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Determining the fundamental forces that specify peptide second- (a) Ac-Arg-X,-Val-Ormn-Val-Asn-Gly-Lys-Glu-lle-X,-GIn-NH,
ary structure is principle in understanding protein folding. Recent ; §.= I;Ir\‘e, ))%: Pche 4 X, =Cha,))((=Cha
; _ ; ; - ; = Phe, X, = Cha § X, =Phe, X, = Ala
studies of8-sheets in proteins arfithairpin peptides have suggested 3 X! = Cha, X = Phe 6 X' = Cha, X' = Ala

that cross-strand interactions are important for stability of this
secondary structure.A common requirement for stability of
B-hairpins is a hydrophobic clustéHowever, specific preferences
between aromatic and aliphatic residues in the clusters have not o _ _ _
been delineated. Aromatic interactions have been implicated in the Figure 1. (a) f-Hairpin peptides studied; Cha cyclohexylalanine. (b)

- . . . " Control peptide for the fully folded state with a disulfide bond between the
structure and stability of proteifdut the origin of this stability,

- o - two Cys residues. (¢) Control peptides for the unfolded states.
which may be dependent on hydrophobicity, electrostatic interac-

(b) 7 Ac-Cys-Arg-Phe-Val-Omn-Val-Asn-Gly-Lys-Glu-lle-Phe-Gin-Cys-NH,
(c) 8 Ac-Arg-Phe-Val-Omn-Val-Asn-Gly-NH,
9 Ac-Asn-Gly-Lys-Glu-lle-Phe-GIn-NH,

tions, and van der Waals forces, is still a matter of debate. Table 1. p-Hairpin Stabilities in Water at 283 K Determined from
determine selectivities in a hydrophobic cluster, we have examined G'ycine Chemical Shifts and Hq, Chemical Shifts
the effect of varying a single cross-strand pair of residues in a 12-  peptide X1, Xz Ao Gly ppm % folded (Gly) % folded (Ho)"
residue $-hairpin and determined the interaction preferences 1 Phe, Phe 0.289 52 53
between aromatic and aliphatic residues (Figure 1). In this system g Ene. gﬂa 8%2;1 171 ig

i i ifi a, e .
we have found that there is a significant preference deif- a Cha. Cha 0995 c3 iy

associatiormmong aromatic residues and that the unique nature of

the aromatic interaction appears to be the source of this selectivity.  avariation in % folded from Gly and Kprovide a reasonable estimate
Peptidesl—4 were investigated, in which the cross-strand pair of the error in these measuremerit¥/alues are the average of Val3, Orn4,

at positions 2 and 11 was varied and the effecBdwairpin stability Vvals, Lys8, Glu9, and lle10.

was determined (Figure 1). These sequences, which are modified

T
from a -hairpin developed by Gellman and co-workers, have a 3 geg
net charge oft-2 to promote solubility and prevent aggregatfon. § 0.50 _ 2 z z
The peptides also include an Asn-Gly turn which has been shown ¢ g;‘g : : : :
to promote hairpin formation via a typeturn8 The peptides were 5 420 : z z 5
synthesized by standard FMOC solid-phase peptide synthesis and = o.10 5 5 5 5
characterized by Maldi mass spectrometry and NMR. NOEs 0.00 H 3 H H
between each of the cross-strand pairs were observed, with the Vs 04 VE K8 B8 110 Gly HaAvg
exception of the terminal Arg-Gln pair, consistent wjtthairpin Figure 2. Fraction folded of peptided—4 as determined by individual

formation? Moreover, no NOEs were observed between the sites Ha'S: Gly, and the average dichemical shifts at 283 K.
of mutation and diagonal residues, confirming that positions 2 and
11 provide an isolated site for study of cross-strand interactfons.
Like otherp-hairpins, these peptides interconvert between folded
and unfolded conformations rapidly on the NMR time scale, such
that the chemical shifts represent an average of folded and unfolde
states. Both the downfield shifting of th2sheet H resonances
and the separation of the Gly,Hesonances have been shown to
correlate with the extent of folding ifi-hairpins2®8 We quantified
the fraction folded from both the fthemical shifts and the glycine
zglrl]tttrlgg gﬁ:;ifé ; s Sfo;%age?l::;u?elIylgotdsﬁggazg r;?gdgrr:]e coil indicating that Cha has a larggrsheet propensity than Phe.

- ) . . Comparison ofl and 4 indicates that they are of nearly equal
thermodynamic profile was also determined as described by Searle o . L
. N oo stability (Table 1), which taken alone may suggest that the similar
to give AHSgg ASygg and AC,°.207

surface area of the two rings leads to similar stabilities or that they
have equivalent-sheet propensities. However, the lower stabilities
of the mixed pairs ir2 and3 are not consistent with simple burial
of surface area as the main contributor to stability, since the surface
Peptidel offers a good starting point as it is approximately 50% area of residues Xand X% are similar for all four peptides. In fact,
folded so that small changes in stability result in measurable the greater stability ofl over 2 and 3 indicates a preference for
self-associatiommong aromatics and indicates a significant interac-
* To whom correspondence may be sent. E-mail: miwaters@email.unc.edu. tion energy:!

perturbations in the fraction folded. We compared Phe to cyclo-
hexylalanine (Cha) in peptidds-4. Phenyl and cyclohexyl groups
have similar facial solvent accessible surface areas, but electroni-
dcaIIy they are quite different, allowing us to probe the contribution
of the hydrophobic and electronic components to aromatic and
aliphatic interaction&? We also studied the control peptideand
6, in which Phe or Cha is cross-strand from Ala, to determine the
relative sheet propensities for Phe and Cha. Peftideabout 7%
more folded than peptid® at 283 K (25 and 18%, respectively),

fraction folded= [0 ps — Ogl/[ 0100 — 00l 1)
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Table 2. Thermodynamic Parameters2 for Folding at 298 K13

peptide AH® (kcal/mol) AS? (callmol K) AC,° (cal/mol K)
1 —4.4 —15.3 —87
2 —-2.3 —-9.1 —80
3 —-3.2 —-11.7 —-97
4 —-35 —-11.9 —90

a Determined from the temperature dependence of the Gly chemical shift
from 5 to 60°C. Error is determined to be 6% from 95% confidence limits
of the chemical shift data.

Thermal denaturation studies provide further insight into the
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burial of surface area. Edgéace interactions have been proposed
to be driven by electronic or van der Waals interactions or both
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of the other ringt This is consistent with the larger enthalpic term
in peptidel relative to peptide2—4.

The thermodynamic cycle from peptidés 4 gives a value for
the preference for self-association ©0.55 kcal/molt> This is
similar in magnitude to that found in the cold shock protein CspA,
in which Phe was mutated to L&t.The selectivity appears to
originate from fundamental differences inherent in aromatic and

aliphatic residues. The greater enthalpic and entropic properties of

1 over4 in conjunction with the specific geometry of the Phe-Phe
cross-strand pair suggest that the two aromatics form a specific
interaction that is unique to aromatic moieties. This is in contrast
to the findings of Russell and Cochran, which suggest that sheet
propensities are more important than cross-strand interadfions.

These results suggest how Nature may use different hydrocarbon

residues to obtain both stability amspecificityin protein folding

and may explain why aromatics often cluster in protéps.
Moreover, the preferences for self-association should be useful in
de novo protein desigh™ since aromatic interactions appear to
provide the selectivity similar to that of a hydrogen bond while
providing the stability of a hydrophobic interaction. Further
investigation into the selectivity of aromatic interactions is in
progress.
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