors are
well precedented in both natural and artificial systems. Tobacco

mosaic virus and transmembrane channel protéiase ex-

amples of biological nanotubes, while mesoporous aluminosili-

cate$ and graphite nanotubtbelong to the synthetic realm.

cylinders were prepared through selective incorporation of
N-methylated residues, thereby limiting self-assembly to forma-
tion of hydrogen-bonded dimers (Figure IbYhe present study
explores scope and limitations of this mode of self-assembly in
20 cyclic peptides varying in ring size, backbone alkylation,
and amino acid composition.

Recent reports from this laboratory have described a convergent o
approach to design and construction of biomaterial-based D€sign Principles

nanotubular structures. Cyclic peptide subunits composed of

an even number of alternatimg andL-amino acids (cyclio,L-

peptides) were designed to adopt flat, ring-shaped conformation

and self-assemble through f&sheetlike hydrogen-bonding

pattern (Figure 1&). The resulting peptide nanotubes have been
characterized both in the solid state and in lipid bilayers and in
the latter case have been shown to form transmembrane channel

capable of transporting ions and small molec@le$o study

thermodynamic and structural underpinnings of these self-
assembly processes in greater detail, truncated peptide nano

Self-Assembling Cyclicp,L-Peptide Nanotubes. In 1974,
within the context of a theoretical analysis of cylindrical
S[3-helical conformations accessible to linegr-peptides, De
Santis et al. recognized the possibility of forming related
cylindrical structures by ring-stacking of heterochi@iclic

eptides® Early attempts by Lorenzi and co-workers to
xperimentally verify these predictions met with limited success,
partially due to extreme insolubility of the peptides examiHed.
In 1993, electron microscopy, electron diffraction, FT-IR, and
molecular modeling studies carried out in this laboratory
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Figure 1. Self-assembling cyclio,L-peptide nanotubes. Subunits are designed to adopt flat, disklike conformations and stack through antiparallel
[-sheet backborebackbone hydrogen-bonding. (a) All backbone amide groups are free to participate in intermolecular hydrogen-bonding, resulting
in extended nanotubular arrays. (b) One face of the peptide riNgnieethylated, giving rise to dimeric peptide nanocylinders. (For clarity, most

side chains are omitted.)

adopt flat, ring-shaped conformations in which backbone amide microcrystalline aggregates unsuitable for X-ray crystallographic
groups lie nearly perpendicular to the plane of the peptide ring, analysis>” Modeling studies indicated that introduction of
while amino acid side chains occupy equatorial positions along backboneN-methyl substituents at alternating residues would
the ring’s edgé7:10c.d.11 These conformational features leave render one face of the peptide ring incapable of participating in
backbone functionalities of each subunit unhindered and free intersubunit hydrogen-bonding, thereby increasing solubility and
to hydrogen bond with other like molecules, giving rise to limiting self-association to formation of dimeric peptide nano-
elongated tubular arrays through an extenglestheet hydrogen-  cylinders (Figure 1b). Indeed, peptidgcld(-L-Phep-MeN-
bonding network (Figure 1a). In principle, thegesheet Ala)s-] (1) displays good solubility in nonpolar solvents such
structures could exist in either parallel or antiparallel orienta- as chloroform and dichloromethane. In contrast, hbn-
tions, or even as a mixture of the two. However, both alkylated cyclico,L-peptides are generally soluble only in polar
computationd? and experiment& findings demonstrate a  organic solventsg.g, dimethyl sulfoxide (DMSO) or trifluo-
thermodynamic preference for the antiparallel arrangematd ( roacetic acid (TFA)), which compete effectively for inter-
infra). molecular hydrogen-bonding site&? The hydrophobic se-

Nanocylinders from Cyclic b,L-Peptides. Due to the highly ~ quence ofl was chosen to confer solubility in apolar media,
cooperative nature of nanotube assembly, cyolicpeptides which both enhance intersubunit hydrogen-bonding and provide

are often extremely insoluble and readily precipitate to form a model environment for study of nanotube transmembrane ion
channels recently reported from this laboratbry.

(9) In related work, Hassall proposed in 1972 that cyclic tetrapeptides Octapeptidel has been shown to dimerize both in solution

composed of alternating- and -amino acids would stack through . - -
backbone-backbone hydrogen-bonding to form hollow tubular structures. and in the solid state through the expected antiparg#teet

(a) Hassall, C. H. IrChemistry and Biology of Peptides: Proceedings of hydrogen-bonding pattern (Figure 2)In related work, Lorenzi
the Third American Peptide Symposiukfieienhoffer, J., Ed.; Ann Arbor et al. have reported analogous dimerization by hexapeptides

Sci.: Ann Arbor, MI, 1972; pp 153157. Later, X-ray crystallographic o _Men. . L _ L _
studies only partially validated these predictions. (b) Karle, I. L.; Handa, Cy’\g(i( P Le%‘c‘d N-Leu)-] andcycld(-D-Leut-Leup D. Leu

B. K.; Hassall, C. HActa Crystallogr.1975 B31, 555-560. For subsequent  L-"°N-Leu-].1%%¢ Furthermore, a recent report from this labora-
reports of self-assembling nanotube structures based on gjgbieptides, tory demonstrated that racemic mixturesland its enantiomer
see: (c) Seebach, D.; Matthews, J.; Meden, A.; Wessels, T.; Baerlocher,(em_l) self-assemble into both homodimeric antiparalteli(

C.; McCusker, L. B.Helv. Chim. Actal997 80, 173-182. (d) Clark, T. . .
D.; Buehler, L. K.: Ghadiri, M. RJ. Am. Chem. S0d998 120, 651—656. + ent—l'ent'l) as well as heterodimeric paralld]-(ant—l) ﬁ'sheet

(10) (a) Tomasi, L.; Lorenzi, G. Rdelv. Chim. Actal987, 70, 1012~ structures® Measurement of solution equilibrium constants
1016. (b) Pavone, V.; Benedetti, E.; Di Blasio, B.; Lombardi, A.; Pedone, revealed that the antiparallel orientation is favored over parallel

C.; Lorenzi, G. P.Biopolymers1993 28, 215-223. (c) Saviano, M.; 1 . .
Lombardi, A.; Pedone, C.; Di Blasio, B.; Sun, X. C.; Lorenzi, GJPIncl. by 0.8 kcal mof™. Recent computational studies corroborate

Phenom1994 18, 27—36. (d) Sun, X. C.; Lorenzi, G. FHelv. Chim. Acta these findings?
1994 77, 1520-1526.

(11) For recent reports from other laboratories concerning self-assembling
cyclic b,L-peptide nanotubes, see: (a) Karlsimg A.; Ude, A. Biopolymers
1997 41, 1-4. (b) Carloni, P.; Andreoni, W.; Parrinello, MPhys. Re.

Scope of Study

Lett. 1997, 79, 761-764. (c) Fukasaku, K.; Takeda, K.; Shiraishi, & Cyclic Peptide Ring Size. The design strategy outlined
Physk. Soc. Jpn19r?7, 66,h338773390. (d) Lewis, J. P.; Pawley, N. H.;  above, in principle, allows facile adjustment of nanotube pore
Sankey, O. FJ. Phys. Chem1997 101, 10576-10583. ; ; ; ; i ;

(12) (a) Chou, K.-C.; Pottle, M.; Nemethy, G.; Ueda, Y.; Scheraga, H. dlmen§|ons by va_rylr_lg the cyclic peptl_de ring st?e Early .
A. J. Mol. Biol. 1082 162, 89—112. (b) Gailer, C.; Feigel. M]. Comput.- modeling results indicated that subunits composed of eight

Aided Mol. Des1997, 11, 273-277. alternatingo- andL-amino acid residues would display optimal
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Table 1. Summary of Cyclic Peptide Dimerization Data

o no. of Ka
o _NH SHs peptidé® species (M~Y)d
Hacf L ANgEL 1 cycld(-L-Phé-p-YeN-Ala?),] 2 2540
HiC./ D D 0 2 cycld(-p-Phé-L-A"N-Ala?)+-] 2 2660
N 3 cyclg(-o-Phé-L-PN-Ala?)] 2 530
0 NH 4 cycld(-p-Phé-L-A'N-Ala?-p-Phé-L-Ala%),-] 3 25
L L 5 cycld(-D-Phé-L-PN-Ala?-p-Phé-L-Ala%),-] 3 650
1-m 6 bicycld(-p-Phé-L-N-(dithiopropyl)-Ala- 2 17
HN o) D-Phé-L-Ala%),-]
No 7 cycld(-p-Phé-L-PeN-Ala?-p-Phé-L-Hag)»-] 3 920
0"\ P D / “CHy 8 cycld(p-Phé-L-PeN-Ala?-p-Phé- 4 440
HeC™ N L “CH, L-"eN-Hagf)-]
HC NH b 9 cycld(-L-Phé-p-MeN-Ala?-L-Leur- 3 800
0 b-MeN-Ala?)-]
10cycld(-L-Phé-p-MeN-Ala?-L-Hag- 3 100
b-MeN-Ala%)-]
11 cycld(-L-Phé-p-MeN-Ala?-L-lle3- 3 28
-1 D-MeN-A|a4)2-]
2540 M 12 cyclq(L-Phé-p-"eN-Ala?-L-Val*- 3 12
T D-MeN-Ala%),-]
13cycld(-L-Phé-SaP)] m —
14 cycld(-p-Phé-L-A"N-Ala?),-] 1 -
0§t 0 g‘afl’ .0 15 cycld(-L-Pheé-p-MeN-Ala?)s] 1 -
A n \,Q)LA N \Ul 4\/@ 16 cycld(-L-Phé-p-MeN-Alad)s] 1 -
N '.‘K'.‘\lf" N 17 cycld(-L-Phé-p-VeN-Ala?)s-] m -
HO RV QH 18 cycld(-L-MeN-Phé-p-Ala?),-] 1 -
1d R SO : 19 cycld(-L-Phé-Aib?),] m -
1 —

o)
TR %E 9 .A°3 20 cycld(--o-Me-Phé-L-Ala?)]

©/\’1@T ! V\ﬂ{"‘\? Y 2In addition to standard three-letter notations for commonly occur-

’ c© ring amino acids, the following abbreviations are used: Alallyl
. . . (prop-2-en-1-yl); Pr= n-propyl; Pen= (pent-4-en-1-yl); and Hagr
Figure 2. As an illustrative examplegycld(-L-Phes-M*N-Ala).-] (1) homoallylglycine (2-aminohex-5-enoic acid)Superscripts refer to
self-assembles in anhydrous deuteriochloroform with an association numbering of residues in the peptide rifigNumber of interconverting
constant of 2540 M, giving rise to a single dimeric species detectable species observed in ROESY experiments (293 K, GP€Association
by *H NMR. Monomerl-m possesse€, symmetry, while dimed-d constants determined from variable concentratfé®NMR experiments

is D4 symmetrical. (For clarity, most side chains are omitted.) (293 K, CDC}) assuming a two-state monometimer equilibrium; a
- . o dash ¢) appears for entries where no evidence of dimer formation
structural rigidity and predisposition toward nanotube self- was detectect The association constant 6fwas estimated from a
assembly. Cyclic hexa-, deca-, and dodecapeptides were alsaingle-point determination.
selected for investigation, while smaller cyclic tetrapeptides were dimers is expected to be influenced by the identity of amino
found to be incapable of adopting conformations required for acid side chains. Herein we report initial findings regarding
intersubunit hydrogen-bonding. Our inaugural sfddiescrib-  the effect of residue composition on solution dimerization in
ing self-assembly of cyclio,L-octapeptides was followed by  the hemiN-methylated cyclic octapeptide series.
subsequent reports of nanotube formation by cyclic féead
dodecapeptide®. N-Alkylated dimer-forming cyclic octapep-  Results and Discussion
tides were also preparédyhile Lorenziet al. have reD%tid Table 1 summarizes results from investigation of 20 cyclic
analogous dimerization by related cyclic hexapeptideS.  ,oniides varying in ring size, location and identity of backbone
Herein we expand upon these earlier studies to explore hemi-5 | sypstituents, and amino acid composition (superscripts
N-alkylated subunits with varying ring sizes, including cyclic  afer to arbitrary numbering of residuesg, Phe). Peptides
tetra-, hexa-, octa-, deca-, and dodecapeptides. were synthesized and purified using standard techniques and
Location and Identity of Backbone Alkyl Substituents. subjected to NMR, FT-IR, and mass spectral analysis. Due to
Initial reports concerning dimer-forming cyclic peptides focused .,ntormational averaging on the NMR time scall, NMR
on compoundlsz) \(/jvhose amide backbone had been partlallySpectlra of peptides witB, sequence symmetry & 2, 4) are
,10c, . . . .
N—methylatgd? . The present study expands upon these generallyC, and D, symmetrical for monomeric and dimeric
results by investigating influence of number, position, and species, respectively. For example, spectra of monomeric

identity of backboneN-alkyl groups upon the self-assembly octapeptides display resonances corresponding f8(tési-
process. In addition, modeling studies suggested that introduc-y ,as- jikewise. due to mutually perpendicuGyand C, axes

tion_ of methyl subs}ituents at axie_ikpositions of every seconq spectra of the corresponding, symmetrical dimers show
residue would provm!e an alternative means of ster!cally blocking signals corresponding to (HpL6 residues. Resonances were
one face (_)f the peptlde_ ring. Thus, the effectat-dialkylated assigned from double-quantum-filtered 2D COSY (2QF-
residues is also examined. ) COSY)* and/or ROESY® spectra (see Experimental Section).
Amino Acid Composition. Like that of natural peptide and |, 5| cases, assignments were consistent with both the covalent
protein secondary structures, the stability of cydlic-peptide gy cure and solution self-association behavior of each peptide.
(13) (a) Cyclicp,L-octa-, deca-, and dodecapeptide nanotubes should Additionally, four peptides studied gave X-ray diffraction quality

display van der Waals internal pore diameters~af, ~10, and~13 A, crystals, and their solid-state structures are described below.
respectively. Based on Connolly surface-type calculations using the program

HOLE, Smartet al13 recently reported an internal radius of 2.48 A for (14) Rance, M.; Sgrensen, O.; Bodenhausen, G.; Wagner, G.; Ernst, R.
the tubular transmembrane channel formed by octapeptidie-(L-Trp- R.; Withrich, K. Biochem. Biophys. Res. Commad®883 117, 479-485.

p-Leu)-L-GlIn-D-Leu-].82(b) Smart, O. S.; Breed, J.; Smith, G. R.; Sanson, (15) Bothner-By, A. A.; Stephens, R. L.; Lee, J.; Warren, C. D.; Jeanloz,
M. S. P.Biophys. J.1997 72, 1109-1126. R. W.J. Am. Chem. S0d.984 106, 811-813.
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Figure 3. Variable-concentratioftH NMR spectra of peptid& showing or ‘/—\Ph o j "
the following regions: (left) Phe NH and aromatic and (right) Ala -
9-d

L
i

HsC
N—CH; and Phe €H, (500 MHz, 293 K, CDC). From top to bottom,
spectra are arranged in order of diminishing peptide concentration: (a)
4.44, (b) 2.04, (c) 1.07, and (d) 0.44 mM. Due to slow exchange, signals
from both monomerrf) and dimer () are observed. As total peptide

g__g*

concentration is lowered, the signal of non-hydrogen-bondednhe b Phe'
N—H (6.98 ppm) increases at the expense of the hydrogen-bonded Leu® Phem
Phed N—H resonance (8.73 ppm). Likewise, the AtaN—CH; signal (67.20) Leutm
(2.49 ppm) increases, while the A(hN—CHs; resonance (2.77 ppm)
decreases.
d* 16 R
Spectral Characterization of Dimer-Forming Cyclic Pep- d d
tides. In polar solvents such as deuterated methanol or dimethyl —_— MM
sulfoxide,H NMR spectra otycld(-L-Phe-DMeN-Ala)s-] (1) ppm 85 80 75 70

display several slowly interconverting conformers, presumably
resulting from cis—trans isomerization about tertiary amide
bonqs' Fr(.)m Va”a.ble_tempe.ratu.re NMR data, the .aCtlvatlon to give two nonequivalent dimeric speci®sd and9-d*, which differ
barrier forcis—transisomerization in DMSQls was estimated in cross-strand pairwise relationships between constituent residues.
to be 16-17 kcal mof* at the coalescence temperature of 358  \jonomer9-m is C, symmetrical, while boti9-d and9-d* posses®,

K. However, in nonpolar solvents such as deuteriochloroform, symmetry. (b) N-H and aromatic region of the 184 NMR spectrum

1 exhibits a greatly simplified spectrum due to uniforngns of 9 (500 MHz, 293 K, 1.5 mM, CDG), showing N-H resonances
tertiary amide bonds (Figure 3). ROESY spectra (C)Of arising from monomern{) as well as the two dimersl(and d*).

fourfold symmetrical peptideg, 2, and 3 reveal two species
exchanging slowly on the NMR time scafe. This slow

Figure 4. (a) Schematic representation of self-assembly by twofold
symmetrical peptideycld(-L-Phep-"eN-Ala-L-Leu-D-VeN-Ala),-] (9)

Table 2. Summary of NMR Data for Selected Peptides

exchange was unexpected and likely reflects a high activation Phe3Jy, (Hz)? Ad (ppmy

barrier for concerted breaking of eight hydrogen bonds. In peptide m d PheN-H Phe@ AlaCH
contrast, Lorenzi and co-workers found that dimeric and 75 8.8 175 0.42 0.63
monomeric forms of hexapeptidegcld(-p-Leu+-MeN-Leu)s-] 2 7.0 85 1.92 0.23 0.61
and cycld(-p-Leu--Leu)-D-Leu-MeN-Leu-] display fast 3 bre 8.7 1.74 0.30 0.87
exchangé® Additionally, several twofold symmetrical peptides 17 4.9 - - - -
were examined. In principle, such compounds can dimerize t0 ™a i, = monomerd = dimer.® Change in chemical shifog — om)

form two nonequivalent complexesl (and d*), differing in upon dimer formation¢ Coupling was not observed due to peak
cross-strand pairwise relationships between constituent residueshroadness.

thus, observation of three slowly interconverting specie’in 2)
NMR spectra was taken as strong evidence of dimer formation participate in intersubunit hydrogen-bondiregd, L-Ala* N—H

; b,
(Flgure_ 4, TabIe_l}. ¢ ) o i of 4 and5) are relatively unchanged upon dimer formation.

) All dlmer-formlng peptides exhibit concentratlon-depende_nt Additionally, dimer3Jy, values are substantially greater than
H NMR spectra (Figure 3). For example, as total concentration those of monomers, consistent with the anticipated increase in
of peptide 1 is decreased, the mole fraction of one species g sheet character upon dimer formation. From the parametrized
increases at the expense of the other, consistent with aNKarplus equation’ possible phenylalaning angles of—120°
equilibrium between monomem( and dimer ¢). Dimer N—H and—140 were calculated from th&y, constants 0f-8.8 Hz
signals are significantly downfield shifted-{.7 ppm) relative  opserved for dimeric species of peptides3. Furthermore,

to those of monomer, indicating tight hydrogen-bonding (Table Phe3Juq values near 7 Hz for monometsm and2-m suggest

(16) For NMR, the transition from slow to fast exchange takes place (17) (a) Pardi, A.; Billeter, M.; Wthrich, K. J. Mol. Biol. 1984 180,
whenkex = TAv/+/2, whereAv is the frequency difference in hertz between ~ 741—751. (b) Cavanagh, J.; Fairbrother, W. J.; Palmer, A. G.; Skelton, N.
exchanging resonances. Sanders, J. K. M.; Hunter, BM&dern NMR J. Protein NMR Spectroscopy: Principles and Practiéeademic Press:
SpectroscopyOxford University Press: Oxford, 1987; p 210. San Diego, 1996.

In contrast, N-H signals of residues not expected to
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significant preorganization fof-sheet formation. Although
literature reports of random coil P8y, values also range
between 7.1 and 7.5 Hz, these quantities are considerably large
than those of many residues with lowgtsheet propensities
(e.g, random coil Ala3ly, = 5.8-6.1 Hz) and suggest
persistence of Phgs-strand ¢ angles even in disordered
peptidesi® By contrast, the Ph&ly, constant of dodecapeptide
17 (4.9 Hz) is significantly smaller than those bfm and2-m,
denoting lower intrinsicg-sheet character il7, which is
consistent with lack of dimerization observed for this peptide.
Additional™H NMR data support formation of dimerf:sheet
structures. Substantial downfield shifts@.1 ppm) in CH
resonances with respect to random coil values are reliable
indicators of B-structure!® However, literature values for
random coil ®H chemical shifts in deuteriochloroform are not
available; therefore, we have used the quamify= Ogimer —
OmonomerFather thanAd = Oroided — Orandom coil &S IS typically
employed for peptide and protein structures in wéteihus,
downfield shifts observed for dimer*& resonances with respect
to those of monomer are in agreement with dimerization-induced
B-sheet formation (Table 2, Figure ). Furthermore, observa-
tion of intense sequentiad,—n (i, i + 1) dimer ROEs is
consistent with close spatial proximity of consecutivéiGnd
N—H protons in aB-strand (data not showadj. Finally, as
illustrated in Figures 6 and 7, strong cross-strapd, ROEs
observed for several twofold symmetrical peptides provided
compelling evidence of dimeric antiparalf¢isheet structure.
ROESY experiments also allowétl NMR resonances to be

J. Am. Chem. Soc., Vol. 120, No. 35, 8958

i

Phe' MeN-Ala?Leu?® MeN-Ala* Phe' MN-Ala? Hag® “N-Ala*

il

Phe' MN-Ala? lle* MeN-Ala*® Phe' ¥*N-Ala? Val® M N-Ala*

r

0.6
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0.2

0.0

0.6

0.4

Change in C*H Chemical Shift (ppm)

0.0

H dimerd dimer d* l

Figure 5. Graphical representation 8 NMR (500 MHz, CDC})
C*H chemical shift change®{imer — Omonome) fOr the two nonequivalent
dimeric speciesd and d*) formed by several twofold symmetrical
peptides: (a)cycld(-L-Phep-MeN-Ala-L-LeuD-MeN-Ala)z-] (9); (b)
cycld(-L.-Phep-MeN-Ala-L-Hag-D-VeN-Ala).-] (10); (c) cycld(-L-Phe-
D-MeN-Ala-L-lle-p-MeN-Ala),-] (11); and (d)cycld(-L-Pheb-MeN-Ala-

assigned to each of the two expected dimeric species (Figures -val-p-MeN-Ala),-] (12). Observed downfield shifts in dimer signals

6 and 7). Dimers with equivalent non-hydrogen-bonded cross-
strand amino acid pairs are designatkdvhile the alternative
species are labeledf.

Solution (CHC}) FT-IR studies furnished additional evidence
of self-assembleds-sheet structures (Table 3). Amide |
(~1630 cnt1)2® and amide |l (~1525 cnt?) bands of dimer-
forming peptidesl, 3, and 10 are characteristic gf-sheet$*

are consistent with the anticipated increasg-sheet character upon
dimer formation.

cycld(-p-Leu-L-MeN-Leu)-] (monomer= 3360 cnT?, dimer=
3309 cnT1).20 In contrast, peptide48—20, which show no
evidence of dimer formation ifH NMR experiments, display
prominent non-hydrogen-bonded amide A bands at higher
energy (Table 3). Peptidd® and20 also show weaker low-

and are similar to those displayed by extended nanotubes formedsnergy bands at 3269 and 3279 dmrespectively, which

by non-backbone-alkylated cycligL-peptides:62.0.de Further-
more, amide A bands appear near 3309 ¢trand indicate
hydrogen-bonding. The latter are also in close agreement with
amide A values reported by Lorenei al. for hexapeptide

(18) (a) Smith, L. J.; Bolin, K. A.; Schwalbe, H.; MacArthur, M. W.;
Thornton, J. M.; Dobson, C. MJ. Mol. Biol. 1996 255 494-506. (b)
Serrano, L.J. Mol. Biol. 1995 254, 322-333. (c) Swindells, M. B.;
MacArthur, M. W.; Thornton, J. MNat. Struct. Biol.1995 2, 596-603.

(19) (a) Wishart, D. S.; Sykes, B. D.; Richards, F.Bilochemistry1992
31, 1647-1651. (b) Wishart, D. S.; Sykes, B. D.; Richards, F. MMol.
Biol. 1991, 222 311-333. (c) Williamson, M. PBiopolymers199Q 29,
1423-1431.

(20) Recent examples of® chemical shift analysis in aqueofishairpin
model systems: (a) Maynard, A. J.; Sharman, G. J.; Searle, N.. An.
Chem. Soc1998 120, 1996-2007. (b) Haque, T. S.; Gellman, S. Bi.
Am. Chem. Sod 997, 119, 2303.

(21) For reasons which remain uncleafHresonances af-Phé in 4
and7 as well a-Phé in 5 and6 experience moderatepfield shifts upon
dimer formation. However, @ signals of the other three constituent
residues in these peptides display the expected downfield shifts. Additionally,
dimer-forming cyclico,L-octapeptides bearing folialkyl substituents show
anticipated downfield shifts in all @ resonancese(g, Figure 5).

(22) Two Dimensional NMR Spectroscopy: Applications for Chemists
and Biochemists2nd ed.; Croasmun, W. R., Carlson, R. M. K., Eds;
VCH: New York, 1994.

(23) For partiallyN-alkylated peptides, an additional strong amide |
band near 1675 cm® was also observed, presumably arising from non-
hydrogen-bonding amide groups (Table 3). Observation of this signal even
in the FT-IR spectrum of nondimer-forming pepti@i® suggests that it is
not an amidelband, which for an antiparall@sheet* appears as a weak
signal near 1694 crt and is absent in disordered peptides. Amidaainds
of dimer-forming peptides likely overlap with amide signals of non-
hydrogen-bond\-alkylated residues.

(24) Bandekar, JBiochim. Biophys. Actd992 112Q 123-143.

presumably arise from intramolecular hydrogen-bondinde
infra) and are absent in the case of those peptides which do
form dimers €.g, 1, 3, and10). In addition, amide d bands

of 19 and 20 appear at values inconsistent wjtkstructure.

Dimer formation was also studied using electrospray ioniza-
tion mass spectrometry (ESI-MS). Due to its soft ionization
conditions, ESI-MS has lately found considerable application
in study of noncovalent complexés. We reasoned that the
mildness of ESI together with the relatively higlh of peptide
1 (Table 1) would afford a reasonable chance of detecting dimer
1-d in the gas phase. Indeed, ESI-MS analysid aévealed
singly charged species corresponding to both proton and sodium
adducts ofl-d, strongly supporting solution dimerization Ay
and related compounds (Figure 8).

Thermodynamics of dimer formation were studied by vari-
able-concentration and variable-temperafiteNMR spectros-
copy (.9, Figure 3). In variable-concentration experiments, the
integral ratio (signal from total dimeric species)/(signal from
all species) was plotted versus total peptide concentration, and
data were fitted to the following equatiéh:

(25) Siuzdak, G.Mass Spectrometry for Biotechnologpcademic
Press: San Diego, 1996.

(26) As put forth by Ho and DeGrado, the generalized form of eq 1 can
be applied to multimeric assembly and contains a ternthe aggregation
state of the molecule under study. For the present system, we have
considered only the specialized casenof 2 (dimerization), which has
been shown by NMR, ESI-MS, and X-ray crystallographic evidence to be
the most reasonable model for solution self-association. Ho, S. P. H,;
DeGrado, W. FJ. Am. Chem. S0d.987, 109, 6751-6758.
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Figure 6. Schematic representation of solution self-assembly by , -
twofold symmetrical peptideycld(-p-Phé-L-"N-Ala?-p-Phé-L-Ala%),-
]1 (5); N-propylated Al& residues are marked with a dagger sign (F) to i
differentiate them from unsubstituted AlaMonomer 5-m self- T T T T T T  — T
associates to give two nonequivalent dimeric spedes,and 5-d*, 6.1 .0 5.0 8.8 5.7
which differ in cross-strand pairwise relationships between constituent ppm

residues.5-d and 5-d* can be distinguished using 2D ROESY

experimentsy since iBb-d* nonequivalenf’fN_AlaZ (i) and Alé C*H F|gure 7. ROESY Spectra of selected twofold Symmet”cal dimer-
protons are in close spatial proximity and should, therefore, give rise forming peptides: (a) @ region forcycld(-p-Phé-L-"N-Ala®-p-Phé-

to dy_o ROE cross-peaks (Figure 7a). Analogous ROE cross-peaks areL-Ala%)z-] (5) (400 MHz, 293 K, 2.0 mM, CDG); (b) dimer Ala CH

not expected for either monom&m or the alternative dimeric complex ~ region forcycld(-L-Phe-V*N-Ala-L-lle-D-"*N-Ala)-] (11) (500 MHz,
5-d. 293 K, 22.1 mM, CDGJ). Exchange cross-peaks (black) are observed

between resonances arising from the mononmein(a) and two dimers

(d andd*in a and b). However, only dimem* show ROE cross-
@) peaks (red) between Aand Alg C*H signals due to close spatial

proximity of the corresponding protons in these species (Figure 6).

6.1

AIobJ<d
2Al (1 — (AlgpdAl sa»2

[Pli=

solvent employed. Additionally, under rigorously anhydrous
conditions, the association constant for peptidie deuterio-
chloroform approximately doubles, witk(CDCl; + 4 A
molecular sievesy 2.54 x 10® M~! (Table 1), suggesting
competition by water for intermolecular hydrogen-bonding sites.

where [P] is total peptide concentratiomlqps is the signal
intensity from dimeric species divided by total signal intensity,
Alsa is the expected signal intensity from dimeric species
divided by total signal intensity under saturating conditiares, (
all dimer, no monomer), anldy is the dissociation constant. In
all cases, a simple two-state monomédimer equilibrium was
assumed in order to allow direct comparison among entries.
Association constants determined for peptidat 298 K are
as follows: K(CDCIJ/CCl, 84:16) = 1.4 x 10* M~! and
Ka(CDCly) = 1.26 x 10° M~1.27 Thus, dimerl-d is favored
over monomerl-m by 4.0-5.6 kcal mof?, depending on

(27) Standard deviations are not reported because many of these
dimerization experiments were performed only once. However, in fitting
experimental data to eq N\ls;:was treated as a parameter and allowed to
vary; thus, comparison of experimental and theoretical valuedlgf
provides an approximation of error iy, On this basis, we estimate the
association constants reported in Table 1 to be accurate witBdP6o.
Additionally, goodness of fitR values) ranged between 0.92 and 0.999.
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Table 3. Summary of FT-IR Data for Selected Peptides
peptide amide A amide k° amide I,
1 3309 1628 1523
(1677)
3 3306 1625 1525
(1675)
9 3310 1631 1527
(1675)
18 3343 1644 ovl
(1675)
19 3269 1676 1520
3379
20 3277 1674 1518
3369

a Peptidesl9 and 20 display both an intramolecularly hydrogen-

J. Am. Chem. Soc., Vol. 120, No. 35, 8958

Weak dimerization may arise, in part, from steric repulsion
betweenN-alkyl groups and carbonyl oxygens Nfalkylated
residues. Indeed, computational studies have uncovered such
destabilizing effects iff-conformations oiN-alkylated model
peptidesi!

Effect of Cyclic Peptide Ring Size on Solution Dimeriza-
tion Affinity. The effect of cyclic peptide ring size on solution
dimerization affinity was examined in the serggld(-L-Phe-
p-MeN-Ala),-], wheren = 3—6 for compoundsl5, 1, 16, and
17, respectively. Cyclic tetramet4 was also investigate#.
As expected from modeling results} displays no evidence of
self-association iftH NMR experiments. Decapeptidg and
dodecapeptidé7 also fail to self-associate, likely due to greater
conformational flexibility and diminished preorganization for

bonded amide A band (upper value) and a non-hydrogen-bonded bandself-assembly with respect to octapeptile Consistent with

(lower value).P Values in parentheses are putative amigebands
arising from non-hydrogen-bondirigralkylated residues. The amide
Il band of18 overlaps with nearby signals.

1891
[M+NaJ*
> 1859 ¢
% [M+H]*
=
[3
- l
T T T T T T T T
1855 1865 1875 1885

m/z (amu)

Figure 8. ESI mass spectrum of peptideshowing signals arising
from noncovalent dimef-d (Figure 2). Both proton (MM calcd =
1859, found= 1859) and sodium (MNacalcd= 1891, found= 1891)
adducts are observed; in both cases, the separatiof? fdibpe peaks
(~1 amu) indicates singly charged species.

The observed 2-fold change iy, of peptidel in the presence

and absence of small amounts of water represents only a mino

energy difference (0.4 kcal mol). By analogy to the work of
Adrian and Wilcox?8 water is expected to weaken hydrogen-
bonding and diminish binding enthalpy; however, this loss

should be largely counterbalanced by favorable entropy changesg

resulting from release of bound water:
2[m-(H,0),] — m:m-+(H,0),—y + (H0) (2)

Variable-temperature'H NMR studies (van't Hoff plots)

this interpretation!lH NMR spectra ofL6 show broad signals,
while those of17 reveal several slowly interconverting con-
formers. Additionally, the observed PRé, value of 4.9 Hz
indicates little3-sheet character iti7 (Table 2)17
Hexapeptidel5 also shows no evidence of self-association
in IH NMR experiments. This result is surprising in light of
reports by Lorenzet al. describing solid-state and/or solution
dimerization by partiallyN-methylated hexapeptidesyclo-
[(-D-Leu+-MeN-Leu)-] andcycld(-p-Leut-Leu)-D-Leu -MeN-
Leu-].20cd These results suggest that dimer formation by cyclic
hexapeptides is strongly dependent on residue composition.
Effect of Identity and Location of Backbone Alkyl Sub-
stituents on Solution Dimerization Affinity. The dimerization
process was found to tolerate a variety of amidelkyl
substituents, including methyl, allyh-propyl, and pent-4-en-
1-yl groups (Table 1). Replacement of the foNrmethyl
substituents in parent compoutdvith allyl groups results in
no loss of dimerization affinity (entn2), while tetraN-(n-
propyl) derivative3 suffers only a 5-fold reduction in association
constant relative td and2.32 As anticipated from modeling
results, twoN-alkyl substituents also proved sufficient to limit
rself-assembly to dimer formation (entri¢s7). Unexpectedly,
the K, of di-N-allyl peptide 4 is diminished by 2 orders of
magnitude relative to both tetfd-allyl derivative2 and parent
peptidel, while simple reduction of olefinic functionalities to
ive di-N-(n-propyl) compound restores much of the binding
affinity. Interestingly, in contrast to other twofold symmetrical
peptides which self-associate to form two nonequivalent dimers
(Figures 4 and 6), heterodectic bicyclic octapepéideontaining
an intramolecular disulfide bridge, gives only one dimeric
species. IntH NMR spectra of6, b-Phé and b-Phé N—H

established the following thermodynamic parameters for dimer- resonances are downfield shifted upon dimerization by only 0.99

ization of 1 in CDClz (no molecular sieves)AC, = —203.1
cal K1 mol™}, AH%g5 = —11.0 kcal mot?, and AS’s9s =
—23.7 cal K mol"l. These negative enthalpy and entropy

and 0.28 ppm, respectively, indicating weaker intersubunit
hydrogen-bonding than in other peptides examined (Table 2).
We attribute this unusual behavior to deformation of the peptide

terms, together with the observed inverse relationship betweencycle caused by the intramolecular disulfide bond, simulta-

Ka and solvent polarity, clearly support self-assemblylbgs
an enthalpy-driven, entropy-opposegrocess caused principally
by intermolecular hydrogen-bonding.

neously decreasing dimerization avidity and allowing self-
association in only one supramolecular orientation.
Peptides7 and 8, bearing largeN-(pent-4-en-1-yl) substit-

Relative to other assembly processes involving comparable Uents, also show significant dimerization affinity. Unexpectedly,
numbers of hydrogen bonds, dimer-forming cyclic peptides the ROESY spectrum @ revealed four slowly interconverting

display unexpectedly low association constants (Tablé® 1).

(28) (a) Adrian, J., Jr.; Wilcox, C. S. Am. Chem. So4991, 113 678~
680. (b) Adrian, J., Jr.; Wilcox, C. S. Am. Chem. S0d992 114, 1398~
1403.

(29) (a) Searle, M. S.; Westwell, M. S.; Williams, D. Bl. Chem. Soc.,
Perkin Trans. 21995 141-151. (b) Dunitz, J. DChem. Biol.1995 2,
709-712.

(30) Fredericks, J. R.; Hamilton, A. D. lbomprehensie Supramolecular
Chemistry, Vol. 9 Sauvage, J.-P., Hosseini, M., Eds.; Elsevier Science
Ltd.: Oxford, 1996; pp 565594.

species-the anticipated two dimers as well as two conforma-

tional isomers of the monomer, the latter possibly caused by
cis—transisomerization about tertiary amide bonds. Interest-

ingly, N-methylation of Hag residues @fto give 8 causes only

a 2-fold decrease in the association constant, wfi-Phe-

(31) Mdhle, D.; Hofman, H.-JJ. Pept. Res1998 51, 19-28.

(32) Residues il are enantiomeric to those of peptid2s6, 14, and
20. However, since only homodimerization is examined in this study,
association by these peptides may be compared diréctly.
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containing peptidd.8 showed no evidence of dimer formation
in the temperature range 23293 K, as determined 4 NMR

(2.4 mM, CDC}). Additionally, interaction of18 with its
enantiomeent18, with 1, and withent1 was investigated, and
no evidence of heterodimer formation was observed. Lack of
self-association byl8 may arise from unfavorable steric
interactions between backboNemethyl substituents and side-
chain-phenyl groups of Phe, since analogous interactions in
MeN-Hag residues o8 are likely less severe.

The influence ofx,a-dialkylated residues upon dimerization
was also investigated. Modeling studies suggested that intro-
duction of axialo-methyl substituents into every second residue
would sterically block one face of the cyclic peptide ring and
provide an alternative means of controlling self-assembly.
Indeed, o,0-disubstituted peptide$9 and 20%2 exhibit good
solubility in apolar organic solvents such as chloroform and
dichloromethane, indicating thatmethylation prevents forma-
tion of insoluble hydrogen-bonded aggregates. Howeltdr,
NMR experiments showed that these peptides fail to self-
associate, likely due to conformational heterogeneity in mon-
omeric subunits. At room temperature and bel@@exists as
a mixture of slowly interconverting conformers, which converge
at elevated temperaturez818 K) to give a single set ofH
NMR signals. Under ambient conditions, th& NMR spectrum
of 20 displays one set of resonances which grow increasingly
broad at lower temperature, suggesting multiple conformations
of similar energy separated by small activation barriers. In
contrast, spectra of dimer-forming peptidesg, 10) sharpen
considerably as the sample is cooled (2238 K), suggesting
a population of similar conformations converging toward a
unique structure. Additionally, solution FT-IR spectra X8
and 20 show only non-hydrogen-bonded and putative intra-
molecularly hydrogen-bonded amide—N stretching bands
(Table 3). Intramolecular hydrogen-bonding is further supported
by 'H NMR spectra ofl9 (293 K, CDC}), which reveal a weak
intensity concentration-independent downfield-shiftee-HN
resonance (data not shown). Modeling studies indicate that
steric repulsion betweam-methyl groups and carbonyl oxygens
of i — 1 residues likely destabiliz8-conformations inl9 and
20, thereby preventing dimer formation and giving rise to
conformational heterogeneity. Indeed, experimental investiga-
tions of a,a-dialkylated peptides have demonstrated a distinct
preference for helical rather thghsheetp,;p angles®®

Effect of Amino Acid Composition on Solution Dimer-
ization Affinity. Stable peptide and protein secondary structures

Clark et al.

reflect sterically driven conformational propensities of constitu-
ent residues.

Preliminary results support these expectatiodsl NMR
spectra otycld(-L-Phep-MeN-Ala-L-Leu-D-MeN-Ala),-] (9) and
cycld(-L-Phep-VeN-Ala-L-HagD-MeN-Ala),-] (10) reveal equal
populations of the two anticipated dimedsgndd*), indicating
negligible cross-strand side chain interactions (Figuré®).
NMR, FT-IR, and X-ray crystallographic evidence suggests that
intersubunit hydrogen-bonding and, hensé] of dimerization
should be similar fod, 9, and10. Translational and rotational
entropies of dimerization are also expected to be siriflar.
However, association constants bfand 9 are significantly
higher than that ofl0, suggesting that Phe and Leu are more
effective than Hag at preorganizing the cyclic peptide backbone
for B-sheet formation (Table £§. Indeed, statistica®? com-
putational® and experiment&}241.42studies have shown that
Phe and Leu display greater propensity fesheet conforma-
tions than does Met, the latter being sterically similar to Hag.
Therefore, the observed trend in dimerization affinity>( 9 >
10) may reflect differences in conformational entropySon)
related toS-sheet propensities of Phe, Leu, and Hag, respec-
tively. Also consistent with this interpretatiorH NMR
experiments reveal no evidence of dimer formationl3yin
which the foum-MeN-Ala residues of parent peptidehave been
replaced by the more flexible sarcosié-rethylglycine).

We note that energetics of dimerization by9, and10 are
likely influenced by entropies of mixingASnix). For twofold
symmetrical peptide8 and10, ASyix should be more favorable
than forl due to formation of two nonequivalent dimeric species
(d andd*, Figure 3). ThusASmyix is expected taugmentimer
formation by9 and10 and should not alter the overall trend in
association constantsd., 1 > 9 > 10).

pB-Branched residues lle and Val are known to exhibit high
propensities fop-conformations. Therefore, the low association
constants otycld(-L-Phep-MeN-Ala-L-lle-D-MeN-Ala),-] (11)
and cycld(-L-Phep-MeN-Ala-L-Val-D-MeN-Ala),-] (12) with
respect to peptide8 and 10 may seem surprising (Table 1).
However, ing-structures, side chains of lle and Val are known
to strongly favor t conformationgg{ ~ 180°),*3 which in the
present system should cause unfavorable steric interactions with
i + 1 Ala N-methyl groups and disfavor dimerization-induced
[-sheet formation. Additionally, although boiti and12 form
the two expected dimeric speciesgndd*), in both cases the
mole fraction ofd* is approximately 4 times that of, implying
unfavorable cross-strand side chain interactions which may

exhibit marked sequence preferences thought to arise from afurther diminish dimerization affinity.

variety of noncovalent factors, including side chain hydrophobic
effects34 solvent screening, and steric interaction®:3 In the

Solid-State Structures of Peptides 1, 2, 3, and 9Formation
of dimeric3-sheet structures was conclusively established using

present system, solvent effects should be negligible due to the

apolar, noncompeting nature of the surrounding medium.
Therefore, sequence preferences for dimer formation should

(33) Toniolo, C.; Crisma, M.; Formaggio, F.; Valle, G.; Cavicchioni,
G.; Preigoux, G.; Aubry, A.; Kamphuis, Biopolymersl993 33, 1061~
1071.

(34) Horowitz, A.; Matthews, J. M.; Fersht, A. Mol. Biol. 1992 227,
560-568.

(35) (a) Bai, Y.; Englander, S. WProteins: Struct., Funct., Genet994
18, 262-266. (b) Avbelj, F.; Moult, JBiochemistryl995 34, 755-764.

(36) (a) Hermans, J.; Anderson, A. G.; Yun, R. Blochemistry1992
31, 5646-5653. For related studies which address entropic effects in amino
acid secondary structural propensities, see: (b) Creamer, T. P.; Rose, G
D. Proc. Natl. Acad. Sci. U.S.A992 89, 5937-5941. (c) Padmanabhan,
S.; Baldwin, R. L.J. Mol. Biol. 1991, 219, 135-137.

(37) Early conformational analyses of backbone torsional preferences
in amino acids and peptides: (a) Pauling, L.; Corey, RP®c. Nat. Acad.

Sci U.S.A1951, 37, 729-741. (b) Ramachandran, G. N.; Sasisekharan, V.
Adv. Prot. Chem.1968 23, 283-438.

(38) Simanek, E. E.; Li, X.; Choi, I. S.; Whitesides, G. M. In
Comprehensie Supramolecular Chemistry, Vot. Sauvage, J.-P., Hosseini,
M., Eds.; Elsevier Science Ltd.: Oxford, 1996; p 605.

(39) (a) Chou, P. Y.; Fasman, G. Biochemistryl974 13, 211-222.

(b) Mufoz, V.; Serrano, LProteins: Struct., Funct., Genet994 20, 301—
311. (c) Swindells, M. B.; MacArthur, M. W.; Thornton, J. Mat. Struct.
Biol. 1994 2, 596-603.

(40) (a) Finkelstein, A. VProtein Eng.1995 8, 207—209.

(41) (a) Kim, C. A,; Berg, J. MNature1993 362, 267—270. (b) Kim,

C. A,; Berg, J. M.Nat. Struct. Biol.1996 3, 940-945. (b) Minor, D. L.,
Jr.; Kim, P. S.Nature1994 367, 660-663. (c) Minor, D. L., Jr.; Kim, P.
S. Nature 1994 371, 264-267. (d) Minor, D. L., Jr.; Kim, P. SNature
1996 380, 730-734. (e) Smith, C. K.; Withka, J. M.; Regan, L.
Biochemistry1994 33, 5510-5517. (f) Smith, C. K.; Regan, LScience
1995 270, 980-982.

(42) The studies listed in refs 35a and 41 were carried out in aqueous
media; therefore, observed trends in amino geiheet propensites should
reflect solvophobic and solvent screening effects in addition to side €hain
backbone conformational preferences.

(43) Dunbrack, R. L.; Karplus, MNat. Struct. Biol1994 1, 334-340.
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Table 4. Backbone Torsion Angles for Crystal Structures of
Peptidesl—3?2

Phe Ala
peptide ¢ P 10} ¢ P )
1 —116.4 127.0 170.7 136.0—133.7 —176.0
2 153.4 —-133.1 —-175.7 —137.5 119.6 172.9
3 1455 —128.9 —173.1 —140.3 122.4 174.0

aFor 9, the following ranges of backbone torsion angles were
observed ¢; y; w, respectively):L-Phé (—151.2 to—136.75; 127.8
to 129.1; 173.2 to 177.2)p-MeN-Ala? (132.5 to 134.0;—147.9 to
—137.0;—175.8 to—171.7);L.-Lel’ (—129.0 to—122.6; 133.9 to 140.0;
168.6 to 174.9)p-VeN-Ala* (126.6 to 136.2;:-129.7 to—117.1;—175.8
to —171.9).

X-ray crystallography. X-ray diffraction quality crystals were
obtained from dichloromethane solutionspf2, 3, and9 via

J. Am. Chem. Soc., Vol. 120, No. 35, 89538

octapeptide dimers is influenced by amino acid composition.
Replacement of two phenylalanines in parent pepfideith

Leu or Hag to gived and 10, respectively, resulted in reduced
association constants (Table 1), consistent with the high
propensity of Phe fof-sheet conformation®23%42 |n keeping
with this interpretation, incorporation of flexible sarcosimé (
methylglycine) residues in peptide3 completely abolished
solution self-association. These findings indicate that dimer-
forming cyclicp,L-peptides may prove useful as well-behaved
model systems for evaluation of amino agiesheet propensi-
ties#4

Experimental Section

Chemicals. Acetonitrile (optima grade), dichloromethane (ACS
grade), and dimethylformamide (sequencing grade) were purchased

Vapo_r-phase eql_JiIibration With_ hexanes (see Experimental from Fisher and used without further purification. Diisopropylethyl-
Section). Following data collection, the structures were solved amine {-Pr.NEt, peptide synthesis grade) was purchased from Fisher
using direct methods and refined to reveal that, as expected, alland distilled first from ninhydrin and then from Cakind stored over

four peptides stack through an antiparajfesheet hydrogen-
bonding pattern to form hollow cylindrical assemblies (Figure
9).

Compoundd —3 display crystallographic fourfold rotational
axes parallel to the axis passing through the center of the

peptide ring, and the two peptide subunits are related by a

twofold rotation along either the or b axis. Peptide9
crystallized in an unsymmetrical conformation, and its asym-

KOH pellets?®2 Trifluoroacetic acid (TFA, New Jersey Halocarbon),
2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophos-
phate (HBTU, Richelieu Biotechnologie$);(7-azabenzotriazol-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate (HATU, PerSeptive
Biosystems¥>*-d 1-hydroxy-7-azabenzotriazole (HOAt, PerSeptive
Biosystems), anisole (anhydrous, Aldrich), tetrabutylammonium fluoride
hydrate (BuNF-xH2O, 98%, Aldrich), tetrabutylammonium hydrogen
sulfate (BUNHSQ,, 99%, Fluka), and hydrogen fluoride (anhydrous,
Matheson) were used without further purification. Commercially

metric unit consists of the entire dimeric structure. The presence ayvailable N-Boc-amino acids were used as obtained from Bachem,

of disordered water molecules within the cylindrical cavities
likely accounts for the unusually high fin& factors of these
structures (8.87, 10.13, 14.20, and 10.45%1p®, 3, and9,

Novabiochem, or Advanced Chemtech. Commercially availdiboc-
aminoacyl-4-(oxymethyl)phenylacetamidomethyl polystyrene reblns (
Boc-aminoacyl-OCHPam resins) were used as obtained from Applied

respectively) and establishes the expected hydrophilicity of the Biosystems, Bachem, or Novabiochem, and aminomethylated poly-

cyclic peptide interiors.N-Methyl groups of compounds df
and 9 are oriented nearly perpendicular to the plane of the
peptide ring, while longeN-allyl andN-(n-propyl) substituents

of 2 and 3, respectively, curve over and occlude the cylinder
pores. In each case, backbone torsion angiep,q) of all
residues fall within thes-sheet region of the Ramachandran
map (Table 4). All side chains adopt orientations favored by
B-structures’? with Phe (peptidesl, 2, 3, and 9) and Leu
(peptide 9) assuming t 41 ~ 18C°) and g (y1 ~ —60°)
conformations, respectively.

Summary and Conclusions

In summary, NMR, FT-IR, ESI-MS, and X-ray diffraction
data have provided conclusive evidence of dimetisheet
structures formed by backbone-alkylated heterochiral cyclic
peptides. Partial amidid-alkylation has been shown to block
peptide aggregation and limit self-assembly to dimer formation.
The dimerization process tolerates a numbeNedlkyl sub-
stituents, including methyl, allyh-propyl, and pent-4-en-1-yl
groups. Although no obvious relationship was observed
between solution dimerization affinity and number and/or
identity of N-alkyl substituents, the available data suggest that
the location of backbonis-alkyl groups can exert a strong effect.
Furthermore o, a-disubstituted peptide$9 and 20 showed no
evidence of solution dimerization, reflecting the preference of
a,o-dialkylated residues for helical rather thérsheet confor-
mations3® The effect of cyclic peptide ring size was also
investigated in the serieycld(-L-Phep-VeN-Ala),-] (n = 3—6),
and only parent peptide(n = 4) displayed evidence of solution
dimerization, presumably due to optimal structural rigidity of
the cyclic b,L-octapeptide ring and attendant preorganization
for self-assembly.

Finally, preliminary results suggest that, like natural protein
and peptide secondary structures, the stability of cymlie

styrene resin was used as obtained from Peptides International. ; CDCI
(99.8%, Isotech) fortH NMR spectroscopy was dried over 4-A
molecular sieves or distilled from,®s under Ar prior to use, while
CHCI; (Optima, Fisher) for solution IR spectroscopy was used as
obtained.

Synthesis of Amino Acids and Derivatives. Commercially un-
availableN-Boc-aminoacyl-OCkKPam resins were typically prepared
using the preferred method of Kent and co-workérsN-Boc-i-
homoallylglycine (Hag) was synthesized from diethyl acetamidoma-
lonate and 4-bromo-1-butene according to the procedure of Coulter
and Talalay'’@ resolved (porcine kidney acylase 1) according to the
procedure of Whitesides and co-workéfsand Boc-protected using
standard methodsN-Boc-N-alkylamino acids were prepared from the
correspondingN-Boc-amino acids as described by Cheung and Benoi-
ton 48

Peptide Synthesis and Cyclization.Unless otherwise noted, manual
Boc solid-phase synthesis (SPPS) of linear peptides was carried out in
a stepwise fashion according to thresitu neutralization protocol of
Kent*® and employing\N-Boc-aminoacyl-OCkHPam resins{0.4—0.8

(44) For other studies of amino acjgisheet propensities in organic
solvents, see: (a) Kemp, D. S.; Bowen, B. R.; Muendel, Gl.Qrg. Chem.
199Q 55, 4650-4657. (b) Nowick, J. S.; Insaf, S. Am. Chem. Sod997,
119 10903-10908.

(45) (a) Carpino, L. A.; El-Faham, Al. Org. Chem1994 59, 695—
698. (b) Carpino, L. AJ. Am. Chem. Socd993 115 4397-4398. (c)
Carpino, L. A.; El-Faham, A.; Minor, C. A.; Albericio, . Chem. Soc.,
Chem. Commuril994 201-203. (d) Ehlrich, A.; Rothemund, S.; Brudel,
M.; Carpino, L. A.; Beinert, M.Tetrahedron Lett1993 34, 4781-4784.

(46) Tam, J. P.; Kent, S. B.; Wong, T. W.; Merrifield, R. Bynthesis
1979 955-957.

(47) (a) Coulter, A. W.; Talalay, Rl. Biol. Chem.1968 243 3238-
3247. (b) Chenault, H. K.; Dahmer, J.; Whitesides, G.]/MAm. Chem.
Soc.1989 111, 6354-6364.

(48) (a) Cheung, S. T.; Benoiton, N. Can. J. Chem1977, 55, 906~
921. (b) In the case oN-Boci-A'N-Ala and N-Boc+-PeN-Ala, allyl
bromide and 5-bromo-1-butene, respectively, were used as electrophiles in
the presence of catalytic Nal; in addition, DMF was used in place of THF
as the reaction solvent.

(49) Schnolzer, M.; Alewood, P.; Jones, A.; Alewood, D.; Kent, S. B.
H. Int. J. Pept. Protein Res1992,40, 180-193.



8958 J. Am. Chem. Soc., Vol. 120, No. 35, 1998 Clark et al.

a

Figure 9. Crystal structures of dimeri8-sheet assemblies formed by (a) and ¢¥ld(-L-Phep-MeN-Ala)s-] (1); (c) and (d)cycld(-p-Phet-

AIN-Ala)s-] (2); (e) and (f)cycld(-p-Phet-PN-Ala),-] (3); and (g) and (heycld(-L-Phep-VeN-Ala-L-Leu-D-MeN-Ala),-] (9), as viewed down the
cylindrical axis and across the dimeric interface, respectively. Electron density for encapsulated water is indicated in blue and represents time-
averaged positions of overlapping water binding sites.
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mequiv/g loading), as indicated for each peptide. Amino acid activation 'H NMR (400 MHz, 293 K, 2.0 mM, CDG): bp-Phé', NH (m 7.12,
was typically accomplished using HBTU; however, HATU provided br; d 8.86, d,J = 8.7 Hz), CH (m 4.93, m;d 5.23, m), GH, (m 2.93,
more complete aminoacylation of hindered secondary amino termini. 3.08, m;d 3.02, 3.12, m), &*H (m, d 7.16-7.32, m);L-""N-Ala?,
Owing to higher acylation rates of OAt versus OBt estérs! HATU N—CH,CH,CHz (m 2.71, 3.16, md 2.67, 3.51, m), N-CH,CH,CHjs
activation was also employed during the second coupling step (third (m 1.09, 1.25, md 1.26, 1.27, m), N-CH,CH,CH3z (m 0.80, m;d
residue) in order to minimize diketopiperazine formation and attendant 0.72, m), GH (m 4.86, br;d 5.73, q,J = 6.4 Hz), CHs (m 1.25, ovl;

chain loss. d 0.89, d,J =6.5Hz). IR (293 K, 1 mM, CHG): 3306 (amide A);
Peptides were cleaved from resin using standard HF procedures (101625, 1675 (amider); 1525 (amide ). ESI-MS: [M + H]* calcd
mL of 9:1 (v/v) HF/anisole per gram of peptidyl resihh at 0°C) or, = 1041.6, found= 1042.

for those peptides bearing acid-sensitive olefin functionalities, basic  cyclq(-p-Phel-L-A'N-Ala?p-Phe-L-Ala%),] (4). Linear octapeptide
hydrolysis (BUNF-xH,O/DMF5%0r Bu;NHSQOy/K ,C O/ THF/H,0500)50¢ (-p-Phet-AIN-Ala-p-Phet-Ala), (4-x) was synthesized oN-Boc-d-
and eluted with DMF. Following purification by reversed-phase high- Phe-(OCH)-Pam resin (0.5 mmol scale) and cleaved with#erxH;0
performance liquid chromatography (RP-HPLE/@Ilumn/CHCN/ (350 mg of crude; ESI-MS, [M+ H]* calcd= 971.5, found= 972).
H20/0.1% TFA), cyclization was typically effected as indicated in the ~ cyclization of 300 mg of the crude material and purification as

following representative procedure for peptit described above afforded 100 mg4{105 umol, 21% overall). H

An oven-dried 250-mL round-bottom flask equipped with a magnetic NMR (400 MHz, 293 K, 20 mM, CDG): p-Phe!, N—H (m 7.55, d,
stir bar was charged with 1 equiv of linear peptide FEA-Phep- J=9.5Hz;d 8.40, d,J = 11.5 Hz;d* 8.70, d,J = 11.6 Hz), ®H (m
VYeN-Ala-L-Val-D-"*N-Ala), (12-¥) (98 mg, 102umol), 1.2 equiv of 4.78, m;d 4.55, m;d* 4.40, m), GH, (m 2.92, 3.23, mg 2.90, 3.01,
HATU (46 mg, 122umol), and 1.0 equiv of HOAt (14 mg, 1Q2mol) m; d* 2.76, 3.17, m), &H (m, d, d* 7.14-7.35, m);L-A'N-Ala2,

and then purged with Ar. DMF was added via syringe (102 mL), and N—CH,CHCH, (m 3.63, 4.52, md 3.95, 4.40, mgd* 4.30, 4.50, m),
the flask was cooled to TC in an ice bath under a positive pressure of  N—CH,CHCH, (m 5.60, m;d 5.71, m:d* 5.84, m), N~CH,CHCH
Ar. i-PrNEt was added dropwise (3 equiv, a8, 306 umol) with (m 4.87 € andZ), m; d 5.07 ), 5.42 ¢), m; d* 5.16 € andZ), m),
stirring, and the resulting reaction mixture was left ®&h at 0°C. C°H (m 5.16, ovl;d 5.36, q,J = 8.8 Hz;d* 5.90, ovl), GH3 (m 1.12,
After removal of solvent under reduced pressure, the crude cyclic 4 j= 8.8 Hz;d 1.16, d,J = 8.8 Hz;d* 1.23, d,J = 9.4 Hz);d-Phé’,
peptide was dissolved in 10 mL of 2:1 (V/V) @EN/H0O and purified N—H (m 7.12, ovl;d 8.47, d,J = 10.2 Hzd* 8.36, d,J = 9.5 HZ),
by RP-HPLC to afford 52 mg (Gﬂmol, 61%) of12. C*H (m 5.09, m;d 4.63, m;d* 5.08, m)’ @HZ (m 2.81, 2.94, md
cycld(-L-Phe'-p-Y*N-Ala®)4] (1). Linear octapeptide (-Phes- 2.95, m;d* 2.85, 2.94, m), G«¢H (m, d, d* 7.14-7.35, m);L-Ala,
MeN-Ala)s (1-x) was synthesized oi-Boc-D-"*N-Ala-(OCHp)-Pam N—H (m 6.36, d,J = 7.5 Hz;d 6.30, d,J = 9.5 Hz;d* 6.19, d,J =
resin (0.73 mmol scale) and cleaved with HF to give 133 mg of the 102 Hz), GH (m 4.47, ovl:d 4.97, ovl;d* 4.70, ovl), GHs (m 1.19,
desired product as its TFA salt after purification by RP-HPLC (125 ¢ j—= 8.8 Hz:d 0.90, d,J = 8.2 Hz:d* 0.67, d,J = 8.2 Hz). ESI-
umol, 17%; ESI-MS, [M+ H]* calcd = 947.5, found= 947). A MS: [M -+ H]* calcd= 953.5, found= 954.
truncated side product, linear hexapeptideRhep-MeN-Ala)s (15-) cyclq(-0-Phek-L -PN-Ala?-p-Phé-L-Ala%),] (5). To a 5-mL round-
(presumably caused by diketopiperazine chain termination in the seo:ondbottom flask equipped with a magnetic stir ballr were added 6 mg of
coupling step), was isolated in 9% purified yield (48 mg, /580l). di-N-allyl cyclic octapeptidet (6.3 xmol) and 10 mg of 10% PdC
Cyclization of 38 mg ofl-x (36 xmol) ?ndlpurification as described (17% (wiw) catalyst). The flask. was then purged withaxd charged
above afforded 23 mg df (24 «mol, 67%). *H NMR (500 MHz, 293 with 1 mL of absolute EtOH. After sparging with Hthe mixture

K, 2.0 mM, CDCE): L-Phé', N—H (m 6.98, d,J = 7.5 Hz;d 8.73, d, . o or .
J= 8.5 Hz), GH (m 4.85, m:d 5.27, m), GH (m, d 2.92-3.03, m), was stirred 24 h un_der 1 atmyH F_lltratlon th_rou_gh C_ellt? afforded
S o Me 2 AL . di-N-(n-propyl) peptide5 in essentially quantitative yieldtH NMR
Co¢¢H (m, d 7.15-7.26, m);p-MeN-Ala?, N—CHz; (m 2.49, s;d 2.77,
_ . _ (400 MHz, 293 K, 2.0 mM, CDGJ resonances labeled-z could not
s), ®H (m 5.21, q,J = 7.3 Hz;d 5.84, q,J = 6.9 Hz), @H3 (m 1.14, . . ;
_ . _ . be assigned unambiguouslyrg d, or d*): p-Phe!, N—H (m 7.44, d,
d,J=7.1Hzd0.99, d,J =6.8 Hz). IR (293 K, 1 mM, CHG): - . - . <
. } "y ) . J=7.6 Hz;d 8.54, d,J = 9.7 Hz;d* 8.88, d,J = 9.7 Hz), CH (m
3309 (amide A); 1628, 1677 (amide)] 1523 (amide I)). ESI-MS:
" L 4.87, m;d* 5.18, m;d 5.16, m), €H, (m 2.95, 3.23, md 2.85, 2.97,
[M + HJ* calcd= 929.5, found= 929. m: d* 2.85, 2.97, m), &H (m, d, d* 7.15-7.32, m);L-"N-Ala2
cycld(-p-Phel-L-A"N-Ala?),-] (2). Linear octapeptide §-Phet-A"'N- ' R T : DO ’

Ala), (2-X) was synthesized oN-Boc+-A"N-Ala-(OCH,)-Pam resin mgg%ﬁ%}SH& (1)(6?%9158;?1:) 1m4)5/ igg :]62 181;)2,?5(:?)
(1 mmol scale) and cleaved with BuF-xH,0%¢ (270 mg of crude; 22 (X203, 2.99, My 1.49, 1.06, Mz 129, M), 2

ESI-MS, [M + H]* calcd= 1051.6, found= 1051). Cyclization of ~ CHeCHs (x 0.92, myy 0.86, m;z 0.67, m), GH (m 5.12, ovl:d 5.29,

135 mg of the crude material and purification as described above 9.9 =65 Hz;d* 5.7, 9. = 6.0 Hz), CHa (m 1.17, ovl;d 1.07, d,

afforded 12 mg of (12 umol, 2.4% overall). *H NMR (500 MHz, gfg'?’ d'jzédgzglalﬁ-_o‘;')é')hphéém_'* g‘g 17 24, dOX'g‘;S'S%’*df;
293 K, 3.0 mM, CDCJ): p-Phé', N—H (m 6.79, d,J = 7.0 Hz;d -1 Hz;d* 8.38, dJ= 7.6 Hz), CH (m 4.61, m.d 4.57, md* 4.37,

8.71, d.J = 8.5 Hz), CH (m 4.82, m:d 5.05, m), GH, (m 2.98, m: ~ M)» OHz (M 2.93, 3.06, ml 2.88, 3.06, mpl* 2.78, 3.26, m), C&*H
d3.01, m), G<¢H (M, d 7.16-7.27, m):L-AIN-Ala2, N—CH,CHCH, (m, d*, d 7.15-7.32, m);L-Ala®, N-H (m 6.33, d,J = 5.9 Hz;d

(m 3.49, 4.02, md 3.39, 4.19, m), N-CH,CHCH; (m 5.45, m:d 5.59, 6.30, d,J = 8.1 Hz;d* 6.26, ovl), GH (m 4.46, ovl;d 5.02, ovl;d*
_ . 4.81, ovl), CH3 (m 1.18, ovl;d 0.87, d,J = 6.5 Hz;d* 0.71, d,J =
m), N—CH,CHCH, (m 4.85 E), 4.99 ¢), m;d 4.91 E and2), m), -

o — . _ 7.0 Hz). IR (293 K, 1 mM, CHG): 3306 (amide A); 1628, 1655,
C*H (m 5.32, q,J = 7.0 Hz;d 5.93, ,J = 6.5 Hz), GHs (m 1.24, d, o . . e
J=170 HZ,d 102’ d,.] =65 HZ) ESI-MS: [M+ H]Jr caled = 1688 (iml ej), 1515 (aml e ”) ESI-MS: [M+ H] calca= 9575,
1033.6, found= 1033. found = 957, o

cycld(-0-Phe-L-P'N-Ala?),] (3). To a 5-mL round-bottom flask _blcyplq(-D-Phel-L-N-(dlthlopropyl)-AIa _Z-D-Phe3-|_-AIa4)2-] (6).
equipped with magnetic stir bar were added 2.5 mg of ttelyl Dipeptide N-Boc-D-Phet-N-(3-(4-MeBn)thiopropyl)-Ala 6-w) was

cyclic octapeptide (2.4 umol) and 2.5 mg of 10% P€C (10% (w/w) prepared as follows: An oven-dried 500-mL round-bottom flask was
catalyst). The flask was then purged with ahd charged with 1 mL  Purged with Ar and charged wit4 g ofN-Boc-0-Phet-A'N-Ala-OBn
of absolute EtOH. After sparging withatthe mixture was stirred 12 (6-) (8.6 mmol, 1equiv, prepared via standard solution-phase peptide
h under 1 atm K Filtration through Celite and purification by RP-  synthesis), 160 mL of dry toluene (freshly distilled under argon), and

HPLC afforded 2 mg of tetr-(n-propyl) peptide3 (1.9 umol, 80%). 3.47 mL of 4-methylbenzylmercaptan. While excluding light and
purging with Ar, 1.2 g of freshly recrystallized AIBN was added. The
(50) (a) Ueki, M.; Kai, K.; Amemiya, M.; Horino, H.; Oyamada, Hl. reaction mixture was kept under Ar and heated at@@®or 24 h in the
Chem. Soc. Chem. Commui88 414-415. (b) Spatola, A. F.; Anwer,  dark. The solvent was then removed under reduced pressure, and the

M. K.; Rao, M. N.Int. J. Pept. Protein Res1992 40, 322-332. (c) Our : ; - . 0
experience indicates that basic cleavage of peptidyl-@R&in resins with resulting residue was purified via Silash chromatography (1840%

either BuNF-xH,0/DMF*20r BuNHSQJ/K,COJTHF/H,0®can leadto  EIOAC/hexanes) to give 4.2 g di-Boc-o-Phet-N-(3-(4-MeBn)-
considerable C-terminal epimerization in cases where the C-terminal residuethiopropyl)-Ala-OBn 6-v) (7 mmol, 81%). LiOH hydrolysis and SO
bears a tertiary backbone amide function. flash chromatography (7.5% MeOH in GEl,) afforded the desired
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dipeptide6-w as its free acid in 51% yield (ESI-MS, [M H]~ calcd
= 512.3, found= 513).

Peptide cycld(-p-Phet-N-(3-(4-MeBn)thiopropyl)-Alap-Phet-
Ala),-] (6-y) was prepared as follows: Linear octapeptideAta-b-
Phet-N-(3-(4-MeBn)thiopropyl)-Alae-Phe} (6-x) was synthesized on
N-Boc-D-Phe-(OCH)-Pam resin (0.56 mmol scale) using-Boc-
protectedp-Phe and.-Ala as well as protected dipeptidé-Boc-p-
Phet-N-(3-(4-MeBn)thiopropyl)-Ala 6-w) and cleaved with BiNF-
xH20 (300 mg of crude; ESI-MS, [M- H]" calcd= 1246, found=

Clark et al.

m; m; 2.71, 3.34, md 2.97, 3.47, mg* 2.87, 3.56, m), N-CH,CH,-
CH,CHCH, (m; 1.77, 1.92, mm, 1.10, 1.29, md 1.61, 1.62, mg*
1.64, 1.77, m), N-CH,CH,CH,CHCH, (m; 2.02, 2.21, mjm, 1.93,
m; d 2.01, 2.08, md* 1.88, 2.13, m), N-CH,CH,CH,CHCH, (m,
my, d, d* 4.92-5.87, m), CH (m; 5.08, ovl;m, 3.63, ovl;d 5.77,
ovl; d* 5.87, ovl), @Hs (m; 1.36, ovl, d,J = 7.4 Hz;m, 1.58, d,J =
6.8 Hz;d 0.95, d,J = 6.8 Hz;d* 1.05, d,J = 6.8 Hz);p-Phe’, N—H
(m;7.92,dJ=6.1Hz;m,6.95,d,J=6.8 Hz;d 8.74, d,J = 8.8 Hz;
d* 8.93,d, J= 9.4 Hz), CH (m; 5.02, m;m; 5.06, m;d 5.48, m;d*

1248). Cyclization of 300 mg of the crude material as described above 5.44, m), GH, (m; 2.98, 3.01, mm; 2.97, 3.01, md 3.03, 3.06, m;

afforded 150 mg of6-y (122 umol, 22%) after purification by RP-
HPLC. ESI-MS: [M+ H]* caled= 1228, found= 1230.

To a 10-mL round-bottom flask equipped with a magnetic stir bar

was added 110 mg alycld(-p-Phet-N-(3-(4-MeBn)thiopropyl)-Ala-
D-Phet-Ala)2-] (6-y) (90 umol, 1 equiv) followed by 5 mL of TFA
and 19.5L of anisole. The solution was cooled td@, treated with
53.5 mg of TI(CRCQy)s, and stirred at 4C for 18 h. After evaporation

d* 3.05, 3.10), C<¢H (M4, my, d, d* 7.03-7.46, m);L-"eN-Hag?,
N—CH; (m1 2.99, s;m; 2.67, s;d 2.98, s;d* 2.85, s), CH (m1 5.10,
m; m; 4.54, m;d 5.68, m;d* 5.62, m), CH, (m; 1.58, 1.91, mm;
1.49,1.77, md 1.30, 1.62, mg* 1.12, 1.66, m), @H, (M1, m, 1.49—
2.21, m;d 1.81, m;d* 1.75, m), CH and CH; (my, my, d, d* 4.92—
5.87, m). ESI-MS: [M+ H]" calcd= 1117.6, found= 1118.
cycld(-L-Phet-p-MeN-Ala?-L-Leud-p-MeN-Ala%),-] (9). Linear oc-

of the solvent under a stream of nitrogen, the resulting residue was tapeptide (:-Leu-dD-"®N-Ala-L-Phe-MeN-Ala), (9-x) was synthesized
subjected to purification by RP-HPLC to give 20 mg of the desired onN-Boc-D-"eN-Ala-(OCH,)-Pam resin, cleaved with HF, and isolated

bicyclic product6 (20 uMol, 22%). *H NMR (500 MHz, 293 K, 10.0
mM, CDCLk): p-Phet, N—H (m 7.20, br;d 8.19, br), GH (m 4.91, m;
d 5.38, m), GH, (m 3.07, m;d 2.76, 2.95, m), €&*H (m, d 7.05—
7.31, m);L-N-(dithiopropyl)-Ala 2, N—CH,CH,CH,S— (m 2.83, 3.19,
m; d 3.17, 3.59, m), NCH,CH,CH,S— (m 1.43, 1.56, md 1.57,
1.69, m), N~-CH,CH,CH,S— (m 1.94, 2.11, md 2.50, 3.29, m), €H
(m 5.15, br;d 4.73, br); GHs (m 1.11, br s;d 0.83, br s);p-Phé?,
N—H (m 7.73, br;d 8.01, br), GH (m 4.61, m;d 4.68, m), GH, (m
2.85, 2.99, mgd 3.00, m), G<¢H (m, d 7.05-7.31, m);L-Ala% N—H
(m 6.30, br;d 6.81, br), GH (m 4.51, br;d 5.00, br), GHs (m 1.12,
br s;d 1.08, br s). ESI-MS: [M+ H]" calcd= 1019.5, found=
1020.

cycld(-p-Phé'-L-P*N-Ala?-p-Phe’-L-Hag*),-] (7). Linear octapep-
tide (0-Phet-"*N-Ala-p-Phet-Hag) (7-X) was synthesized di-Boc-
L-Hag-(OCH)-Pam resin (0.4 mmol scale) and cleaved with, k-

as its TFA salt after purification by RP-HPLC (ESI-MS, [M H]*
calcd= 879.5, found= 880). Cyclization of 45 mg 09-x (46 xmol)
and purification as described above afforded 26 m@® ¢80 umol,
65%). H NMR (500 MHz, 293 K, 3.0 mM, CDG): L-Phe', N—H
(m 7.20, ovl;d 8.65, d,J = 8.2 Hz;d* 8.83, d,J = 8.2 Hz), CH (m
4.83, m;d 5.26, m;d* 5.27, m), €H, (m 3.03, 3.14, md 2.81, 2.96,
m; d* 2.91, 3.05, m), &¢H (m, d, d* 7.16-7.27, m);p-"eN-Ala?,
N—CH; (m 2.62, s;d 2.79, s;d* 2.80, s), GH (m 5.25, ovl;d 5.92,
g,J = 6.8 Hz;d* 5.86), CHs (m 1.19, ovl;d 1.11, d,J = 6.8 Hz;d*
1.03, d,J = 6.8 Hz);L-Leu’, N—H (m 6.92, d,J = 8.2 Hz;d 8.80, d,
J = 9.5 Hz;d* 8.48, d,J = 8.8 Hz), CH (m 4.60, m;d 5.14,;d*
5.09, m), GH, (m 1.37, 1.47, md 1.32, 1.56, mg* 1.29, 1.43, m),
C’H (m 1.66, m;d 1.61, m;d* 1.51, m), C%92H; (m 0.91, 0.92, ovl;
d 0.82, d,J = 6.1 Hz, 0.95, ovl;d* 0.87, 0.93, ovl),p-eN-Ala%
N—CH; (m 2.71, s;d 3.25, s;d* 3.27, s), GH (m 5.26, ovl;d 5.79,

g,J = 6.8 Hz;d* 5.86, ovl), @Hs (m 1.26, ovl;d 1.15, d,J = 6.8 Hz;

d* 1.23, ovl). ESI-MS: [M+ H]* calcd= 861.5, found= 862.
cycld(-L-Phée'-p-MeN-Ala?-L-Hag®-p-MeN-Ala%),-] (10). Linear oc-

tapeptide (-"*N-Ala-L-Hag-D-MeN-Ala-L-Phe}) (10-x) was synthesized

onN-Boc+.-Phe-(OCH)-Pam resin (0.54 mmol scale) and cleaved with

BusNF-xH,0 to give 230 mg of the desired product as its TFA salt

xH,O to give 143 mg of the desired product as its TFA salt after
purification by RP-HPLC (11%mol, 29%). Cyclization of 143 mg
of 7-x (117 umol) and purification as described above afforded 67 mg
of 7 (62 umol, 53%). 'H NMR (500 MHz, 293 K, CDCJ): D-Phe',
N—H (m 7.56, br;d* 8.69, d,J= 9.5 Hz;d 9.04, d,J = 9.5 Hz), CH

(m 4.87, m;d* 5.34, m;d 5.33, m), GH, (m 3.00, 3.25, md 2.87,

2.99, m;d * 2.85, 3.27, m), G¢H (m, d, d* 7.02-7.46, m);L-"¢"N-
Ala?, N—CH,CH,CH,CHCH, (m 2.93, 2.94, md 3.02, 3.57, md*
3.06, 3.66, m), N-CH,CH,CH,CHCH, (m 1.07, 1.19, m¢d 1.70, 1.77,
m; d*1.86, 1.95, m), N-CH,CH,CH,CHCH, (m 1.84, m;d 2.02, 2.17,
m; d* 2.08, 2.24, m), N-CH,CH,CH,CHCH, (m 5.61, m;d 5.90, m;
d* 5.95, m), N~-CH,CH,CH,CHCH, (m 4.89 E), 4.93 ), m;d 5.08
(Eandz), m;d* 5.09 ), 5.13 E), m), C*H (m 5.12, ovl;d 5.79, ovl;
d* 5.48, ovl), GHz (m 1.16, ovl;d 1.13, d,J = 6.8 Hz;d* 1.06, d,J
= 7.4 Hz);p-Phe?, N—H (m 7.30, br;d 8.50, d,J = 7.5 Hz;d* 8.69,
d, J = 8.1 Hz), GH (m 4.73, m;d 4.53, m;d* 4.63, m), GH, (m
2.97, 3.02, md 2.77, 3.27, md* 2.88, 3.09, m), &+*H (m, d, d*
7.02-7.46, m);L.-Hag*, N—H (m 6.56, d,J = 8.1 Hz;d 6.51, d,J =
8.2 Hz;d* 6.45, br), CH (m 4.61, m;d 4.94, m;d* 5.16, m), CH,
(m 1.69, 1.78, md 1.06, 1.20, mg* 1.20, 1.28, m), @, (m 1.89,
m; d 1.14, m;d* 1.52, m), CH (m 5.75, m;d 5.45, m;d* 5.55, m),
CeH, (m 5.01 € andZ), m;d 4.77 E), 4.90 ¢), m; d* 4.83 E), 4.93
(2, m). IR (293 K, 1 mM, CHGJ): 3304 (amide A); 1627, 1654,
1687 (amided); 1523 (amide Ij). ESI-MS: [M+ H]* calcd= 1089.6,
found = 1090.

cycld(-p-Phé'-L-PeN-Ala?-p-Phée*-L-MeN-Hag"),-] (8). Linear oc-
tapeptide (e-Phet-P¥N-Ala-p-Phet-MeN-Hag) (8-x) was synthesized

on N-Boc4.-MeN-Hag-(OCH)-Pam resin (0.4 mmol scale) and cleaved
with BuyNHSO,—K,CO35%¢ to give 281 mg of the desired product as

its TFA salt after purification by RP-HPLC (22xmol, 56%).
Cyclization of 281 mg oB-x (225umol) and purification as described
above afforded 35 mg & (35umol, 16%). *H NMR (500 MHz, 293
K, CDClg): p-Phet, N—H (m; 8.50, d,J = 6.8 Hz;m, 7.00, d,J =
10.2 Hz;d 8.87,d,J = 8.9 Hz;d* 8.77,d,J = 9.5 Hz), CH (m1 4.63,
m; mz 4.91, m;d 5.41, m;d* 5.49, m), CH, (m; 2.56, 2.69, mm;
2.99, 3.12, md 3.05, 3.10, mg* 3.03, 3.06, m), &<*H (my, my, d,
d* 7.03-7.46, m);L-"*N-Ala?, N—CH,CH,CH,CHCH, (m; 3.31, 3.49,

after purification by RP-HPLC (23@8mol, 43%; ESI-MS, [M+ H]*
calcd = 875.5, found= 875). Cyclization of 112 mg 0l0-x (113
umol) and purification as described above afforded 68 mg®({79
uMol, 70%). *H NMR (500 MHz, 278 K, 7.5 mM, CDG): L-Phé,
N—H (m 7.21, ovl;d 8.60, d,J = 8.2 Hz;d* 8.82, d,J = 8.2 Hz),
CH (m 4.84, m;d 5.22, m;d* 5.25, m), GH, (m 2.98, 3.07, md
2.77, 2.95, md* 2.90, 3.02, m), &*H (m, d, d* 7.18-7.30, m);
D-MeN-Ala?, N—CH; (m 2.63, s;d 2.76, s;d* 2.74, s), CH (m 5.27,
ovl; d 5.96, ovl;d* 5.82, ovl), GHs (m 1.17, ovl;d 1.11, ovl; d*
1.01, d,J = 6.1 Hz);L-Hag®, N—H (m 7.04, br;d 8.82, d,J = 8.2 Hz;
d* 8.48, d,J = 8.1 Hz), CH (m 4.54, m;d 5.07, m;d* 5.03, m),
CPH, (m 1.60, 1.73, md 1.59, 1.71, md* 1.50, 1.62, m), @, (m
2.01, m;d 2.07, m;d* 1.98, m), CH (m 5.65, m;d 5.74, m;d* 5.71,
m), CH; (m 4.85 E), 4.90 ¢), m; d 5.00 €), 5.04 ), m; d* 4.89
(E), 4.94 @), m); p-MeN-Ala*, N—CHjz; (m 2.69, s;d 3.19, s;d* 3.22,
s), CH (m 5.20, ovl;d 5.76, ovl;d* 5.93, ovl), GHz (m 1.23, ovl;d
1.12, ovl;d* 1.20, ovl). IR (293 K, 1 mM, CHG): 3310 (amide A);
1631, 1675 (amide); 1527 (amide I). ESI-MS: [M + H]* calcd
= 857.5, found= 858.
cycld(-L-Phe-p-MeN-Ala?-L-lle3-p-MeN-Ala%),-] (11). Linear oc-
tapeptide (-Phep-MeN-Ala-L-lle-p-"eN-Ala), (11-X) was synthesized
on N-Boc-D-MeN-Ala-(OCH,)-Pam resin (0.4 mmol scale) and cleaved

with HF to give 100 mg of the desired product as its TFA salt after

purification by RP-HPLC (10kmol, 25%; ESI-MS, [M+ H]* calcd
= 879.5, found= 880). Cyclization of 100 mg of1-x (101 umol)
and purification as described above afforded 50 md b{58 umol,
57%). 'H NMR (500 MHz, 293 K, 22.1 mM, CDG): L-Phe!, N—H
(m 7.05, br;d 8.71, d,J = 7.0 Hz;d* 8.87, d,J = 6.5 Hz), CH (m
4.85, m;d 5.28, m;d* 5.28, m), CH, (m 3.04, m;d 2.93, 3.13, mg*
2.91, 3.17, m), €&H (m, d, d* 7.16-7.26, m);p-"eN-Ala?, N—CHj
(m 2.55, s;d 2.81, s;d* 2.72, s), @GH (m 5.17, ovl;d 5.80, q,J = 6.8
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Hz; d* 6.07, g,J = 5.5 Hz), @H3 (m 1.18, d,J = 5.4 Hz;d 1.18, ovl;
d* 1.11, d,J = 5.4 Hz);L-lle3, N—H (m 6.94, br;d 8.63, d,J = 8.0
Hz; d* 8.44, d,J = 7.6 Hz), CH (m 4.55, m;d 4.92, m;d* 4.83, m),
CPH (m 1.74, m;d 1.90,;d* 1.75, m), C*H, (m 1.11, 1.48, md 1.17,
1.55, m;d* 1.08, 1.46, m), €H; (m 0.85, ovl;d 0.87, ovl;d* 0.83,
ovl), C’*Hz (m 0.87, ovl;d 0.80, ovl;d* 0.80, ovl);p-MeN-Ala*, N—CHs
(m 2.80, s;d 3.31, s;d* 3.30, s), GH (m 5.31, ovl;d 5.97, q,J = 6.8
Hz; d* 5.74, q,J = 5.4 Hz), @H3 (m 1.32, d,J = 5.9 Hz;d 1.12, ovl;
d* 1.26, d,J= 5.4 Hz). ESI-MS: [M+ H]* calcd= 861.5, found=
861.5.

cycld(-L-Phet-p-MeN-Ala?-L-Val3-p-MeN-Ala“),-] (12). Linear oc-
tapeptide (-Phep-MeN-Ala-L-VaL-b-VeN-Ala), (12-x) was synthesized
on N-Boc-D-MeN-Ala-(OCH;,)-Pam resin (0.4 mmol scale) and cleaved
with HF to give 159 mg of the desired product as its TFA salt after
purification by RP-HPLC (16%mol, 41%; ESI-MS, [M+ H]" calcd
= 851.5, found= 851). Cyclization of 98 mg 0£2-x (102u«mol) and
purification as described above afforded 52 md2{62 umol, 61%).
IH NMR (500 MHz, 293 K, 38.1 mM, CDG): L-Phe!, N—H (m 7.28,
ovl; d 8.58, d,J = 8.8 Hz;d* 8.89, d,J = 8.1 Hz), CH (m 4.84, m;
d 5.26;d* 5.24, m), CH, (m 3.03, m;d 2.82, 2.93, mg* 2.90, 3.14,
m), C<¢H (m, d, d* 7.16-7.27, m);p-MeN-Ala?, N—CHz (m 2.61, s;
d 2.80, s;d* 2.69, s), CH (m 5.07, ovl;d 5.85, br;d* 6.08, q,J= 7.4
Hz), G’Hs (m 1.18, d,J = 6.8 Hz;d 1.18, ovl;d* 1.10, d,J = 6.8
Hz); L-Val®, N—H (m 7.06, br;d 8.60, d,J = 8.8 Hz;d* 8.32,d,J =
9.5 Hz), CH (m 4.51, m;d 4.89, m;d* 4.83, m), GH (m 1.96, m;d
2.03, m;d* 1.91, m), C*72H; (m 0.88, ovl;d 0.92, ovl;d* 0.86, ovl);
p-"eN-Ala*, N—CHs; (m 2.84, s;d 3.02, s;d* 3.27, s), CH (m 5.18,
ovl; d 5.93, br;d* 5.74, q,J = 6.7 Hz), @Hs (m 1.26, d,J = 6.8 Hz;
d 1.09, ovl;d* 1.23, ovl). IR (293 K, 1 mM, CHG): 3317 (amide
A); 1639, 1677 (amider); 1524 (amide I). ESI-MS: [M + H]*
calcd= 833.5; found= 834.

cycld(-L-Phée-Sar?),-] (13). Linear octapeptide (-Phe-Sar) (13-
X) was synthesized dN-Boc-Sar-(OCH)-Pam resin (0.75 mmol scale)
and cleaved with HF to give 358 mg of the desired product as its TFA
salt after purification by RP-HPLC (356mol, 47%; ESI-MS, [M+
H]* calcd= 891.4, found= 892). Cyclization of 60 mg o13-x (60
umol) and purification as described above afforded 39 m@3{45
umol, 67%). *H NMR (500 MHz, 313 K, CDCJ, major conformer
only): L-Phet, N—H (6.90, d,J = 7.5 Hz), GH (5.06, m), GH, (2.94,
3.02, m), C<fH (7.15-7.39, m);Sar?, N—CHs (2.78, s), CH, (3.36,
d,J = 15.1 Hz; 4.44, dJ) = 15.1 Hz). ESI-MS: [M+ H]* calcd=
873.4, found= 873.

cycld(-p-Phée-L-A"N-Ala?),-] (14). Linear tetrapeptide ¢-Phet-
AIN-Ala), (14-X) was synthesized oN-Boc+-"N-Ala-(OCH,)-Pam
resin and cleaved with BMF-xH,0.5%¢ Cyclization of 10 mg of the
crude material{19umol) and purification as described above afforded
2.2 mg of14 (4.3 umol, 22%). 'H NMR (250 MHz, 293 K, CDCJ):
p-Phe', N—H (6.82, d,J = 10.4 Hz), CH (4.92, m), CH, (3.02, m),
CdeéH (7.12-7.28, m);L-A'N-Ala%, N—CH,CHCH, (3.69, 4.19, m),
N—CH,CHCH; (5.62, m), N-CH,CHCH; (4.59 €); 4.92 ), m), C*H
(5.18, q,J = 7.0 Hz), CH3 (1.11, d,J = 7.1 Hz). ESI-MS: [M—
H]~ calcd= 515.3, found= 515.

cycld(-L-Phe!-p-MeN-Ala?)z-] (15). Linear hexapeptide (-Phep-
MeN-Ala)s (15-x) was isolated as its TFA salt in 9.3% yield (48 mg, 58
umol; ESI-MS, MH" calcd= 715.4, found= 715) from the synthesis
of linear octapeptiddx (vide suprg. Cyclization of 24 mg ofl5-x
(29 umol) and purification as described above afforded 5.6 mg5of
(8 umol, 14%). *H NMR (500 MHz, 293 K, CDGJ): L-Phe!, N—H
(7.54, d,J = 5.4 Hz), CH (4.92, m), GH, (2.83, 3.04, m), G<tH
(7.13-7.27, m);p-MeN-Ala2, N—CHs (2.42, s), @H (4.86, br), CHs
(1.07, d,J = 7.1 Hz). ESI-MS: [M+ H]* calcd= 697.4, found=
697.

cycld(-L-Phet-p-MeN-Ala?)s-] (16). Linear decapeptide (-Phep-
MeN-Ala)s (16-x) was synthesized oN-Boc-D-eN-Ala-(OCH,)-Pam
resin and cleaved with HF to give the desired product as its TFA salt
after purification by RP-HPLC (ESI-MS, [M- H]* calcd= 1179.6,
found = 1180). Cyclization of 47 mg ofl6-x (36 umol) and
purification as described above afforded 28 md.6{24 umol, 67%).
IH NMR (400 MHz, 293 K, CDCJ): L-Phé!, N—H (7.15, ovl), GH
(4.89, m), CH, (2.98, m), C<<H (7.01—7.34, m);p-eN-Ala2, N—CHs
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(2.60, s), CH (4.98, br), CH3 (1.11, br s). ESI-MS: [M+ H] " calcd
= 1161.6, found= 1161.

cycld(-L-Phe'-p-MeN-Ala?)¢-] (17). Linear dodecapeptidel-Phe-
D-MeN-Ala)s (17-X) was synthesized dN-Boc-dD-MeN-Ala-(OCH;)-Pam
resin and cleaved with HF to give the desired product as its TFA salt
after purification by RP-HPLC (ESI-MS, [M- H]* calcd= 1411.7,
found= 1412). Cyclization of 4 mg of7-x(2.8umol) and purification
as described above afforded 2.5 mgl@f(1.8 umol, 64%). *H NMR
(400 MHz, 293 K, CDd, major conformer only)L-Phet, N—H (7.63,
d, J = 4.9 Hz), CH (4.53, m), CH; (3.09, 3.18, m), G<H (7.15~
7.31, m);p-MeN-Ala?, N—CH; (2.36, s), CH (5.50, br), CH3 (1.17,
d,J = 7.0 Hz). ESI-MS: [M+ H]" calcd= 1393.7, found= 1394.

cycld(-L-eN-Phe'-p-Ala?)s-] (18). Linear octapeptide (-MN-Phe-
D-Ala)4 (18-x) was synthesized dN-Boc-D-Ala-(OCH;)-Pam resin and
cleaved with HF to give the desired product as its TFA salt after
purification by RP-HPLC (ESI-MS, [M+ H]* calcd= 947.5, found
= 947). Cyclization of 103 mg 0£8-x (97 umol) and purification as
described above afforded 44 mgi8 (47 umol, 49%). *H NMR (500
MHz, 293 K, CDC}): L-MeN-Phé', N—CHjs (2.87, s), CH (5.06, br),
CPH, (3.03,ddJ = 11.2, 14.3 Hz; 3.26, dd} = 5.1, 14.5 Hz), €<fH
(7.13-7.26, m);p-Ala2, N—H (7.03, d,J = 5.0 Hz), CH (4.61, br),
CPH;3 (0.86, d,J = 6.4 Hz). IR (293 K, 1 mM, CHG)): 3343, 3399
(amide A); 1644, 1675 (amide)l ESI-MS: [M+ H]* calcd= 929.5,
found = 930.

cycld(-L-Phée-Aib?),] (19). Octapeptidel(-Phé-Aib?), (19-x) was
synthesized\-Boc-L-Phe-(OCH)-Pam resin (0.68 mmol scale). HF
cleavage and purification by RP-HPLC gave 305 mg of the desired
product as its TFA salt (288mol, 42%; ESI-MS, [M+ H]* calcd=
947.5, found= 948). Subjection of 305 mg df9-x (288 umol) to
standard cyclization and purification conditionsde suprg afforded
203 mg of the cyclic octapeptidE (219 umol, 76%). *H NMR (500
MHz, 318 K, CDC}k, major conformer only).L.-Phée', N—H (7.11, br),
CCH (4.42, br), GH, (3.27, 3.45, m), G<H (7.11-7.25, m);Aib?,
N—H (7.17, br), GY2H; (1.26, 1.30, br s). IR (293 K, 1 mM,
CHCly): 3269, 3379 (amide A); 1676 (amide)] 1520 (amide |)).
ESI-MS: [M + H]* calcd= 929.5, found= 930.

cycld(-p-a-Me-Phe'-L-Ala?)4-] (20). Linear octapeptide f-o-Me-
Phé-L-Ala?), (20-x) was synthesized di-Boc--Ala-(OCH,)-Pam resin
(0.25 mmol scale) as above but using HATU as activating atjerst.
HF cleavage and purification by RP-HPLC gave 222 mg of the desired
product as its TFA salt (210mol, 84%; ESI-MS, [M+ H]* calcd=
947.5, found= 947). Subjection of 101 mg a20-x (95 umol) to
standard cyclization and purification conditionsde suprg afforded
59 mg of the cyclic octapeptid20 (64 umol, 67%). *H NMR (500
MHz, 323 K, CDCh): p-a-Me-Phe!, N—H (7.36, br), GH, (3.31, d,

J = 13.6 Hz; 3.09, dJ = 13.6 Hz), G?H; (1.38, s), G<¢H (7.18-
7.30, m);L-Ala?, N—H (7.08, br), CH (4.27), CH3 (1.43,d,J=7.4
Hz). IR (293 K, 1 mM, CHCJ): 3277, 3369 (amide A); 1674 (amide
Ip); 1518 (amide ). ESI-MS: [M + H]" calcd = 929.5, found=
929.

IH NMR Assignments of Cyclic Peptides +20. *H NMR spectra
(CDCl) of all entries in Table 1 were assigned from the corresponding
double-quantum-filtered 2D COSY (2QF-COSYand/or ROESY
spectra acquired at the concentration and temperature indicated. Mixing
times (~300 ms) were not optimized for ROESY experiments;
consequently, of the twofold symmetrical dimer-forming peptides
examined, only, 5, 7, and 11 displayed expected cross-stradg
ROEs (Figures 6 and 7). Therefore, dimeric spediesxdd* in *H
NMR spectra of8 were assigned by analogy to ROESY spectrd,of
while the ROESY spectrum dfl was used to differentiateé andd*
for 9, 10, and12 (Table 1). Due to conformational averaging on the
NMR time scale, peptides witl, sequence symmetnyn (= 2, 4)
generally displayC, symmetrical'H NMR spectra for monomeric
species an@®, symmetrical spectra for dimeric species. Spectra were
typically acquired using Bruker’s standard pulse sequence on an AMX-
400 or 500-MHz spectrometer as indicated for each peptide and
referenced to residual CHLbolvent peaksd = 7.24). Data were
processed using the FELIX software package (Molecular Simulations,
Inc.).

Measurement of Solution Association Constants by Variable-
Concentration *H NMR. Solution dimerization experiments were
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typically carried out as indicated in the following representative
procedure for peptidel2 50 mg of HPLC-purified peptide was
dissolved in 2 mL of freshly distilled, deoxygenated Cp&hd dried
for 0.5 h over activated powdered 4-A molecular sieves. The
suspension was filtered through a fine-porosity fritted glass funnel using
N2 pressure, and the following NMR samples were prepared by diluting
the indicated aliquot of anhydrous peptide stock solution to /A00-
total volume with dry, degassed CDCla, 100;b, 200;c, 300;d, 400;
ande, 500 uL. After acquiring the 1D'H NMR spectrum of each
sample (500 MHz, 293 K), 5@L of 0.1% dioxane in dry degassed
CDCl; was added to samptkas an internal concentration standard to
give sampld. The 1D'H NMR spectrum of was then acquired, and
from the integral ratio of dioxane to total (Al-CH; + Phe GH,),
the concentration of the stock solution was determined to be 38.1 mM.
For spectraa—e, the integral ratio (Ala dimer @H)/[(Ala dimer C*H)
+ 2(Val monomer CH)] was measured and plotted as the dependent
variable vs total peptide concentration, followed by nonlinear curve
fitting with eq 1 to giveK, = 12 M™%,

van’'t Hoff Analysis of Dimerization by Parent Peptide 1. Cyclic
peptidel was dissolved at a concentration of 1.03 mM in dry CPCI
(no molecular sieves). 1BH NMR spectra of the resulting sample
were acquired at intervals of 10 K in the temperature range-223
K. Single-point determinations d€, were made at each temperature
by measuring the ratio of integral intensity for monomer and dimer. A
plot was then made of T/(K) vs In K,, from which were established
the following thermodynamic parameters for the dimerizatioix cAC,
= —203.1 cal K* mol™%, AH®;9s = —11.0 kcal mot?, andAS 95 =
—23.7 cal K* mol™.

Solution FT-IR Characterization of Selected Cyclic Peptides.
Lyopholized peptide was dissolved at4 mM in CHCE and placed
in a Cak; solution IR cell. Spectra were acquired in transmission mode
using a Nicolet Magna-IR 550 spectrometer with a step size of Z.cm

ESI Mass Spectrometry. ESI-MS experiments were performed on
an API Il Perkin-Elmer SCIEX triple-quadrupole mass spectrometer.
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mL of CH.CI, and equilibrated via vapor-phase diffusion against 5 mL
of hexanes, resulting in spontaneous crystallization after @ays. The
mother liquor was then drawn off, and, if necessary, the sample was
recrystallized as before. Single crystals were flame sealed in high-
quality crystallographic capillary tubes to guard against sample
degradation during data acquisition.

X-ray Crystallographic Analysis of Peptides 1, 2, 3, and 9.Data
were collected on a Rigaku AFC6R diffractometer equipped with a
rotating copper anode (Cudi and a highly ordered graphite mono-
chromator. All calculations were performed on a Silicon Graphics
Personal Iris 4D/35 and an IBM-compatible PC using the programs
TEXSAN (Molecular Structure Corp., The Woodlands, TX 77381),
SHELX-97 (G. M. Sheldrick, Institute "fu Anorganische Chemie,
Universitat Gottingen, D-37077 ‘@®mgen, Germany), and SHELX-
PC (G. M. Sheldrick, Siemens Analytical X-ray Instruments Inc.,
Madison, WI.) Crystallographic parameters are available in the Sup-
porting Information.
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Supporting Information Available: Tables of crystal data
and structure refinement, atomic coordinates and equivalent
isotropic displacement coefficients, bond lengths and angles,

Samples were typically introduced into the mass analyzer at a rate of anisotropic displacement coefficients, and hydrogen atom

4.0 mL/min. The declustering potential was maintained between 50
and 200 V, while the emitter voltage was typically maintained at 4000
V. For dimerization experiments, peptidewas dissolved at-100
uM in 98:1:1 (v/viv) CHCHACOH/MeOH.

Preparation of Peptide Single Crystals for X-ray Analysis. In a
typical experiment, 3 mg of HPLC-purified peptide was dissolved in 1

coordinates and isotropic displacement coordinates, ORTEP
drawings with atom labels, and unit cell views f2, 3, and
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