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Abstract: The development of peptide -hairpins is problematic, because folding depends on the amino
acid sequence and changes to the sequence can significantly decrease folding. Robust S-hairpins that
can tolerate such changes are attractive tools for studying interactions involving protein -sheets and
developing inhibitors of these interactions. This paper introduces a new class of peptide models of protein
[-sheets that addresses the problem of separating folding from the sequence. These model 5-sheets are
macrocyclic peptides that fold in water to present a pentapeptide S-strand along one edge; the other edge
contains the tripeptide -strand mimic Hao [JACS 2000, 122, 7654] and two additional amino acids. The
pentapeptide and Hao-containing peptide strands are connected by two 6-linked ornithine (°Orn) turns
[JACS 2003, 125, 876]. Each °Orn turn contains a free a-amino group that permits the linking of individual
modules to form divalent -sheets. These “cyclic modular S-sheets” are synthesized by standard solid-
phase peptide synthesis of a linear precursor followed by solution-phase cyclization. Eight cyclic modular
f-sheets 1la—1h containing sequences based on -amyloid and macrophage inflammatory protein 2 were
synthesized and characterized by *H NMR. Linked cyclic modular 5-sheet 2, which contains two modules
of 1b, was also synthesized and characterized. *H NMR studies show downfield a-proton chemical shifts,
°0rn ¢-proton magnetic anisotropy, and NOE cross-peaks that establish all compounds but 1c and 1g to
be moderately or well folded into a conformation that resembles a -sheet. Pulsed-field gradient NMR
diffusion experiments show little or no self-association at low (<2 mM) concentrations. Changes to the
residues in the Hao-containing strands of 1¢ and 1g improve folding and show that folding of the structures
can be enhanced without altering the sequence of the pentapeptide strand. Well-folded cyclic modular
p-sheets 1a, 1b, and 1f each have a phenylalanine directly across from Hao, suggesting that cyclic modular
p-sheets containing aromatic residues across from Hao are better folded.

Introduction The development of peptid&hairpins has historically been

Synthetic compounds that imitate the hydrogen-bonding edgesdn‘ﬂcult but groundbreaking work in the 1990s led to reports
and side-chain faces of protefhsheets are valuable tools for Of peptide -hairpins that were either isolated from protein
studying and regulating proteimprotein and protein DNA sequences or designed de né¥oSubsequent studies have
interactions: Peptides that fold int@-hairpins are especially ~ revealed the importance of cross-strand hydrophobic and
suited for such studies, because thgssheet models permit ~ aromatic-aromatic side-chain interactions and of ggtlrn
the use of actual amino acid sequences from profesheets. ~ sequences for the folding g8-hairpins>® In spite of this
Several reports of-hairpins that bind DNA or proteins have Progress, the development gfhairpins remains problematic,
been published in recent yed&rswaters and co-workers becausg-hairpin folding is intimately linked to the amino acid
developed a divalerf-hairpin that binds single-stranded DNA ~ sequence of the peptide strands and because well-folded
with an affinity similar to that of protein® Wells and  Structures often form intractable aggregé#e©nly certain
co-workers and Robinson and co-workers develgp&airpins

that bind the Fc domain of human immunoglobulin G and inhibit  (3) (&) Smith, C. K.; Regan, lAcc. Chem. Red997 30, 153-161. (b) Blanco,
9 F.; Ranirez-Alvarado, M.; Serrano, LCurr. Opin. Struct. Biol.1998 8,

the binding of immunoglobulin G to protein &4 Robinson 107-111. (c) Gellman, S. HCurr. Opin. Chem. Biol199§ 2, 717—725.
- irnin inhibi (d) Lacroix, E.; Kortemme, T.; de la Paz, M. L.; Serrano,GQurr. Opin.
and co WOI’k(_BrS also Qe\_/elopeqf_dnat:rpln inhibitor of the P53 Struct. Biol.1999 9, 487—-493. (e) Rarfitez-Alvarado, M.; Kortemme, T;
HDM2 protein—protein interactior? Blanco, F. J.; Serrano, IBioorg. Med. Chem1999 7, 93—103.
(4) (a) Blanco, F. J.; Jifmez, M. A.; Herranz, J.; Rico, M.; Santoro, J.; Nieto,
(1) Loughlin, W. A.; Tyndall, J. D. A.; Glenn, M. P.; Fairlie, D. Ehem. J.L.J. Am. Chem. So&993 115 5887-5888. (b) Searle, M. S.; Williams,
Rev. 2004 104, 6085-6117. D. H.; Packman, L. CNat. Struct. Biol1995 2, 999-1006. (c) Rarirez-
(2) (a) DeLano, W. L.; Ultsch, M. H.; de Vos, A. M.; Wells, J. Science Alvarado, M.; Blanco, F. J.; Serrano, Nat. Struct. Biol.1996 3, 604—
200Q 287, 1279-1283. (b) Fasan, R.; Dias, R. L. A.; Moehle, K.; Zerbe, 612.
O.; Vrijbloed, J. W.; Obrecht, D.; Robinson, J. Angew. Chem., Int. Ed. (5) (a) Venkatraman, J.; Shankaramma, S. C.; Balarar@hem. Re. 2001,
2004 43, 2109-2112. (c) Butterfield, S. M.; Cooper, W. J.; Waters, M. L. 101, 3131-3152. (b) Searle, M. Sl. Chem. Soc., Perkin Tran2.2001,
J. Am. Chem. So@005 127, 24—25. (d) Dias, R. L. A.; Fasan, R.; Moehle, 1011-1020. (c) Searle, M. S.; Ciani, BCurr. Opin. Struct. Biol.2004
K.; Renard, A.; Obrecht, D.; Robinson, J. A. Am. Chem. SoQ006 14, 458-464. (d) Hughes, R. M.; Waters, M. ICurr. Opin. Struct. Biol.
128 2726-2732. 2006 16, 514-524.
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sequences give folded structures, and changes in the sequenametics developed by Hirschmann and co-workergere not

of a foldedp-hairpin can disrupt folding by disrupting key side-

designed for use if-hairpins but do mimic certain aspects of

chain—side-chain interactions. In studies with well-folded [-sheets.

pB-hairpins, Gellman and co-workers carried out carefully
selected mutations to show the dependenggladirpin folding
on interstrand hydrophobic side-chaiside-chain interactiorf§.c
Cochran and co-workeisand Serrano and co-workéthave

Although the existing3-sheet templates have allowed the
creation of many novef-sheet structures, a robust model of
proteinf-sheets that folds in water is still lacking. Most of the
existing templates require either organic solvents or sequence-

reported similar sequence dependences. To probe the effects oflependent interactions with neighboring amino acids to nucleate

mutations within g3-hairpin onintermolecularinteractions, it
is important to be able to change the sequence oftkgands
while maintaining a folded structure and avoiding aggregation.
Robust models of proteifi-sheets, which tolerate a variety of
sequences, are needed.

Robust models of protein3-sheets can be created by

af-sheet structure. There is considerable room for improvement
in developingp-sheet structures that fold in aqueous solution
and tolerate a greater variety of different amino acid sequen-
ces.

In this paper, we address these issues with a new class of
cyclic models of proteif-sheetsl. These compounds contain

combining peptides with peptidomimetic templates that nucleate two of our previously reported peptidomimetic templates and

and reinforce g-sheet structuré? One class of templates is
the turn mimics, which nucleate parallel or antipargiiedheet

tolerate a variety of different amino acid sequences. Many of
these compounds fold int8-sheets and do not aggregate or

structures in attached peptide chains. Examples of turn mimicsself-associate significantly at low-millimolar concentrations.
include structures such as the dibenzofuran-based amino acidrhese individuap-sheets are readily linked to form multivalent

developed by Kelly and co-workefshe 3-peptide reverse-turn
mimic developed by Gellman and co-work&emd the oligourea
“molecular scaffolds” developed by Nowick and co-workers.
Another class of templates is thestrand mimics, which
duplicate the pattern of hydrogen-bond donors and acceptors
of one edge of a peptigestrand. These templates can serve as
frameworks to nucleate and reinforce fhstrand conformation
of attached polypeptide strands. A pioneering example of such
a template is the 2,8-diaminoepindolidioffiestrand mimic
developed by Kemp and co-workers in the late 1980dore
recently developed examples @fstrand mimics, such as the
Hao amino acid, invented by Nowick and co-work&rgnd
the @-unit, invented by Bartlett and co-workétsare easily
incorporated into peptides and nucleate the formation of well-
folded p-hairpin-like structures in organic solvents. Other

templates such as the hydrogen-bonded duplex developed b)%

Gong and co-worket3 and the pyrrolinone-based peptidomi-

(6) (a) Cochran, A. G.; Skelton, N. J.; Starovasnik, M.xoc. Natl. Acad.
Sci. U.S.A2001, 98, 5578-5583. (b) Syud, F. A.; Stanger, H. E.; Gellman,
S. H.J. Am. Chem. So2001, 123 8667-8677. (c) Espinosa, J. F.; Syud,
F. A.; Gellman, S. HProtein Sci.2002 11, 1492-1505. (d) Tatko, C. D.;
Waters, M. L.J. Am. Chem. So@002 124, 9372-9373. (e) Kiehna, S.
E.; Waters, M. L.Protein Sci.2003 12, 2657-2667. (f) Fesinmeyer, R.
M.; Hudson, F. M.; Andersen, N. H. Am. Chem. So2004 126, 7238—
7243. (g) Santiveri, C. M.; Santoro, J.; Rico, M.; Jimeg, M. A. Protein
Sci.2004 13, 1134-1147. (h) Searle, M. Biopolymers2004 76, 185—
195. (i) Simpson, E. R.; Meldrum, J. K.; Bofill, R.; Crespo, M. D.; Holmes,
E.; Searle, M. S.Angew. Chem., Int. Ed2005 44, 4939-4944. (j)
Andersen, N. H.; Olsen, K. A.; Fesinmeyer, R. M.; Tan, X.; Hudson, F.
M.; Eidenschink, L. A.; Farazi, S. R. Am. Chem. So2006 128 6101~
6110. (k) Mahalakshmi, R.; Raghothama, S.; Balaram].FAm. Chem.
Soc.2006 128 1125-1138.

structures with more than onesheet domain.

o y Rs O ’
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cyclic modular B-sheets 1

These “cyclic modula-sheets” are 42-membered rings that
contain a pentapeptide in the “upper” strand, the amino acid
Had'! and twoa-amino acids in the “lower” strand, and two

o-linked ornithine3-turn mimics!® Hao is a relatively rigid

ripeptide S-strand mimic that serves as a template for the
olding of the upper strand and blocks the lower strand to
minimize edge-to-edge aggregatii®The twoo-amino acids

in the lower strand permit tuning the folding and solubility of

the cyclic modulag-sheets without changing the upper strand.
The twoo-linked ornithine ¢Orn) residues form hairpin turns
and have free-amino groups that serve as sites for linking the
cyclic modular-sheets>17” We developed ayclic S-sheet

model, because cyclization is known to confer conformational

stability to synthetic peptidg-hairpin$¢-8and to natural peptide
B-hairpins such as gramicidin 82° This paper describes the
synthesis and NMR structural studies of eight cyclic modular
pB-sheets and one linked cyclic modufassheet.

(7) Tsang, K. Y.; Diaz, H.; Graciani, N.; Kelly, J. W. Am. Chem. S04994
116, 3988-4005.

(8) (a) Chung, Y. J.; Christianson, L. A.; Stanger, H. E.; Powell, D. R.; Gellman,
S. H.J. Am. Chem. S0d.998 120, 10555-10556. (b) Huck, B. R.; Fisk,
J. D.; Gellman, S. HOrg. Lett.200Q 2, 2607-2610.

(9) (a) Nowick, J. S.; Smith, E. M.; Noronha, @. Org. Chem.1995 60,
7386-7387. (b) Nowick, J. S.; Cary, J. M.; Tsai, J. H.Am. Chem. Soc.
2001, 123 5176-5180.

(10) (a) Kemp, D. S.; Bowen, B. Rietrahedron Lett1988 29, 5077-5080.
(b) Kemp, D. S.; Bowen, B. RTetrahedron Lett1988 29, 5081-5082.
(c) Kemp, D. S.; Bowen, B. R.; Muendel, C. @. Org. Chem199Q 55,
4650-4657.

(11) (a) Nowick, J. S.; Chung, D. M.; Maitra, K.; Maitra, S.; Stigers, K. D.;
Sun, Y.J. Am. Chem. So@00Q 122 7654-7661. (b) Nowick, J. S.; Lam,
K. S.; Khasanova, T. V.; Kemnitzer, W. E.; Maitra, S.; Mee, H. T.; Liu,
R. J. Am. Chem. So@002 124, 4972-4973.

(12) (a) Phillips, S. T.; Rezac, M.; Abel, U.; Kossenjans, M.; Bartlett, PJ.A.
Am. Chem. Soc2002 124, 58-66. (b) Phillips, S. T.; Blasdel, L. K.;
Bartlett, P. A.J. Org. Chem2005 70, 1865-1871.

(13) Zeng, H.; Yang, X.; Flowers, R. A., Il; Gong, B. Am. Chem. So2002
124, 2903-2910.

(14) (a) Smith, A. B., lll; Keenan, T. P.; Holcomb, R. C.; Sprengeler, P. A,;

Guzman, M. C.; Wood, J. L.; Carroll, P. J.; HirschmannJRAmM. Chem.
Soc.1992 114, 10672-10674. (b) Smith, A. B., lll; Guzman, M. C.;
Sprengeler, P. A.; Keenan, T. P.; Holcomb, R. C.; Wood, J. L.; Carroll, P.
J.; Hirschmann, RJ. Am. Chem. S0d.994 116, 9947-9962.

(15) Nowick, J. S.; Brower, J. Ql. Am. Chem. So2003 125, 876-877.
(16) N-Methylation is another method for blocking the edges of peptide strands

and preventing aggregation. Doig, A. Ghem. Communl1997, 2153—
2154,

(17) A similar approach to linking cyclié-hairpins was described by Overhand

and coworkers, who linked gramicidin S peptides through 4-aminoproline
turn residues. Grotenbreg, G. M.; Witte, M. D.; van Hooft, P. A. V.;
Spalburg, E.; Reiss, P.; Noort, D.; de Neeling, A. J.; Koert, U.; van der
Marel, G. A.; Overkleeft, H. S.; Overhand, Nbrg. Biomol. Chem2005

3, 233-238.

(18) (a) Sph, J.; Stuart, F.; Jiang, L.; Robinson, J.Helv. Chim. Actal998

81, 1726-1738. (b) Syud, F. A.; Espinosa, J. F.; Gellman, S.JHAm.
Chem. Soc1999 121, 1157711578.

(19) Hull, S. E.; Karlsson, R.; Main, P.; Woolfson, M. M.; Dodson, ENature

1978 275 206-207.
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Chart 1 with Tyr-Lys in 1d to improve folding. The upper strands of
O R 4, O R y leandlf contain the pentapeptide sequences AlIAL and AllFL,
+H3N\)L )\ﬂ/ \)LN/H(N\)J\N/H(N‘CH respectively, which are modified versions of the3s s4
HoC H 0 R H o Bs H 5 éHz sequence. Cyclic modulg@rsheetsleand1f also contain Leu-
®0rn1 HQC:J o I B : CH, Sorn2 Lys in the lower strands.

2V~ -

N)Kr NJ\W N NH5*

N \H/\H \CELH 7]/\ 5
o o]

Hao

%rni- 1 - 2 - 3 - 4 - 5 -%0rn2-Hao- 6 - 7

la (TFA salt) Lys-Leu-Val-Phe-Phe Val-Glu
1b (TFA salt) Leu-Val-Phe-Phe-Ala Leu-Lys
le (TFA salt) Ala-Ile-Ile-Gly-Leu Leu-Lys
1d (TFA salt) Ala-Ile-Ile-Gly-Leu Tyr-Lys
le (TFA salt) Ala-Ile-Ile-Ala-Leu Leu-Lys
1f (TFA salt) Ala-Ile-Ile-Phe-Leu Leu-Lys
1lg (TFA salt) Ser-Leu-Ser-Val-Thr Ala-Thr
1h (TFA salt) Ser-Leu-Ser-Val-Thr Tyr-Thr
Results

1. Design.Pentapeptide sequences baseg-amyloid (43)%*
and macrophage inflammatory protein 2 (MIP2)ere incor-
porated into the upper strands of cyclic modiasheetsla—
1h (Chart 1). The upper strands @& and 1b each present

The upper strands of cyclic modulg@sheetslg and 1h
contain a relatively hydrophilic sequence from tfiesheet
dimerization interface of MIP-2 (SLSVT). The lower strand of
1g contains Ala-Thr, which in MIP-2 are the cross-strand
neighbors of the first two residues of the pentapeptide sequence.
The Ala-Thr sequence in the lower strandlaf was replaced
with Tyr-Thr in 1h to improve folding.

We prepared linked cyclic modul@rsheet2 to demonstrate
the potential of this system to generate multivalgrsheet
structures. Linked cyclic modulg-shee contains two mod-
ules derived frondb. The two®Orn B-turn mimics provide two
possible linkage sites on each cyclic modasheet. The two
modules of linked cyclic modulgf-sheet2 are connected at
the “left” °Orn (Orn1) by anN,N'-ethylenediaminediacetic acid
linker (HO,CCH,NHCH,CH,NHCH,CO,H). An initial version
of this linked cyclic modulap-sheet, which contained a 3,6-
dioxaoctanedioic acid linker (HGCH,OCH,CH,OCH,CO,H),

OppOSite edges of a hydrophobic sequence that p|ay3 a key ro|@XhibitEd poor SOlUbIllty in water. ThN,N'-ethylenediaminedi—

in the fibrilization of A3: lacontains A816-20 (KLVFF) and
1b contains A817-»1 (LVFFA).22 Selection of the two residues
for the lower strands ofa and1b was guided by observations
of cross-strand3-sheet pairings in various protei?s?®> The
initial selection of Leu-Val for positions 6 and 7 &b resulted

acetic acid linker was then chosen to solve this problem.

2. Synthesig® The cyclic modulap-sheets are conveniently
prepared by standard Fmoc solid-phase synthesis of the corre-
sponding linear peptides on 2-chlorotrityl chloride resin, fol-
lowed by solution-phase cyclizati@A.The initial step of the

in poor solubility in water; the sequence was subsequently synthesis involves loading commercially available B@xrn-

changed to Leu-Lys to improve the solubility.

The upper strands dfc and1d both contain a hydrophobic
sequence from an alternate region ¢f, AB30-34 (AIIGL). The
Leu-Lys sequence that was suitable for the lower strantbof
was also included in the lower strand bé but was replaced

H Baa O H Brhe O Bleu O

N
o wm*r rNJ\r b
H,e O
1 z z
HoC ﬁ O H O RLm’H O ?Hz
+H3N/HVN‘H N\[HJ\N/H‘/N; N,CHZ
o My o " 0 Ay
Me

(Fmoc)-OH onto 2-chlorotrityl chloride resin (Scheme 1).
Amino acids are added to the growing peptide by removing
the terminal Fmoc group with piperidine and then adding a
solution of the Fmoc-protected amino acid and the coupling
reagents HCTE& andN,N-diisopropylethylamine (DIEA). Most

Blieupy O Reneyy Raia
/\H,N\)L )\r( N A J\ff )\lf CH
0 H c '? O FAva? Rphe-

IO

Eaesaave. s

Riys O

2 (TFA salt)

(20) For examples of other cyclic peptides inspired by gramicidin S, see: (a)

Ando, S.; Takiguchi, H.; Izumiya, NBull. Chem. Soc. Jpri983 56, 3781
3785. (b) Tamaki, M.; Takimoto, M.; Muramatsu,Bull. Chem. Soc. Jpn.
1988 61, 3925-3929. (c) Mihara, H.; Hayashida, J.; Hasegawa, H.; Ogawa,
H. I.; Fujimoto, T.; Nishino, NJ. Chem. Soc., Perkin Trank997, 2 517—
522. (d) Gibbs, A. C.; Kondejewski, L. H.; Gronwald, W.; Nip, A. M;
Hodges, R. S.; Sykes, B. D.; Wishart, D. ISat. Struct. Biol.1998 5,
284-288. (e) Gibbs, A. C.; Bjorndahl, T. C.; Hodges, R. S.; Wishart, D.
S.J. Am. Chem. So2002 124, 1203-1213.

(21) p-Amyloid is a 40- or 42-residue peptide that self-associates into fibrils
through -sheet interactions. For recent structural studieg-aimyloid,
see: (a) Petkova, A. T.; Ishii, Y.; Balbach, J. J.; Antzutkin, O. N.; Leapman,
R. D.; Delaglio, F.; Tycko, RProc. Natl. Acad. Sci. U.S.A2002 99,
16742-16747. (b) Shivaprasad, S.; Wetzel, Biochemistry2004 43,
15310-15317. (c) Linrs, T.; Ritter, C.; Adrian, M.; Riek-Loher, D.;
Bohrmann, B.; Dbeli, H.; Schubert, D.; Riek, RProc. Natl. Acad. Sci.
U.S.A.2005 102, 17342-17347. (d) Petkova, A. T.; Yau, W.-M.; Tycko,
R. Biochemistry2006 45, 498-512.

(22) MIP-2 forms a dimer containing a six-stranded antipargisheet. Shao,
W.; Jerva, L. F.; West, J.; Lolis, E.; Schweitzer, BBiochemistry1998
37, 8303-8313.

(23) Tjernberg, L. O.; Nslund, J.; Lindgvist, F.; Johansson, J.; KaflstroA.

R.; Thyberg, J.; Terenius, L.; Nordstedt,ZBiol. Chem1996 271, 8545~
8548.

2550 J. AM. CHEM. SOC. = VOL. 129, NO. 9, 2007

(24) For statistical studies of the frequency of amino acids-gheets, see: (a)

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

P. Y.; Fasman, G. DBiochemistryl974 13, 222-245.

For statistical studies of side-chain pairinggisheets, see: (a) Lifson,

S.; Sander, CJ. Mol. Biol. 1980 139, 627—-639. (b) Smith, C. K.; Regan,

L. Sciencel995 270, 980-982. (c) Wouters, M. A.; Curmi, P. M. G.

Proteins: Struct., Funct., Genet995 22, 119-131. (d) Hutchinson, E.

G.; Sessions, R. B.; Thornton, J. M.; Woolfson, D.Rotein Sci.1998

7, 2287-2300. (e) Mandel-Gutfreund, Y.; Zaremba, S. M.; Gregoret, L.

M. J. Mol. Biol. 2001, 305 1145-1159.

Most of the standard peptide synthesis procedures described in this paper

were obtained from the “Peptide Synthesis Protocols” section of the

Novabiochem catalog, which is an excellent guide for peptide synthesis.

We have also prepared cyclic modyfasheetsl with Ellman’s alkylsul-

fonamide “safety-catch” resin, which permits simultaneous cyclization and

cleavage from the resin: (a) Backes, B. J.; Ellman, JJAOrg. Chem.

1999 64, 2322-2330. (b) Yang, L.; Morriello, GTetrahedron Lett1999

40, 8197-8200.

(28) Marder, O.; Shvo, Y.; Albericio, FChim. Oggi2002 20, 37—40.

(29) The Fmoc* (2,7-dtert-butyl-9-fluorenylmethoxycarbonyl) group was
developed as a base-labile protecting group that imparts sufficient solubility
to Hao and its precursors in organic solvents. Stigers, K. D.; Koutroulis,
M. R.; Chung, D. M.; Nowick, J. SJ. Org. Chem200Q 65, 3858-3860.

(30) Carpino, L. A.; EI-Faham, AJ. Org. Chem1994 59, 695-698.

(25

-

(26

=

(27

~
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Scheme 1 100
2-chlorotrityl chloride polystyrene resin
1. Boc-Orn(Fmoc)-OH, DIEA, CHoClo E a
2. repeated deprotection and amino acid coupling c
3. ACOH/CH,Clo/MeOH (5:4:1) < >
8 3
50 =
B 4 O RBs y O BRs n Sl 1 p o
NI n N. & o
HoN v N <" N CHy 2 xR
o R H o A H 0 om 2
o O § B O § O | CH ©
HOJ\/\/\N)K{N\H/\NJKH/N NN o c
NHBoc M R, 0 H 0 Ho0o 0
Do 00 25 50 75 100
minutes
HCTU (4 equiv), DIEA (8 equiv) Figure 1. Analytical HPLC traces of (a) the linear protected peptide
DMF intermediate in the synthesis &g, (b) unpurified cyclic modulap-sheet
1g, and (c) purified cyclic modulgs-sheetlg. Conditions: Alltech Alltima

Rocket C18 column (53 mmx 4.5 mm), gradient of 1690% CHCN in

O Rl 4 O B H O Rs t c
BocHN. I\ N N N HO with 0.1% TFA.
H N Y N Y N cleZ
c H o m B 0o AR H 0

Hz(i; C C (l;H2 100
HC O G Rs O G o i CHp L
HgC\N)KrN\n/\N)kWN NN B = I
H R, 0 H 0o o,H 0 : a) L
Me & L 5
1. TFA/triisopropylsilane/H,0 (95:2.5:2.5) 3 50 :E’
2. RP-HPLC purification S b | )
% Lo
(0] R1 H o} Rg H o} R5 H o]
o L
+
v A AN KN AN, ) _
HG Moo R B o R P O oM, 0
~ ~ T

Figure 2. Analytical HPLC traces of(a) purified intermediated, (b)

unpurified linked cyclic modulap-sheet2, and (c) purified linked cyclic
1 (TFA salt) modular3-sheet2. Conditions: Alltech Alltima Rocket C18 column (53

mm x 4.5 mm), gradient of 1090% CHCN in H,O with 0.1% TFA.

HC Q@ /B Q A Q@ A CH 00 25 50 75 100
HQC\N)H/N\H/\N)H]/N N'N\H/\NH3+ minutes
H R, 0o H o o"H o}
Me

coupling reactions are completed within 30 min. The coupling ) ) ]
of Fmoc*—Hao—OH1229%s sluggish and is incomplete even the TFA salt (Figure 1c). A 1525% yield, based on the loading

after several hours when HCTU and DIEA are used as the ©f the resin with Boe-Orn(Fmoc)-OH, is typically obtained;
coupling reagents. The reaction proceeds cleanly -6 4, a 0.1 mmol scale synthesis typically affords-2ZD mg of the
however, when 2,4,6-collidine is used in place of DIEPA. purified cyclic modularj-sheet. _
After the coupling of the final amino acid, the terminal Fmoc _ Linked cyclic modulars-sheets age prepaged by connecting
group is removed and the linear protected peptide is cleavedindividual modules at one of t©rn (Om1 or°Orn2)a-amino
from the resin by treatment with 50% acetic acid and 10% 9rOUPS Wlth.a dicarboxylic acid linker. T.he tv@@rn reS|dues.
methanol in methylene chloride. Any residual acetic acid is " €ach cyclic modulaf-sheet must be differentiated, and this
removed by repeated rotary evaporation with hexanes, which differentiation can be ac;ompllshed with the Cbz_protectmg
forms an azeotrope with acetic acid. This important step 9roup. Commercially available CbOrn(Fmoc)-OH is used
eliminates the potential of capping the linear protected peptide INStéad of Boe-Orn(Fmoc)-OH at the turn position that serves
with acetic acid instead of cyclization. Analytical HPLC @S the linkage site. The Cbz protecting group is removed by
typically shows that the linear protected peptide is relatively Catalytic hydrogenation, which leaves the Boc protecting group
clean; the HPLC trace of the linear protected peptide intermedi- ©n the otherOrn a-amino group intact. o
ate in the synthesis dfg is representative (Figure 1a). The synth_eS|s of linked cyclic modglﬁrshe_elZ begins with
The cyclization reaction occurs cleanly with HCTU and DIEA  the synthesis of fully protected cyclic peptie(Scheme 2).
in dilute (ca. 0.5 mM) DMF solution. Since ti@terminus of ~ Catalytic hydrogenation o8 with palladium on carbon selec-
the protected linear peptide containsceamino acid carbamate ~ tively removes the Cbz protecting group. The resulting Boc-
(BocNH—CHR—COOH), rather than an-amino acid amide protected intermediaté is purified by reversed-phase HPLC
(RCONH-CHR—COOH), epimerization during this reaction  (Figure 2a). Coupling o# to the Boc-protectedl,N'-ethylene-
is not expected. Treatment of the cyclic intermediate with diaminediacetic acid linké¥in a 1.0:0.4 molar ratio, with HCTU
trifluoroacetic acid (TFA) removes the acid-labile protecting 2nd DIEA, yields linked intermediaté as a relatively clean

groups (Figure 1b), and purification of _the deprotected peptide (31) McMurry, T. J.; Brechbiel, M.; Kumar, K.; Gansow, O. Bioconjugate
by reversed-phase HPLC affords cyclic modyfasheetl as Chem.1992 3, 108-117.
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Scheme 2 Chart 2
°"Z“WL )\w JL J\m JL J\m o *”3”\* )\[f JL )ﬁr \)L )\rr o
3 )
HZC Ornl H C CH Orn2
\nA \n/\NHBoc HaC- J\ HQN\H/\NH .
3
(0]
Ac-%rni- 1 - 2 - 3 - 4 - 5 -%orn2-NH,
Ho, 10% Pd/C 6a (TFA salt) Lys-Leu-Val-Phe-Phe
THF/MeOH (1:1) 6b (TFA salt) Leu-Val-Phe-Phe-Ala
6c (TFA salt) Ala-Ile-Ile-Gly-Leu
6e (TFA salt) Ala-Ile-Ile-Ala-Leu
HoN 6f (TFA salt) Ala-Ile-Ile-Phe-Leu
2 \)L )\[f \)L )ﬁf \)J\ )\[( CH2 6g (TFA salt) Ser-Leu-Ser-Val-Thr

: : 5 CH2
H2C\N)KrNT(\N)HrN\©5L \n/\NHBoc
(6]

|
M N~ OH .
HO N/\Ir (0.4 equiv)
Boc O
HCTU (1.6 equiv), DIEA (3.2 equiv), DMF

NJLJWJJWJLJ\W
*mﬁ)ﬁrj@fk e

2 (TFA salt)

l 1. TFA/triisopropylsilane/Ho0O (95:2.5:2.5)

product. Treatment ob with TFA removes the acid-labile

Table 1. o-Proton Chemical Shifts (ppm) of the Cyclic Modular
f-Sheets and Linear Controls?

position
1 2 3 4 5 6 7

la 4.67 4.32 4.26 4.78 4.60 4.16 4.60
1b 4.65 4.41 4.98 4.60 4.37 4.83 4.54
1c 4.42 4.14 4.09 3.94 4.32 4.43 4.25
1d 4.47 4.18 4.27 3.93 4.36 4.63 4.27
le 4.45 411 4.28 4.35 4.12 4.43 4.29
1f 4.55 4.08 4.38 4.74 4.42 4.38 4.49
19 4.53 4.38 4.53 4.26 4.26 4.58 4.26
1h 4.59 4.06 4.64 4.40 4.27 4.70 4.22
2 4.61 4.47 5.04 4.61 4.42 4.92 4.58
6a 4.33 4.35 4.06 4.59 440 - -
6b 4.41 4.04 4.57 4.52 407 - -
6C 4.39 4.13 4.16 3.93 424 - -
6e 4.38 4.12 4.13 4.31 421 - -
6f 4.38 4.06 4.14 4.62 421 - -
69 4.54 4.41 4.47 4.22 419 - -

2500 or 600 MHz data were collected on 2 mM solutions isODat
6 °C. Data forla—1f and 6a—6f were collected in a buffer of 50 mM
CDsCOOD and 50 mM CBCOONa; data forlg, 1h, 2, and 6g were
collected in pure BO.32

%0rn o-proton magnetic anisotropy, and NOE cross-peaks
establishes well-foldefl-sheet structures fdra, 1b, 1f, and2;
moderately folde@3-sheet structures fotd, 1e andlh; and
poorly foldedf-sheet structures fdkc and 1g.

The'H NMR spectra of cyclic modulg#-sheetsla—1h show
peaks that are well dispersed and sharp (line widths-€4.12z);
theH NMR spectrum of linked cyclic moduld-sheet2 shows
peaks that are also well dispersed but slightly broader (line width

protecting groups (Figure 2b). Purification by reversed-phase ca. 5 Hz)3 The spectrum ofain D-O, shown in Figure 3, is

HPLC affords linked cyclic modulgs-sheet? as the TFA salt.
The synthesis o2 from 2-chlorotrityl chloride resin and Cbz
Orn(Fmoc)-OH proceeded in 9% overall yield; a 0.2 mmol
scale synthesis afforded 24 mg af

3. 1H NMR Structural Studies. 'H NMR studies (1D, 2D
TOCSY, and 2D ROESY) of cyclic modulgi-sheetsl and
linked cyclic modulap-sheet? in aqueous solutions (@ and
H,O/D,0 mixtures) establish the-sheet folding and reveal the
extent of folding®? Analysis of thea-proton chemical shifts,

(32) ™H NMR studies in HO/D,0 mixtures (typically 9:1) with water suppression
permit observation of amide resonances, which are not observegdn D
All resonances were assigned by TOCSY and ROESY studtiesIMR
studies were conducted at 5 or°€ to minimize overlap of the HOD
resonance with the-proton resonances. All cyclic modul@ssheets except
1g, 1h, and2 were studied in a buffer of 50 mM GBOOD and 50 mM
CDsCOONa. Cyclic modularﬁ-sheetslg, 1h, and 2 showed signs of
extensive aggregation (highly viscous solutions and very btbablMR

representative of the spectra dih—1h. Peaks corresponding
to a minor (4%) species are present in the spectrumapf
suggesting the occurrence of an alternate conformation. Minor
peaks also occur in the spectra 4f—1h and 2. The minor
peaks are most intenseld and1f (10%). ROESY experiments
on 1f at 50°C show chemical exchange cross-peaks (EXSY)
that confirm that the minor peaks originate from slow exchange
with an alternate conformatiot.

a. a-Proton Chemical Shifts. The chemical shifts of the
o-protons of peptides if-sheets are generally downfield of
those in unstructured “random coil” environmepitsLinear

(33) TheH NMR spectra of the cyclic modulgi-sheets were referenced to
thecationicinternal standard DSA, which is less prone to association with
cationic peptides than the populamionicinternal standard DSS. Nowick,
J. S.; Khakshoor, O.; Hashemzadeh, M.; Brower, JO@}. Lett.2003 5,
3511-3513.

resonances) in the buffered solutions; these compounds were therefore(34) This alternate conformation may involveig-amide linkage between the

studied without buffer.
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Orn §-protons,
a-protons, Phe p-protons
Hao and Phe aromatic ring protons Hao OMe protons Lys e-protons other aliphatic protons
Hao
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Figure 3. 600 MHzH NMR spectrum 6a 2 mM solution oflain D,O with 50 mM CD;CO,D and 50 mM CRCO;Na at 6°C .33 Peaks marked with an
asterisk (*) likely correspond to an alternate conformation.

tured. Table 1 lists thex-proton chemical shifts of cyclic

1c
o Ll R modularS-sheetsla—1h, linked cyclic modulap-sheet?, and
g02 = R control peptidesa—6g.
g g olm O Comparison of the che_m|cal shifts of the-protons _of
z T eomesaees peptidesl and2 to those of linear control8 reflects the folding
Rt e i of the cyclic modulags-sheets. Figure 4 illustrates the)H,
el el el values for the pentapeptide strandd af-1h and2, whereAdH,
Kilz V3 Fa Fs b1 Va s Fa s Al Lt corresponds to the difference between the chemical shifts of
N oalle ] L I— the a-protons of the cyclic modulag-sheets and the linear
____________________________________________ controls. PositiveAdH,, values provide evidence that the cyclic
‘é‘02 --------------- ,E,,0.2 --------------- =0212--- - modularS-sheets are folded. Th&&dH,, values of four or five
E 1 B | g 18 = of the a-protons in the upper strands b4, 1b, 1d, 1f, and1h
I DR £ i B I, S ESET, are positive, suggesting at least pariabheet folding. The
2021 F020 e F024- oo AdH, values are largest fdra, 1b, and1f, suggesting that these
gal oal ] P cyclic modulars-sheets are the best folded in the series. Linked
Ay lrzesiléufd Ls Ay lfesiléu?" Ls Ay lrzesiléu:" Ls cyclic modulars-sheet2, which contains two modules derived
from 1b, showsAdH, values that are only slightly different
] | than those oflb, suggesting that the folding of each module of
202 2 is similar to that oflb.
g The AdH,, values are smaller fatd and1h, suggesting that
< ] these cyclic modulaf-sheets are not as strongly foldedlas
02 mmennnens 1b, and1f. A strongly negative £0.35 ppm)AdH, value for
T residue 2 ofLth may result from the magnetic anisotropy of the

TS L SV Ts

Figure 4. AJ0Hy [0Hq(cyclic modular 5-sheet)— dHg(linear control)]

residue

4
S1la2 S3Vy Ts
residue

4
Ly V, F3 Fy Ag

residue

values for the upper strands of the cyclic modidasheets.

tyrosine aromatic side chain at position 6, the cross-strand
neighbor of residue 2. The&\oH, values of at least two
o-protons oflc, 1le and1g are essentially zero or slightly
negative, and most of the othAH, values are only slightly
positive. These data suggest thatle andlgare poorly folded.

control peptide$a—6g serve as references for the random caoill
conformations of the cyclic modul@-sheets (Chart 2f Each i )
of these linear control peptides contains #@m residues and ~ SPectra ofla—1f and 1h show magnetic anisotropy between
one of the six different pentapeptide sequenceslaf1h. the diastereotopipro-R 0-proton (Hr) andpro-So-proton (Hs)

ROESY studies of the control peptides show no long-range NOE fésonances of botHOm residues (Figures 5 and 6). The

cross-peaks, suggesting that these peptldes are Iargely unStrlJC(_36) Random coil reference peptides such as these help to account for the effects

of specific neighboring residues an-proton chemical shifts. For other
examples of reference peptides for the unfolded state of a pgptidépin,
see ref 6b and Butterfield, S. M.; Waters, M.L.Am. Chem. So@003
125 9580-9581.

b. %0rn é-Proton Magnetic Anisotropy. The H NMR

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

J. AM. CHEM. SOC. = VOL. 129, NO. 9, 2007 2553



ARTICLES

Woads et al.

0.8

mOrn1 OOrn2
0.7

064
054

£ 04

[N
034
0.2

0.1+

0
1b 1d 1f

Figure 5. Magnetic anisotropy between the diastereotopiproton
resonances of eadlOrn residue in the cyclic modulat-sheets.
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Figure 6. Expansions of the 600 MHH NMR spectra of 2 mM solutions
of 6b, 1e, and1f in D,O at 6°C showing the’Orn -proton resonances.
Assignments of the diastereotogieproton resonances dfe are tentative

and are based on an analogy with

3.6

magnitude of the magnetic anisotropy (0-1¥62 ppm) suggests
the®Orn residues to be moderately or well folded and provides
a measure of the folded populations. In contrast,dtpeotons
of control peptidessa—6f show <0.01 ppm magnetic aniso-
tropy, and those obg show 0.01 and 0.05 ppm magnetic
anisotropy (Figure 6). Previous and ongoing studies in our
laboratories strongly suggest that roughly 0.6 ppm is the
maximum magnetic anisotropy é0rn d-protons in aqueous
solution when the’Orn has an unacylated-amino group*’
These studies involve three different systems: a cytlheet
peptide related to those studied by Gellm&ryclic modular
f-sheetdla—1h and other cyclic modulgs-sheets in this family,
and a family of larger macrocyclic modgtsheets8

ThelH NMR spectra of cyclic modulas-sheetsla, 1b, and1f
show large’Orn 6-proton magnetic anisotropy (0.48.62 ppm),
demonstrating these turns to be well folded (Figure 5). The
spectrum of linked cyclic modulgs-sheet2 shows 0.72 ppm

(37) A different class of3-hairpin mimics that contain ¢Orn turn unit that is
acylated at the’Orn o-amino group shows'Orn d-proton magnetic
anisotropy of up to 1.3 ppm in chloroform solution (ref 11b). The larger
separation of theOrn o-proton resonances is partially an effect of the
anisotropy of théOrn a-amido carbonyl group on thi€rn pro-So-proton.

The large anisotropy may also reflect the formation of a more highly ordered
structure through stronger hydrogen bonding in a noncompetitive organic
solvent.

(38) Khakshoor, O.; Demeler, B.; Nowick, J. S. SubmittedJtoAm. Chem.
Soc.
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Hor
Figure 7. Model of a%0Orn B-turn mimic (Ac—°Orn—NHMe, global

minimum: MacroModel v7.0; AMBER* force field; GB/SA D solvent
model)!®> An arrow indicates the NOE between thgstind H,.

o-proton magnetic anisotropy féOrn1 and 0.52 ppm-proton
magnetic anisotropy fotOrn2, demonstrating that the turns in
2 are also well folded. The exceptionally large value for linked
°0rn1 in2 (0.72 ppm) likely arises from the magnetic anisotropy
of the carbonyl group of the amide linker that is attached to
%0rnl. The spectra ofc, 1d, 1e and1h show smallerOrn
d-proton magnetic anisotropy (0.£D.35 ppm), demonstrating
these turns to be moderately folded. The spectrudgathows
essentially nod-proton anisotropy in’Ornl (<0.01 ppm),
demonstrating this turn to be unfolded, and 0.13 ppm anisotropy
in °0rn2, demonstrating this turn to be slightly folded.

The 'H NMR spectra of the cyclic modulg#-sheets with
well-folded?Orn turns show characteristic coupling patterns of
the®Orn §-proton resonances that are consistent with the model
that our research group has previously proposed foP@ra
B-turn mimic (Figure 7> The IH NMR spectrum of cyclic
modular 5-sheetlf clearly illustrates these coupling patterns
(Figure 6). Each?Orn of 1f gives two diastereotopié-proton
resonances that are separated by ca. 0.5 ppm. The downfield
resonance (k) appears as a broad triplet, with a coupling
constant of ca. 13 Hz, while the upfield resonancgxfldppears
as a broad doublet with a coupling constant of 13 or 14 Hz.
The triplet of Hys results from two strong couplings, geminal
coupling with Hyr and vicinal coupling with F, which is in
an anti orientation. Coupling with }ld, which is in a gauche
orientation, is sufficiently weak that it only contributes to
broadening of the triplet. The doublet ofskiresults from one
strong coupling-geminal coupling with the k& Coupling with
the y-protons, which are both gauche, is sufficiently weak that
it only contributes to broadening or slight further splitting of
the doublet.

In contrast to the differentiatedOrn ¢-proton coupling
patterns of the well-foldedOrn turns, moderately and poorly
folded °Orn turns give coupling patterns that suggest an
ensemble of different conformations. The spectrum lef
illustrates these coupling patterns and shows a doublet of triplets
for each of the diastereotopic fesonances of eaéfrn residue
(Figure 6). These coupling patterns show edgiroton to have
a strong (ca. 13 Hz) coupling with the gemina) &hd a weaker
(ca. 6 Hz) coupling with each vicinal H

c. NOE Cross-PeaksNOEs between peptide strands are a
hallmark of3-sheets and reflect proximity between residues that
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Figure 8. Selected expansions of the ROESY spectraaf(a) 2 mM in

D,0 with 50 mM CD;CO,D and 50 mM CRCO;Na at 500 MHz and 8C

with a 200-ms spin lock time; (b) 2 mM in 9:1/D,0 with 50 mM

CDsCO,D and 50 mM CRCO:Na at 600 MHz and 6C with a 200-ms
spin lock time and gradient water suppression.
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Figure 9. Key NOEs shown in the ROESY spectra of cyclic modular

pB-sheetsla, 1b, 1d, 1e 1f, and1h in D2O.

Hs

Figure 10. Interstrand NH-NH and H,—NH NOEs in the 800 MHz
NOESY spectra oftaand/orlbin 9:1 H,O/D,O. The hydrazide NH groups
do not show up under these conditions and do not give NOEs.

Table 2. °Orn Turn and Interstrand NOEs in the Cyclic Modular

B-Sheets?

2464 4,-Haos  °0mls—ss  °0mMle—sr?  °0M24—ss  °0M24_sgr"
la strong  strong strong - strong -
1b strong  strong strong - strong -
lc weak - weak weak weak weak
1d strong  weak strong - strong -
le strong weak strong weak strong weak
1f  strong  strong strong weak strong weak
19 - weak - - weak -
lh strong  strong strong - strong -
2 strong  strong strong - strong -

aA dash () indicates that no NOE cross-peak was detect®&DEs
suggesting alternate turn conformations.

relatively weak 4—Haa; NOEs, suggesting that these cyclic
modularS-sheets are not as strongly foldedlss 1b, 1f, and

are otherwise remote in the unfolded peptide. The ROESY 1h. The spectrum ofi.c doef not show a#-Haos NOE and
spectra ofLaat 500 and 600 MHz show NOE cross-peaks that Only shows weak 2-6, and°Orn,-ss NOEs. The spectrum of

demonstrate this cyclic modulgi-sheet to be folded into a
pB-sheet-like conformation (Figure 8). Most importantly, these
spectra show strong long-range NOEs betweenotipeotons

of the leucine at position 2 and the valine at position £(&,)
and between the-proton of the phenylalanine at position 4
and aromatic proton 6 of Hao {4Haqgs). These NOEs are
associated with the characteristic short interstrang-H,
contacts in the non-hydrogen-bonded pairs wifhisheets and
are illustrated in Figure 9. The ROESY spectrd afalso show
strong NOEs between the-proton of each®Orn and the
correspondingpro-S é-proton (Orn,—ss), demonstrating the
folding of the®Orn turns (Figure 8). These NOEs agree with
the model of 20rn B-turn mimic (Figure 7), in which only the
Hss is near the K, and are also illustrated in Figure 9.

The 600 MHz ROESY spectra db, 1f, and1h also show
strong 2—64, 4,—Haaos, and’0rn,—ss NOES, suggesting these
cyclic modular g-sheets to also be folded in{®-sheet-like
conformations. The spectrum of linked compo@also shows

these NOEs, suggesting both modules to be folded. The spectr

of 1d and l1e show strong 2—6, and °Orn,—ss NOEs but

1g does not show 2-6, or °0Ornl,_ss NOEs and only shows
weak 4,—Haqgs and®0rn2,—ss NOEs. The absence of key NOEs
in each of these compounds suggests ilcaind1g are poorly
folded. Table 2 summarizes these key NOEs for cyclic modular
fB-sheetsla—1h and 2.

800 MHz NOESY spectra ofa and 1b show interstrand
NH—NH and H,—NH NOEs that further demonstrategfesheet
structure for these compounds. Figure 10 summarizes these data.
These NOEs were largely not seen in the 500 or 600 MHz
ROESY spectra ola, 1b, or any of the other cyclic modular

p-sheets. The weakness or absence of these NOE cross-peaks

may reflect the lower sensitivity of the 500 or 600 MHz ROESY
experiments and the longer distances associated with NHI
and H,—NH NOEs in-sheets (ca. 3.2 or 3.3 Avs ca. 2.3 A
for interstrand H—H%9).

Several of the cyclic modulag-sheets show NOEs that
suggest a rapid equilibrium with alternate conformations. For
example, a weak4-Haa, NOE occurs in the 600 MHz ROESY

6{39) Withrich, K.NMR of Proteins and Nucleic Acigé/iley: New York, 1986;

pp 125-129.
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Table 3. Diffusion Coefficients of the Cyclic Modular 5-Sheets? 14
MW D (cm?s) 12 -

gramicidin S 1140 12.940.5) x 1077

la 1327 10.740.3) x 1077 = 10 1

1b 1283 11.940.7)x 1077 =

1c 1172 12.940.8) x 1077 = 87

1d 1222 12.040.2) x 1077 T

le 1186 12.240.3)x 1077 8 87

1f 1263 11.440.3)x 1077 o 4

1g 1123 12.840.3)x 1077

1h 1214 12.440.5)x 1077 2

2 2705 7.2¢0.1)x 1077

OI T T T T T T T 17 T T T T T T T1T7T1]
aThe diffusion coefficients were measured by 800 MHz PFG NMR 0.1 1.0 10.0

diffusion experiments at 6C in D,O.*! The concentrations dfa—1h and concentration (m)
2 were 2 mM; the concentration of gramicidin S was 1.1 mM. Data for _. e - . .
1a—1f were collected in a buffer of 50 mM GBOOD and 50 mM Figure 11. Diffusion coefficient oflaas a function of concentration. The

CDsCOONa; data for gramicidin Sig, 1h, and2 were collected in pure diﬁusi_on coefficien_t was r_neasured by 800 MHz PFG NMR diffusion
D-O. Each value represents an average measured for multiple resonancesgxperiments at 8C in DO in a buffer of 50 mM CRCOOD and 50 mM

Uncertainties £ values) are the standard deviations of these measurements, CDsCOONa®* Each value represents an average measured for three
resonances. Error bars are the standard deviations of these measurements.

Table 4. Folding of Cyclic Modular 3-Sheets 1

spectrum ofla, suggesting an alternate rotamer involving Hao
(Figure 8b). WeakOrn,—_sr cross-peaks occur in the 600 MHz 1a
ROESY spectra oflc, 1¢ and 1f, suggesting alternate turn
conformations (Table 2). A few weak NOE cross-peaks occur
in the 800 MHz NOESY spectrum ofa, also suggesting 1d
alternate conformations.

While the °0Orn turn and interstrand NOE cross-peaks
demonstrate folding of the cyclic moduléssheetsintrastrand
NOE cross-peaks are consistent with extendgest{and)
conformations of the peptide strands. The 600 MHz ROESY
spectrum oflain 9:1 H,O/D,O shows strong interresidue,H
NH(i,i + 1) NOE cross-peaks and weak intraresidye-NH-

(i,i) NOE cross-peaks (Figure 8b). It should be noted that this
pattern of strong interresidue NOEs and weak intraresidue NOEstionS Consistent with these trends, & NMR peak widths

does not rigorously distinguisb-sheet structures from ngf+- ) o
sheet structures. This pattern occurs in all of the cyclic modular _Of lado nqt Increase significantly from 0.1 mM to 2.0 mM but
: . increase significantly from 2.0 mM to 10 mM. THel NMR

p-sheets and in control peptidés hemical shifts do not change significantly from 0.1 mM t

4. PFG NMR Diffusion Studies.Pulsed-field gradient (PFG) ioem&a Ssu Zstion oth;t "’;Olgd?ns 9 doef;ano% d‘; o Se?f_
NMR diffusion studies provide insight into the molecular Vi, SUQg 9 9 P
weights and association states of molecules in the same sampIgSSOC'atlon'

The diffusion coefficients ofla—1h at 2.0 mM range from

and under the same conditions as NMR structural std8lREG
10.7 ¢=0.3) x 1077 cnmé/s to 12.9 £0.8) x 1077 cn¥/s and, as

NMR diffusion studies are based on the attenuation of the NMR . . . .
expected, generally increase with decreasing molecular weight

signal that occurs when opposie@xis magnetic field gradient S
: : ; : : . (Table 3). These values are comparable to that of gramicidin S
pulses are applied with an intervening delay. This attenuation (12.9 (£0.5) x 10°7 cnls), a monomeric cyclic peptide with

results from molecular diffusion and permits the calculation of . ;
a molecular weight close to that of the cyclic modyfasheets,

the diffusion coefficient ©). PFG NMR diffusion studies of which was used as a reference. The similarities of the diffusion
cyclic modulars-sheetsla—1h show little or n If-association - : -
yclic modular-shee © © orno sef-associatio coefficients oflb—1h to those of gramicidin S antla suggest

at the 2 mM concentration used for structural studies. . S
little or no self-association of these compounds at 2 mM.

The diffusion coefficients of cyclic modula#-sheetsla— e . - . .
The diffusion coefficient of linked cyclic modula-sheet2
1h and2 were measured at 2.0 mM (Table 3), and thai af ) . .
W . ( ) 7.2 ¢:0.1) x 10-7 cr?/s at 2.0 mM (Table 3). This value is

was also measured at 0.1, 0.33, 1.0, 3.3, and 10 mM to asses® .
the effects of concentration (Figure 11). The diffusion coefficient Substantially onver than that O.f the Tonovalent homologe
of 1ashows little or no decrease from 0.1 mM to 1.0 mM (from as expected with the larger size 2f

11.9 (:i:ll) x 1077 cm?/s to 11.2 6:04) x 1077 ch12/$). It Discussion

decreases slightly at 2.0 mM (10£@.3) x 107 cn?/s), more ) N i
at 3.3 mM (10.0 £0.1) x 107 cn®/s), and substantially at Collectively, thetH NMR structural studies show thds,

1b, 1f, and2 adopt well-folded3-sheet conformationg;d, 1e
10 mM (7.7 &0.2 1077 cn?/s). These changes suggest
( (0.2) x ) g 9 and1h adopt moderately foldefi-sheet conformations; arict

cyclo(®*Orn-K-L-v-F-F-Hao-v-E-°Orn) well folded
cyclo(®*0rn-L-v-F-F-A-Hao-L-K-*Orn) well folded
cyclo(®0rn-A-1-1-G-L-Hao-L-K-*0Orn) poorly folded
cyclo(®*0rn-A-1-1-G-L-Hao-Y-K-*0rn) moderately folded
cyclo(®*0rn-A-1-1-A-L-Hao-L-K-*0rn) moderately folded
1If  cyclo(®Orn-a-I-1-F-L-Hao-L-K-*Orn) well folded
cyclo(®0rn-s-L-8-v-T-Hao-A-T-°0rn) poorly folded
1h cyclo(*0Orn-s-L-s-v-T-Hao-Y-T-°*0Orn) moderately folded

significant self-association at 10 mM, slight self-association at
2.0 mM, and no significant self-association at lower concentra-

(40) (a) Gibbs, S. J.; Johnson, C. S.,drMagn. Reson1991, 93, 395-402.

(b) Altieri, A. S.; Hinton, D. P.; Byrd, R. AJ. Am. Chem. S0d995 117, (42) The diffusion coefficient o2 is slightly lower than would be expected for

7566-7567. (c) Yao, S.; Howlett, G. J.; Norton, R. &. Biomol. NMR a simple dimer ofLlb and may reflect some minor additional self-association.

200Q 16, 109-119. (d) Cohen, Y.; Avram, L.; Frish, LAngew. Chem., For discussions of the relationship between diffusion coefficients and

Int. Ed. 2005 44, 520-554. molecular weight, see: (a) Teller, D. C.; Swanson, E.; DeHaeNethods
(41) The sLED pulse sequence was used in the PFG NMR diffusion studies of Enzymol1979 61, 103-124. (b) Polson, AJ. Phys. Colloid Chenl95Q

the cyclic modulaiB-sheets (ref 40b). 54, 649-652.
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and 1g adopt poorly folded3-sheet conformations (Table 4).
The well-folded cyclic modulapB-sheets show largédH,,
values for four or fiveo-protons in the pentapeptide strand,

structures with poor water solubility. This is a potential problem
for cyclic modular3-sheets that contain hydrophobic pentapep-
tide sequences, such as those fieramyloid. This problem is

%0rn o-proton magnetic anisotropy of at least 0.45 ppm, and illustrated by the homologue db that we first prepared, which
strong key NOE cross-peaks (Figure 9). The moderately folded contained Val-Leu in the lower strand. The compound had poor

cyclic modularj-sheets also demonstratefesheet structure
but have smallendH, values, more moderat®©rn §-proton

solubility (<0.5 mM) in water, and no studies of the structure
of this compound were attempted. Replacement of the valine

magnetic anisotropy, and weaker NOE cross-peaks, whichin the lower strand with lysine substantially increased the

suggests that the population of tfiesheet structure is lower.
The poorly folded cyclic modulgf-sheets show two or more
negative or essentially zeryoH, values, moderate or small
%0rn §-proton magnetic anisotropy, and only three or fewer of
the four key NOEs in Figure 9. Although portions of the poorly
folded cyclic modulai3-sheets may be folded, the population
of the 3-sheet structure is low and the folding is incomplete.
The spectra of divalent cyclic moduld-sheet2, which

contains two modules derived frofirb, show that the folding

of the modules is comparable to that db. This result is
significant, because it shows that acylation 6€an turn residue
does not disrupt the folding of a cyclic modulgssheet. This
finding is similar to that of Waters and Cooper, who showed

solubility.

IH NMR studies ofla, 1b, and1f suggest that pentapeptide
sequences that allow cross-strand aromadiomatic interac-
tions involving the Hao aromatic ring result in the best-folded
cyclic modular B-sheet$647 The three monovalent cyclic
modularg-sheets in this paper that are well folded each contain
at least one phenylalanine residue across from Hao. The
phenylalanine side chains at position 4 of the well-folded cyclic
modularS-sheetsla, 1b, and1f can participate in aromatic
aromatic interactions with the Hao aromatic ring, and the spectra
of these compounds suggest that such interactions do occur.
The spectra ofLa show ortho-proton resonances of the side
chain of the phenylalanine at position 4 that are strongly upfield

that modification of the side chain of an asparagine turn residue by ca. 0.5 ppm of those in contréh. The spectra ofb and 1f

caused little change in the folding offahairpin peptide!3 We
have now prepared several other linked cyclic modgiaheets
that are linked at either of the twiDrn residues. In all cases
the folding of the linked compounds is comparable to that of
the monovalent homologues.

Varying the two o-amino acids in the lower strand can
enhance the folding of a cyclic modulg+sheet without altering

also show ca. 0.5 ppm upfield shifting of tlwtho-proton
resonances of the phenylalanine at position 4 relative to the
respective controls. ROESY studieslaf 1b, and1f show NOE
cross-peaks between the phenylalanine aromatic rings and the
Hao aromatic ring, further suggesting cross-strand interac-
tions#8

Cyclic modular 3-sheetslc, le and 1f demonstrate the

the sequence of the upper pentapeptide strand. The developmerfositive effect that a phenylalanine at position 4 can have on

of homologues of.c and1gwith enhanced folding demonstrates
how tuning the lower strand can improfiesheet folding. Cyclic
modularf-sheetlg contains sequences from MIP-2 in the upper
and lower strands. AftetH NMR studies oflg showed poor
folding, we attempted to increase the folding by incorporating

folding. These compounds are identical except for the residues
at position 4: 1c contains glycinele contains alanine, antff
contains phenylalanine. Compoutd is poorly folded,1e is
moderately folded, andf is well folded.

residues into the lower strand that would allow for greater cross- Conclusions

strand hydrophobic interactions. Our initial changelt of
replacing the alanine of position 6 with valine resulted in slightly
improvedf-sheet folding. Our second change of incorporating
tyrosine into position 6 resulted in greater improvement in
folding and gave moderately folded cyclic modybasheetlh.
Insight from the design olh led to improvements to poorly
folded 1c. Replacement of the leucine at position 6lafwith
tyrosine resulted in moderately foldéd.

Combination of the Hao amino agiistrand mimic with two
%0rn -turn mimics andx-amino acids results in cyclic modular
pB-sheets that present pentapeptjtistrands along one edge.
The linear peptide precursors are quickly and easily synthesized
by standard Fmoc solid-phase chemistry, cyclization is clean
and efficient, and the resulting cyclic modufasheets are easily
purified. The o-amino groups of the’Orn residues provide
attractive sites for linking individual cyclic modulgksheets.

Tuning of the lower strand was also necessary to prepare ageyeral cyclic modulas-sheets have been prepared that show

cyclic modulars-sheet related to the huntingtin protein associ-

clear evidenced-proton chemical shifts)Orn d-proton mag-

ated with Huntington’s disease and containing five glutamine pqtic anisotropy, and NOE cross-peaks) of being folded into a

residues in the upper straftf®> We initially selected two
arginine residues for the lower strand to enhance solubttity.
NMR studies on this compound showed essentially’@on
o-proton magnetic anisotropy<0.01 ppm) and no detectable

NOE cross-peaks, thus indicating the compound to be com-

pletely without any3-sheet-like structure. Attempts at improving
the folding by replacing the arginines in the lower strand with

hydrophobic residues eventually resulted in an analogue that is

moderately folded.
While some of our initial cyclic modulgs-sheet designs have

resulted in poorly folded structures, some others resulted in

(43) Cooper, W. J.; Waters, M. lOrg. Lett.2005 7, 3825-3828.
(44) Castellanos, E.; Nowick, J. S. Unpublished results.
(45) Macdonald, M. E., et alCell 1993 72, 971-983.

p-sheet-like conformation. A linked cyclic modul@ssheet also
shows evidence of being folded. PFG NMR diffusion studies
demonstrate that little or no self-association occurs in the cyclic
modularS-sheets at low millimolar£2 mM) concentrations.

The potential for improving the folding of cyclic modular
[B-sheets by tuning the lower strand is a powerful feature that
expands the number of sequences that can be placed in the top

(46) Other studies have demonstrated the importance of aronsatimatic
interactions ing-hairpin stability. For examples, see ref 6a, d, and k.

(47) A study by Nowick and coworkers suggests that aromatic interactions are
not important inintermoleculars-sheet interactions. Chung, D. M.; Dou,
Y.; Baldi, P.; Nowick, J. SJ. Am. Chem. So005 127, 9998-9999.

(48) The interaction between the phenylalanine residue at position 4 and Hao
is similar to the “aromatic rescue of glycinefirsheets” reported by Merkel
and Regan: Merkel, J. S.; Regan,fold. Des.1998 3, 449-455.
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