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A Designed Three Stranded-Sheet Peptide as a Table 1. NMR Parameters for Peptidein CDCls
Multiple B-Hairpin Model residue  NHS (ppm) CH S (ppm) 2Inn-cen (HZ) AS (ppmp
Chittaranjan Da$,S. Raghothamaand P. Balaram¥ Leu (1) 6.70 4.15 8.7 0.03
. . . Phe (2) 6.66 5.30 8.5 1.24
Molecular B|OphyS|CS Unit and val (3) 8.70 4.40 9.2 —0.29
Sophisticated Instrumentation Facility 5 pro (4) 4.95
Indian Institute of Science, Bangalore-560012, India gly (5) 551 3.67 2.08
Receied October 29, 1997 431
Leu (6) 7.20 4.78 b 0.36
B-Hairpins are important elements in protein structune- |\_/21|J((78)) 2'77% 1'271 %‘72 :8%8
plicated in the nucleation ¢f-sheets in protein folding. Multiple Ala (9) 8.62 4.97 8.7 —0.24
hairpin structures, in which successive strands are connected byp-pro (10) 4.35
very short loops (25 residues), are found in the trans-membrane Gly (11) 6.40 3.62 1.59
B-barrel structures formed by the bacterial pofin€onsiderable 4.12
recent attention has been directed toward the synthesis of isolated®he (112)) 675662 449750 98-69 fé076
B-hairpins, stable in both aqueous and organic solvertsmost Leu (14) 879 484 90 096

cases the central nucleating segment has a high propensity to form
either type 1 or type Il S-turn structures, a feature that occurs
widely in protein structure. The design of peptides that mimic
folding patterns observed in proteins, from first principles,
provides a rigorous test of our understanding of the factors that a centraPPro-Xxx segment can stabiligehairpin formatiorfg—+10
determine polypeptide stereochemistry. While helical structures a feature that results from the constraint of the pyrrolidine ring
have been the subject of a very large number of investigations, restricting theg value in°Pro to ca.+60°. Since interstrand
B-sheets have been much less studied dg/ nao design hydrogen bonding an@-turn nucleation appear to be the key
approache$although the very first examples of synthetic protein determinants ofi-hairpin structures, we decided to explore the
design targete@-sheets. The major problem if8-sheet design possibility of constructing a well-defined sy_nthet_lc three-stre_andt_ad
is the limited solubility and pronounced tendency of extended /-Sheet peptide. The results presented in this communication
peptide strands to aggregate in solution. Further, strong residugProvide defmmve Qharacterlzat!on Of stable multiple hairpin
pair correlations are not observed fiahairpins in proteins® structures in organic solvents, in which the three strands of a
precluding specific sequence choices in “first principle design” p-sheet are connected by two tighBro-Gly f-tums.

; ; ; ; The fourteen residue peptide Boc Leu-Phe-VRato-Gly-Leu-
approaches. Since in protein structures there is a preponderanc )
of p-branched residues (Val, lle, Thr) if-sheets, designed Val-Leu-Ala Pro-Gly-Phe-Val-Leu-OMell* was designed such

aAd = 6(NH),CDCk — 6(NH),CDCL/DMSO (16%).” Coupling
constant not determined because of resonance overlap.

sequences have tended to incorporate these residues.
studies establish that the typéftturn conformation adopted by

* Address correspondence to this author.

T Molecular Biophysics Unit.

* Sophisticated Instrumentation facility.
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liat the N-terminal strand would be composed of three residues
r} —3), the central strand of four residues—®), and the
C-terminal strand of three residues (1P4), with two -turn
nucleating’Pro-Gly segments. The peptide showed high solubil-
ity in a wide range of organic solvents, including the apolar
solvent chloroform. The 500 MH#H NMR spectrum in CDGl

was extremely well resolved with sharp resonances. The lack of
concentration dependence of NH chemical shifts over the range
7.1 to 0.2 mM suggests the absence of aggregation effects. The
wide dispersion of NH and @ chemical shifts facilitates
complete assignment and is indicative of a well-defined confor-
mational species in solution. Sequence specific assignment of
all backbone proton resonance was readily achieved by using a
combination of TOCSY and ROESY experimettsThe back-

bone proton chemical shifts and coupling constants are sum-
marized in Table 1. All the vicinalyncen Values for the potential
strand residues are greater than 8.5 Hz, with several values greater
than 9 Hz providing clear evidence fgr~ —120° throughout

the strand segment. Upon addition of the free radical 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO) only two resonances, Gly5
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Figure 1. Partial 500 MHz ROESY spectra of peptidg€2 mM, 300 K) in CDC}: (a) interstrand N>NH NOEs; (b) GH < C*H NOEs; (c) CH
< C*H NOEs observed on addition of DMS@-(16%) to a CDC solution of peptidel.

and Glyl1, broaden considerably. Addition of the strongly a b
hydrogen bonding solvent, dimethyl sulfoxide ((§£50) to

CDCl; solutions of peptides should perturb only exposed NH D-P4 G5

groups capable of solutssolvent hydrogen bonding. The LN

solvent shifts Ad values) listed in Table 1 clearly demonstrate l:/LO.( “‘ﬁ"'g

that only 4 NH groups, Phe2, Gly5, Gly11, and Vall3, experience o .Hrﬂﬂ\;' .
large downfield shifts indicating their exposure. The remaining Vi A Q{RLG <

8 NH groups appear to be solvent inaccessible, strongly supporting N-H---0 P

their involvement in intramolecular hydrogen bond formation. 2 “3,“'\‘»* "“\:’g\'@’g/ "
Two critical NH < Ni1H NOEs (Gly5-Leu6 and Gly11-Phel2) wl R R}'ggo__}H_N R
establish backbone dihedral angle values in the helical region for H)ezo-.;u-n Hf\%o
residues 11 and 12(~ —60° & 30°; y ~ —40°+30°), consistent v oA Q\“RLB A e
with these residues occupying the 2 position of type Il 5-turns. potoo M

A striking feature of the NOE spectra is the absence of any °:<O " N_:g\ ojg(n 12
interresidue NH <= N;+;H NOESs in the strand segments. This /ﬁ R?gzo__‘_'ﬁ_N R
observation, together with the fact that intense interresidtie¢ C N )

< Ni+1H NOEs are observed for all potential strand residues, D"\rf -
provides support for a structure consisting exclusively of strand . P"‘O " "Gn

segments linked by interng-turns. Evidence for the multiple
hairpin conformation is obtained by the observation of the cross Figure 2. (a) Summary of long-range NOEs (between backbone protons)
strand NOEs between the amide protons Leul/Leu8, Val3/Leus, observed for peptidé. Solid arrows indicate strong NOEs and broken
Val7/Leul4, and Ala9/Phel2 (Figure 1a). The interstrapd C ~ &rrows indicate weak _NOEs. Observed _h_ydrogen bonding interactio_ns
< CH NOE between Phe2/Val7 (Figure 1b) firmly establishes 2'€ shc_)wn as broken lines. (b) Supgrposmon of 10 str_uctures of pgptlde
the N-terminal hairpin formed between residues 1 and 8. Also 1 obtglned from molecular dynar_mcs qalculatn_ons W|t_h NOE-derived
shown in Figure 1 is the ROESY spectrum of peptide 1 obtained restraints. The backbone traces (includmro side chain atoms) are
after addition of 16% (CE),SO to a CDCJsolution. Under these ~ SMOW"
conditions, both the Phe2/Val7 and Leu8/Val18HC— C*H Figure 2a results in as many as eight internally hydrogen bonded
NOEs are observed, demonstrating the presenceotli the NH groups, while only two NH groups are exposed (residue 2
hairpin segments in the molecule. An important long-range NOE and 13) in strand segments (the Gly NH groups in the turns do
is also observed between the methyl group of the C-terminal esternot contribute to extended two-dimensional sheet formation). The
function and Leu6 €H, confirming that the antiparallel strands presence of only one free NH group on the two outer strands
do not fray, even at the termini. limits aggregation, a process facilitated by cooperative formation
The wide chemical shift dispersion, identification of eight of several hydrogen bonds in sheets. In the present case, any
solvent shielded NH groups and four solvent exposed NH groups, enthalpic gain by formation of limited intermolecular hydrogen
the highJuncew values for all strand residues, and the observation bonds may be offset by entropic losses due to desolvation and
of as many as seven critical interstrand long-range NOEs providerestriction of side chain flexibility and molecular motion. Exten-
conclusive evidence for the three-stran@fesheet structure shown  sion of this design strategy to larger, intramolecybasheets
in Figure 2a. By using 35 NOE constraints and 8 interstrand appears possible. The demonstration of stable multiple hairpin
hydrogen-bonding constraints a restrained molecular dynamic formation in organic solvents is of particular relevance in
simulation converged to a family of three-dimensional structures mimicking porin like structures. Significantl:sheets in proteins
(mean RMSD for backbone atoms 0.66 A), illustrated in Figure are also largely buried in hydrophobic environments, consistent
2b. with the importance of cross-strand hydrogen bonds in maintaining
The absence of aggregation even in a poorly solvating medium structural integrity.
like chloroform merits special comment. Earlier studies in this ~ Acknowledgment. We acknowledge S. Kumar Singh and K. Gu-
laboratory have demonstrated isolafedairpin formation in the nasekaran for their help in molecular dynamics based structure calculations
octapeptide (Boc-Leu-Val-ValPro-Gly-Leu-Val-Val-OMe) in Support_ing I_nformation A\_/ailable: Spectra of 500 MHZH NMR
organic solventdl®and in crystalgk If only residues 1 to 8 are showmg nitroxide induced line broadening and 2D ROESY 2 pages,
considered in an isolated hairpin two NH groups on the strands S\r/'gg Z'gfg'sssiﬁ;i?éigﬂgem masthead page for ordering information and
will be exposed, while four will be internally hydrogen bonded. '
Expansion of this motif to the three-stranded structure shown in JA973739Q



