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Abstract: The effect of cooperative interactions betweggstrands in enhancing-sheet stability has been
examined quantitatively by NMR using rationally designed synthetic pepti#bsifpin 23) and related 24-
residue three-stranded antiparaftesheet 85)] which are significantly folded in agqueous solution. The two
hairpin components a33 show quite different temperature-dependent stability profiles showing that a two-
state model for folding (random coit three-stranded antiparall@isheet) is inappropriate. A four-state model

for folding, involving intermediate C- and N-terminAthairpin conformations, is more consistent with the
data. Thermodynamic analysis shows that folding of the C-terminal hair@f isfentropy-driven, as previously
described for the isolated hairp®f#, but that the N-terminal hairpin, which is stabilized by a motif of aromatic
residues (W4, F6, and Y11), is enthalpy-driven, consistent with stabilization throtghinteractions that

are electrostatic in origin. NOE data, as well as structure calculations, support the formation of this stabilizing
motif on one face of thg-sheet. Both hairpins are associated with a signifies@® for folding, suggesting

the burial of hydrophobic surface area as an important contributor to stability. We demonstrate quantitatively,
by comparison of data f&3 versus3g, that the folded population of the C-termirzhairpin is cooperatively
enhanced by the interaction of the third strand.

Introduction a ubiquitous phenomenon in biological molecular recognition;
however, a quantitative description at the molecular level
remains a significant challengélhe cooperative nature of the
protein folding transition and the ability of the polypeptide chain
to fold to a unique three-dimensional structure are defining
characteristics of globular proteins and are usually associated
with protein tertiary interaction&® Cooperativity within isolated

| elements of secondary structure has already been demonstrated
quantitatively foro-helical peptide$;  but model3-sheets have
proved less amenable to quantitative analysis. A number of
model peptide systems are now beginning to eméréfesome

of which have demonstrated some degree of cooperativity in

The design of peptides that fold into a predetermined target
structure provides a measure of our progress toward elucidating
the stereochemical principles that define a unique molecular
conformation, and our understanding of the nature of the
interactions that stabilize #The major determinants of con-
formational stability and specificity in driving a polypeptide
chain toward a particular compact folded state are wel
recognized; however, the relative importance of these different
determinants (hydrogen bonding interactions, hydrophobic
contacts, and mainchain torsion angle preferences) are still a
matter of conjecturé.Commitment of a folding polypeptide ! o . . .
chain to a pathicuIar conformational state or C?‘]oIF()de)(;|C)to|[|;)ology their ability to fold. The interest iff-sheet structure, folding,
must depend not just on a network of stabilizing interactions and_ stability has. come to the fore in the context O,f protein
but also on the weakly cooperative interplay between them that f0lding-related disease states. The role fbbtrands in the
favors one conformational state over another. Cooperativity is formation and propagation of amyloid, and the progression of
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(1) (a) Bryson, J. W.; Betz, S.; Lu, H. S.; Suich, D. J.; Zhou, H. X,;
O'Neil, K. T.; DeGrado, W. F.Sciencel995 270, 935. (b) Baltzer, L.
Curr. Opin., Struct. Bial1998 8, 466. (c) Struthers, M. D.; Cheng, R. P.;
Imperiali, B.; Sciencel996 271, 342. (d) Beasley, J. R.; Hecht, M. H.
Biol. Chem 1997 272, 2031. (e) Hill, R. B.; Hong, J.-K.; DeGrado, W. F.
J. Am. Chem. So@00Q 122, 746. (f) West, M. W.; Wang, W.; Patterson,
J.; Mancias, J. D.; Beasley, J. R.; Hecht, M.R{oc. Natl. Acad. Sci. U.S.A
1999 96, 11211. (g) Zhou, F. X.; Cocco, M. J.; Russ, W. P.; Brunger, A.
T.; Engelman, D. M.Nat. Struct. Biol.200Q 7, 154. (h) Choma, C;
Gratkowski, H.; Lear, J. D.; DeGrado, W. Rat. Struct. Bial 200Q 7,
161. (i) Dalal, S.; Balasubramanian, S.; ReganNht. Struct. Biol.1997,

4, 548.

(2) (a) Kauzmann, WAdv. Protein Chem1959 14, 1. (b) Matthews,
B. W. Adv. Protein Chem1995 46, 249. (c) Lumb, K, J.; Kim, P. SScience
1996 271, 1137. (d) Honig, B.; Yang, A.-SAdv. Protein Chem1995 46,

27. (e) Broo, K. S.; Nilsson, S.; Nilsson, J.; Flodberg, A.,; BaltzerJ.L.
Am. Chem. Sod998 120 4063. (f) Fersht, A. REnzyme Structure and
Mechanism2nd ed.; Freeman: New York, 1985.

10.1021/ja000787t CCC: $19.00

(3) Williams, D. H.; Maguire, A. J.; Tsuzuki, W.; Westwell, M. Science
1998 280, 711.

(4) Baldwin, R. L.; Rose, G. DTrends Biochem. Scil999 24, 26.

(5) Baldwin, R. L.; Rose, G. DTrends Biochem. Scl999 24, 77.

(6) Baldwin, R. L.Biophys. Chem1995 55, 127.

(7) Munoz, V.; Serrano, LJ. Mol. Biol. 1995 245 275.

(8) (a) Stapley, B. J.; Doig, A. 1. Mol. Biol. 1997, 172, 465. (b)
Williams, S.; Causgrove, T. P.; Gilmanshin, R.; Fang, K. S.; Callender, R.
H.; Woodruff, W. H.; Dyer, R. B.Biochemistry1996 35, 691. (c)
Thompson, P. A.; Eaton, W. A.; Hofrichter,Biochemistry1997, 36, 15006.

(9) (&) Sharman, G. J.; Searle, M. Ghem. Commurl997, 1195. (b)
Sharman, G. J.; Searle, M. $. Am. Chem. S0d.998 120, 5291

(10) (a) Schenk, H. L.; Gellman, S. H. Am. Chem. Sod 998 120,
4869. (b) For a review see: Gellman, S.E€urr. Opin. Chem. Biol1998
2, 717.

(11) Kortemme, T.; Ramirez-Alvarado, M.; Serrano, 3ciencel998
281, 253.

(12) De Alba, E.; Santoro, J.; Rico, M.; Jimenez, M. Rrotein Sci.
1999 8, 854.

© 2000 American Chemical Society

Published on Web 08/16/2000



Cooperatie Interactions in Designed-Sheets J. Am. Chem. Soc., Vol. 122, No. 35, 2@&B51

co-operativity tions are in reasonable agreement within the limits of experimental
- errors, indicating that the monomeric state persists over the concentra-
(a) tion range studied.
A . —_— ; . A ; Circular Dichroism. Far-UV CD spectra were recorded on an AVIV

model 62DS spectrometer (Aviv associates), using a 0.2 cm path length
cell. Stock peptide solutions of 1 mL of 1 mM concentration were
subsequently diluted with water or aqueous methanol to give solutions
in the concentration range 7.5 to GM. Methanol titration studies by

CD used 5«M solutions of peptide. Typically 10 scans were acquired
over the wavelength range 19@50 nm in 1.0 nm steps using a
bandwidth of 4 nm at 293 K. The resulting data were smoothed, and
baseline corrected by solvent subtraction.

Thermodynamic Analysis. Folding has been considered in terms
of a four-state model involving an equilibrium between the fully
unfolded state, the two componegvhairpins, and the three-stranded
antiparallel 5-sheet. The observation that the two turns3gf show

. . . 15 o quite different temperature-dependent stability profiles indicates that a
a variety of pathological disordets,™ suggests that quantitative simple two-state folding model fo85 is an oversimplification. We

studies of cooperativity in model systems could provide valuable fyrther justify the four-state model below. Each individgahairpin is
insight into these processes. subsequently analyzed in terms of a two-state folding model; the basis
The folding of a multistrande@-sheet structure requires sheet for this has been discussed elsewHérehe equilibrium constant for
propagation in orthogonal directions both parallel and perpen- the folding of each hairpin is given g = fe/(1 — fg), wherefr is the
dicular to the strand direction (Figure 1). Here, the extent to fraction of folded hairpin assessed using the chemical shift difference
which cooperative interactions betwegstrands enhances sheet ~ between the two H resonancesyoY) of either Gly9 or Gly17 in the
stability has been examined quantitatively by NMR in a model WO type I NG j-turns. Previously, we have used an RMS value of
p-hairpin @f) and related three-stranded antiparafiesheet the deviation of all . chemical shifts from random coil values as a

. . . - . single parameter that provides a measure of the degree of folding at a
(3’3) .f_usmﬂ r?tll(cj)nglly designed Sylnihetchpeptld(-::ts f[hatﬂ?re particular temperature. This approach and the use of the Gly splitting
signimcantly tolded In aqueous solution. By monitoring the  5¢5 (5% values) for the turn residues used here have been shown to

temperature-dependence of the folded population of the two NG pe in good agreement when deriving thermodynamic parameters from
type I' turns we show that the thermodynamic properties of the the temperature-dependence of the folded populatiBhe consistency
two constituen3-hairpins that make upp are quite different, between the two methods shows that the two-state approximation, in
in one case entropy-driven and in the other case enthalpy-driventhe context of hairpin folding, is a valid approximation singeurn

the latter reflecting edgeface m—x interactions involving a  andf-strand residues appear to reflect the same folded populatsh.
stabilizing motif of aromatic residues introduced in the process for folding was estimated fromAG® = —RTIn K. The temperature-

of rational design. These data rule out a simple two-state modeldePendence oRoY was fitted to the following expression, where
for folding from random coil to fully folded three-stranded A0Zimi is the limiting value for the fully folded state:
antiparalle|3-sheet, but are consistent with a more complex four-
state equilibrium that also involves the intermediate C- and
N-terminal 3-hairpins. On the basis of this model, we demon-
strate that hairpin stability is enhanced by the interaction of the

third strand by a small but significant incremental cooperative  x = [T(ASg5+ AC,° IN(T/298)) — (AH°,65 + AC,°(T — 298))]
contribution. 2

Figure 1. Cooperative interactions irf-sheets parallel (a) and
perpendicular (b) to the strand direction.

MO = Ao [expGRTVIL + exp@RT] (1)

where

Methods Initially, eq 1 was used iteratively to determireH®es AS 205 and
AC,° as Ao®Y varied with T. The limiting value for A0%Y was
determined from temperature-dependent data for peide 50%
aqueous methanol where data were fitted assuming\tBgitfor folding

is ~0. This assumption is justified on the basis of the observation of
a linear plot of AG® versusT for 23 (X = Lys) in 50% methanol
solution?® and from calorimetric studies of the unfolding of bovine
ubiquitin at similar cosolvent concentrations whe¥€,° ~ 0.8 The
same limiting value forAd®Y was assumed for Glyl7 in the two
peptides. When considering differences in stabilityAG® values)
between23 and 3, any error in this limiting value should be largely
negated. WhileAG® values were determined directly from accurate
Fhemical shift data, errors derived from the fitting procedureXbi*,
AS’, and particularlyAC,° are expected to be significantly larger, as
discussed previoush.Estimates ofAC,° for several analogues @f3

Materials and NMR Methodology. The preparation and purification
of peptides has been described in detail previously together with the
NMR methodology usetf:*”

Analysis of Peptide AggregationDilution experiments were carried
out to examine the concentration dependence of NMR parameters in
the range 3@M to 2 mM, and over the temperature range 278 to 333
K; at a given temperature, no significant concentration-dependent
differences in™* values or line widths were detected for either peptide
at pH 3. In the case df, we observed pH-dependent changes in the
NMR spectrum such that at pH 5 line widths were somewhat broader
suggesting that two or more conformations may be present in
intermediate exchange. The spectrum sharpened considerably at lowe
pH suggesting that the origin of this effect may arise from titration of
the side chain carboxylate group of Glu3. All data were subsequently ; - . " .
collected at pH 3 for both peptides. The concentration range was at several pHs suggest that there is s.uf'ﬁuent ungertamty in this

parameter £40%) as to preclude detailed comparisons between

extended by examining CD spectra down as low asuR5 with no . ~ .
evidence for concentration-dependent folding. Estimates of the folded @ﬁerent hairpin analogue8 For this reason we do not attempt to over-

. : . interpret differences iM\C,° data presented in Table 1, other than to
lation of th D and NMR ry different concentra- ) 4 . ’ O
population of the peptide by CD and atvery different concentra draw the conclusion that the data are consistent with a significant

(13) Carrell, R. W.; Gooptu, BCurr. Opin. Struct. Biol.1998 8, 799. contribution from the hydrophobic effect to hairgirgheet folding'®

(14) Kelly, J. W.Curr. Opin. Struct. Biol.1998,8, 101. Thermodynamic data are presented in Table 1.

(15) Horiuchi, M.; Caughey, BStructure1999 7, R231.

(16) Maynard, A. J.; Sharman, G. J.; Searle, MJSAm. Chem. Soc. (18) Woolfson, D. N.; Cooper, A.; Harding, M. M.; Williams, D. H.;
1998 120, 1996. Evans, P. AJ. Mol. Biol. 1993 229 502.
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1999 292 1051. Soc.1999 121, 11615.
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Table 1. Thermodynamic Parameters (298 K) for the Folding of
the -Hairpin Components of the Three-Stranded Antiparallel
[-Sheet PeptideBfor Comparison with the Isolated C-Terminal
Hairpin 252

AH° (kI moll) AS (JKmol™?) AC,° (J Kmol™?)

G9(B)  —17.04:2.0)  —60.1(:5.0) —860(-90)
G17 GB) 1.4(0.8) 0.9¢:2.2) —1400@130)
G17@8)  —0.2(+0.5) ~6.1(1.5) —650(+80)

a All parameters are derived from the temperature-dependent splitting
of the Hu resonances of the Gly residuesdCY in Hz) in the NG
turns; errors indicated are fitting errors. UncertaintieAk® andAS’
have been discussed in detail previouSlwith the largest errors for
AC,° of up to~40%. More realistic errors iAH®° andAS® have been

estimated on the basis of the range of values determined here and

previously® using different independent NMR probes. We estimate a
mean value forAH® of 28 of —0.3(1.3) kJ mot?, and forAS® a
mean value of-9(£3) J KX mol™%; errors for3s should be comparable.

CD analysis of the folding/unfolding equilibrium was followed by
methanol titration assuming that the free energy of folding is linearly
proportional to methanol concentration according to:

AGfold = AGwater_ m[MeOH] (3)
whereAGyq is the free energy of folding in aqueous methard@Byater
the free energy of folding in water alorme,a constant of proportionality,
and [MeOH] the concentration of methanol. The equilibrium constant
for folding Ke = fe/(1 — fg), wherefe is the fraction folded, was
estimated from the experimental ellipticity monitored at 200 and 217
nm, assuming thatef= (0 — 6u)/(0r — 6u), where 6 is the
experimentally measured ellipticitydy the ellipticity of the fully
unfolded state, anér the limiting value for the folded state. Thug,
at a given concentration of methanol is related\®yate, M, [MeOH],
6u, and 6 by the expression:

0 ={0y + 0 exp(—(AG,ater
{1+ exp(- (AGwater_

mMeOH])/RT)}/
mMeOH])/RT} (4)

AGyater M, By, and = were determined iteratively from a nonlinear
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Figure 2. Amino acid sequences (one letter code) for peptidegfa)
and (b)3p with backbone alignment and interstrand hydrogen bonding
interactions indicated; the amino acid numbering system used for both

peptides is derived fron33 (1—24) with the C-terminal hairpir23
defined as residues-24.
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velocities assigned from a Maxwellian distribution at 50 K. The
temperature was raised from 0 to 1000 K over the first 20 ps and held
at 1000 K for a further 20 ps. The system was cooled to 300 K over a
period of 20 ps and then held constant for the remainder of the
simulation. The NOE distance restraints were introduced over the first
2 ps by ramping the restraint force constant from 0 to 32-koal.

An implicit solvation model was used, employing a distance-dependent
dielectric and an electrostatic cutoff of 9 A. Ten structures, representing
the fully folded state, were extracted from the final 100 ps of
each trajectory. These were energy minimized and analyzed using
WHATCHECK?? and MOLMOL 2 The sequence adopts a twisted
p-sheet conformation with- 90% of residues found to lie in favorable
regions of Ramachandran space. No NOE distance restraints were

least-squares analysis using Kaleidagraph software (Synergy, Inc.). Noviolated by>0.4 A, and no torsion angle restraints bt5°. The mean

assumptions were made with regard to precise limiting values for the
fully folded or unfolded states. A number of different initial values for
all iterated variables were used in the caséf, but all converged to
similar final parameters. There is more uncertainty in fitting the
data because of the relatively small change in intensity at this
wavelength. While the limiting value for the folded stafe is

reasonably well determined by the experimental data at both wave-

lengths, the limiting value for the unfolded stalg is not, and was
determined iteratively in the first instance. We examined the effects
on AGyaeer Of fixing 6y at slightly different values to that determined
iteratively, and estimated possible uncertaintieABwatwer from the
fitting analysis to bet1 kJ mol?.

Structural Calculations. Starting structures fa8s were randomly
generated using DYANA version 128 A total of 320 upper distance
restraints derived from NOE data were classified as strer®yq A),
medium (3.8 A), or weak £5.0 A). Restraints were checked for
impact on structure using the “distance check” function which showed
that there were no “lonely” NOEs that were unduly influencing the
final conformation. Fifty structures were annealed using 4000 dynamics .
steps and 1000 minimization steps. Four structures chosen at rando
from the ensemble were further refined using molecular dynamics
simulations using the SANDER module of AMBER 44with the

backbone RMSD within this family of 10 structures was 148.22

A which rises to 1.52+ 0.23 A when all heavy atoms are considered.
Of the 12 possible cross-strand hydrogen bonds expectedfamdy

an average of 7 (60%) are formed per structure.

Results and Discussion

Cooperative Interactions Parallel to the Strand Direction.
Previously we have shown that peptige (Figure 2) folds in
aqueous solution to form a significantly populafetairpin16:17
The stability of26 (X = Lys) has a marked pH-dependence
which we have attributed to a salt bridge between Lys9, Lys10,
and the C-terminal carboxylate group of lle24At low pH,
these interactions are turned off by neutralizing one of the
charges (C@ — CO;H), resulting in a change in the population
of the folded state. Notably, allddchemical shifts of the peptide
are perturbed by the change in pH, including the distant turn
residues Asnl6 and Gly17, establishing that localized changes
n interactions between the N- and C-termini are propagated
throughout thes-hairpin structure, demonstrating a significant
degree of cooperative stabilization parallel to thestrand

same set of distance restraints. The four structures were first energydirection (Figure la). Here we examine quantitatively the

minimized and then submitted to 300 ps of dynamics using the SHAKE
algorithm to allow a step size of 2 fs to be employed, with starting

(20) Guntert, P., Mumenthaler, C., Wuthrich, X.Mol. Biol. 1997, 273
283.

(21) Pearlman, D. A.; Case, D. A.; Caldwell, J. W.; Ross, W. S
Cheatham, T. E., Ill; Ferguson, D. M.; Siebel, G. L.; Singh, C.;Weiner, P.
K.; Kollman, P. A. Amber 4.1., University of California, San Fransisco,
1995.

cooperative effects of an additionstrand on hairpin stability
by adding further weak interactions in a direction orthogonal
to the 5-strands (Figure 1b).

Design of a Three-Stranded Antiparallel-Sheet.We have
extended peptidgds (X = Gly) with an additional type’lAsn-

(22) Hooft, R. W. W.; Vriend, G.; Sander, C.; Abola, E.Nature1996
381, 272.
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Gly turn and a complementary third strand (Figure 2) that
utilizes a cluster of aromatic residues as an interstrand stabilizing
motif. We introduced Phe and Trp in non-hydrogen bonding
sites on the third strand to complement Tyr and Val residues

on the opposing strand (Figure 2b). Such a quartet on one face

of the sheet buries a significant hydrophobic surface area but
also allows favorable edgdace and offsetr—x interactions

to add stability. A similar, but not identical, motif is found in
the B1 domain of protein &} the stability of an isolated
pB-hairpin derived from this native structure has also been
attributed to the interactions of these residtfes.more detailed
thermodynamic characterization has been reported for this
peptide?® together with a model hairpin with a similar motif of
aromatic residue¥. The N-terminal residues of our designed
peptide (EGK) were added in part to enhance solubility. To
eliminate steric interactions between the bulky indole ring of
Trp4 and itsi + 2 neighbor, a Gly residue was placed at the

+ 2 position WEG), permitting the indole ring to pack favorably
against the second strand rather than forming competing
intrastrand interactions.

Circular Dichroism Analysis of the Folding of 3. Far-

UV CD spectra of33 were recorded in water and at various
concentrations of methanol at 293 K (Figure 3). In water, the
CD spectrum shows pronounced negative ellipticity at 198 and
217 nm, indicative of the presence @fsheet structure in
equilibrium with random coif8 Titration with methanol solution

at a fixed concentration of peptide shows a marked increase in
the negative ellipticity at 217 nm witl# becoming positive
below~202 nm. As shown in previous studi€the effects of

the cosolvent appear to be to perturb the foldedunfolded
equilibrium toward the folded state enhancing the intrinsic
conformational propensity of the peptide.

By analogy with previous methods of estimating théelical
content of peptides, based on the assumption of a linear
dependence of the free energy change for folding on methanol
concentration (eq 3 in Method¥®),we have estimated the
averagef-sheet content o84 using a similar approach. In
applying this model to helix stability, Sancho et3#.have

J. Am. Chem. Soc., Vol. 122, No. 35, 2@B53
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Figure 3. (a) Far-UV CD spectra (196250 nm) of peptide3s
recorded as a function of methanol concentration at a fixed peptide
concentration of 5@M at 293K; (b) plot of mean residue ellipticity at
200 and 217 nm as a function of methanol concentration; the line of
best fit to eq 4 is shown in each case.

100

approximately 50£10)% folded under these conditions (see
Methods). We interpret this as indicating that on average each
residue is occupying-space for approximately 50% of the time

emphasized that the linear extrapolation approach applies equallyayeraged over the entire conformational ensemble, rather than
well to multi-state equilibria, in which the folded state is an 500 of the molecules being folded into a regular three-stranded
ensemble of conformational states. In Figure 3b, mean r93idUeantiparallelﬂ-sheet and 50% fully random coil, as would be
ellipticity (6) is plotted against methanol concentration (%) at required for a two-state folding model. As we discuss and justify
two WaVelengthS, 200 and 217 nm, and the line of best fit to eq below, the four-state model appears to be a more appropriate

4 shown (as described in Methods). The linear free energy

approximation, and consistent with the NMR data.

relationship seems to be a reasonable approximation when 'NMR Analysis of Folding of 33. NMR studies of33 in

applied to this data set. Thus, we estima®, 4., for the folding
of 38 to be+0.02(-1) kJ mol! at 293 K indicating tha8p is

(23) Koradi, R.;Billeter, M.; Wuthrich, KJ. Mol. Graphics1996 14,
51.

(24) Gronenborn, A. M.; Filpula, D. R.; Essig, N. Z.; Achari, A,
Whitlow, M.; Windfield, P. T.; Clore, G. MSciencel991 253 657.

(25) (a) Blanco, F. J.; Rivas, G.; Serrano,Nat. Struct. Biol.1994 1,
584. (b) Munoz, V.; Thompson, P. A.; Hofrichter, J.; Eaton, W Neature
1997 390, 196.

(26) Honda, S.; Kobayashi, N.; Munekata, E.Mol. Biol. 200Q 295,
269.

(27) Espinosa, J. F.; Gellman, S. Angew. Chem200Q 112, 2420.

(28) (a) Johnson, W. C., JAnnu. Re. Biophys. Biophys. Cheri988
17, 145. (b) Dyson, H. J.; Wright, P. Bnnu. Re. Biophys. Biophys. Chem.
1991, 20, 519.

(29) (a) Searle, M. S.; Zerella, R.; Williams, D. H.; Packman, L. C.
Protein Eng.1996 9, 559. (b) Blanco, F. J.; Jimenez, M. A.; Pineda, A,;
Rico, M.; Santoro, J.; Nito, J. LBiochemistryl994 33, 6004. (c) Cox, J.
P. L.; Evans, P. A.; Packman, L. C.; Williams, D. H.; Woolfson, D.J\.
Mol. Biol. 1993 234, 483. (d) Ramirez-Alvarado, M.; Blanco, F. J.; Serrano,
L. Nat. Struct. Biol.1996 3, 604.

(30) (a) Sancho, J.; Neira, J. L.; Fersht, A. RMol. Biol. 1992 224,
749. (b) Bolin, K. A,; Pitkeathly, M.; Miranker, A.; Smith, L. J.; Dobson,
C. M. J. Mol. Biol. 1996 261, 443.

aqueous solution indicate that both typgeNIG turns (Asn8-
Gly9 and Asnl16-Gly17) are highly populated, showing large
deviations of H shifts from random coil values (Figure 48).
The spectra are well-resolved, as illustrated in the overlayed
NH-Ha regions of the NOESY and TOCSY spectra shown in
Figure 4b, where sequential connectivities between residues are
highlighted. Residues in thg-strands of33 generally show
significant downfield shifts consistent with the pattern expected
for a three-stranded antiparall@sheet punctuated with two
B-turns$? although residues in the N-terminal strand are likely
to be perturbed by ring current effects from W4 and F6. The
proposed strand alignment and register of interstrand hydrogen
bonds is confirmed by detailed NOE studies which identify
many long-range main chaiimain chain interactions involving

Ho and NH protons (ld-Ho: W4—V13, F6—~Y11, T12—-T21,

(31) Wuthrich, K.NMR of proteins and Nucleic AciggViley & Sons:
New York, 1986.

(32) (a) Wishart, D. S.; Sykes, B. D.; Richards, F.MMol. Biol. 1991,
222 311. (b) Wishart, D. S.; Sykes, B. D.; Richards, F. Blochemistry
1992 31, 1647.
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a os 6. The overall topology of33 is evident, together with the

E 04 relative position and orientation of aromatic and hydrophobic
£ 034 interactions on one face of the twist@esheet. Both NG turns

£ o2 adopt the two-residue typedonformation, giving the structure

T 0.1 a pronounced twist, typical of protejftsheets. The aromatic
£l side chains are observed to interact in energetically favorable
§ 01 edge-face orientations. Of the possible 12 cross-strand hydro-
E ool gen bonds involving the three strands, only an average of 60%
< of these are formed per structure.

Evidence for Cooperative Interactions betweerB-Strands.
Ha chemical shifts have been used widely as a measure of the
extent of folding*3233since downfield shifts for residues in
ppm -~ £ p-strands appear to reflect largely the proximity of an té a

carbonyl group on the opposing strand. In Figure 4, we compare

Ha deviations from random coil shifts (AoH®) for 38 with
those for2 (X = Gly) under identical conditions. It is evident
that many residues common to both peptides (see, for example,
Thrl2 and Thr21) show largexé™* values in the three-stranded
sheet, reflecting an increased population of {héairpin
structure in the presence of the third strand. In the folded
conformation the Gly residue in the NGturn experiences a
highly anisotropic environment such that each Hesonance
has a quite different chemical shift. This chemical shift
difference A6%Y) is particularly sensitive to the folded popula-
tion'® and has been used as a convenient measure of the relative
stabilities of the hairpin in the presence and absence of the third
strand (see Methods). We have assumed, as a first approxima-
tion, a four-state model for folding involving an equilibrium
between the fully unfolded state, the two comporfehtirpins,
‘ and the three-stranded antiparalf®ksheet (Figure 7). Each
L i A a M s wdediids e individual S-hairpin is analyzed in terms of a two-state folding
68 87 86 85 84 83 82 81 80 79 ppm model, as previously discussed (see Methddsive have
Figure 4. (a) Deviations of t& chemical shifts from random coil values  determinedAG® for folding for each hairpin as a function of
(Ad") at 298 K for2f (open bars) an@g (black bars) in agueous  temperature from thé\3SY data (Figure 8§43° It is evident
solution; (b) overlayed portions of the.8l NOESY and TOCSY spectra  from the data for Gly17 that the NG turn 88 is more highly
of 36 recorded at 298 K showing NH-ddcorrelations along the peptide populated than the corresponding turn of the isolated hairpin,

backbone. (33) Lacroix, E.; Kortemme, T.; De La Paz, M. L.; Serrano,Qurr.
" Opin. Struct. Biol.1999 9, 487.

/u\/ )]\},Iq (34) We justify a four-state model on the basis thathas already been
\n/vg % % )J\< \n/K\1NH3+ shown to fold autonomously in solution, while the work of others has

C - A H established that-hairpins with a motif of aromatic residues, analogous to
’/i 3\ / ¢\ : the N-terminal hairpin 084, also fold autonomously in water with a similar
/\/}/ \‘)cj\ B Q901\ \‘)cj’\ . N16 stability, and via an approximate two-state mecharfig?i Although we
report here the use &d®Y values from the ke splitting of the Gly residue
'W m H '/I‘}n/ in the turn as a measure of stability, we have previously shdtinat Ho
3/ \ /t 5 LoHN shifts of residues in thg-strands show the same temperature-dependence,

| | Kee 0 Lo indicating that all residues reflect the same folded population. We have
)1\24/"% )Kzﬁ“w/k )Kzo/“‘\n/'\ /U\BN\(K used this evidence to support the two-state model for folding of hairpin
To1lt i Kig), 2B; a similar approach has been used by otRéféWe have applied the
same methods to the characterizatiorB6f We can show that & shifts

Figure 5. Observed interstrand NOEs involving backbone &ind for -strand residues in the N-terminal and C-terminal hairpin3sogive
NH that are consistent with the proposed interstrand alignment and similar stability profiles to those for the turn Gly residues. We have
pattern of hydrogen bonds (data collected at 298 K). calculated a RMS deviation of ddshifts from random coil values (RMS

AJdHa) for inward pointing Hts in the S-strands, as previously de-
scribed!®17.1%9nd find a very similar temperature-dependent stability profile

and S14-K19; and NH-NH: V7—K10, T5—~T12, 115—-K18, to those seen in Figure 8 using)®Y values, with the N- and C-terminal

. ; o e hairpins again showing different characteristics. The data support an
and V13~120; summarized in Figure 5). In addition, we see a approximate two-state folding of the individual hairpins3gf The relatively

number of side chainside chain NOEs between W4, F6, and weak cooperativity between strands, together with the similar overall
Y11 that define their relative orientation on the same face of stabilities observed for the two constituent hairpins, as well as the fully

the 8-sheet, and which are consistent with a stabilizing contribu- folded 34 and the random coil conformation, suggests that at equilibrium
tion throughsr—o interactions. Manv other interstrand hvdro- all of these conformational states will be significantly populated (see the
phobic cor?tacts between aliphatic rg5|dues are also ewdélnt frorrgqUIIIbrIa Itn rloure 7). and that a four-state model 1s an appropriate
pproximation.

the NOE data (not shown). (3r&]3)‘V\l_e qon%!udetlth?tl dthde redqltjri{emtﬁnts fcf)rlg tglre%]state n;o(cjizl, with
; ; ; one hairpin significantly folded and the other unfolded, with a marked degree

On the basis of 320 NOE distance restraints we have of cooperativity between the folded hairpin and the third strand, are not
calculated a family of structures of the fully folded state met by the experimental data. As shown by the stability profiles in Figure

consistent with the experimental data, using a combination of 8, according to the experimental conditions, the C-terminal hairpin is of

greater stability at high temperature (320 K), while the N-terminal hairpin
torsion angle driven dynamics (DYAN% and molecular is more highly populated at lower temperature (280 K), with equal

dynamics simulations (AMBER 4.2}.A family of 40 structures, populations at 299 K. However, no single hairpin conformation dominates
together with a single average structure is illustrated in Figure at any particular temperature.
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Figure 6. (a) Family of 40 NMR structures showing the fold of the peptide backbor3gdfased on NOE restraints from data at 298 K; (b) single
average structure showing main chain alignment and the position and orientation of interacting aromatic residues and hydrophobic contacts on one

face of theg-sheet.
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Figure 7. The four-state model for peptide folding with the unfolded
state in equilibrium with the two componefithairpins and the three-
stranded antiparallg-sheet: (a) folding of C-terminal hairpin, (b)
folding of N-terminal hairpin, (c) folding of N-terminal hairpin &g,
and (d) folding of C-terminal hairpin t85. Folding of each hairpin
[(@) and (b)] is considered to approximate to a two-state process.
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Figure 8. Temperature-dependence of Glydplitting (A0CY in Hz)

of the f-turn residue G17 ir25 (open squares) ar@fs (open circles)

and from G9 in3p (solid line); lines of best fit to eq 1 are shown, with

thermodynamic parameters presented in Table 1.

24. This is also reflected in differences inoHhemical shifts
for other residues common to both peptides. We estimate a
difference in stability for23, in the presence and absence of
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the third strand, of 1.1 kJ mol at 298 K, reflecting an increase  mations are significantly populated, both providing possible
in folded population from 30% to 40%. templates for interaction with the third strand. In such a small

Noticeably, AG® for folding shows a marked nonlinear peptide system, the extent of backbone pre-organization is
temperature-dependence that results in unfolding of the C- unlikely to compare with that in a native protgirsheet. More
terminal hairpin of33 at low temperature. Fitting the data shows likely, hydrophobic contacts between side chains stabilize a
that folding is associated with a significant negatv@,°, with collapsed conformatici where interstrand hydrogen bonding
enthalpy and entropy terms close to zero. These observationsmay play a relatively minor stabilizing rol€:38 This may
are consistent with hydrophobic stabilization in water through explain why cooperative interactions appear to have such a small
burial of aliphatic side chains at the interface between the two effect on overall stability, because the observed effects are
B-strands'®1” We have performed a similar thermodynamic mediated by relatively “loosely” defined interactions between
analysis for the second turn @3 using the Gly9 data to  side chains rather than a regular, extended “crystalline” network
compare the stability of the two hairpin components. The of hydrogen bond3? Although the two constituent-hairpins
temperature stability profile is quite different, showing less of 33 show roughly similar stabilities at 298 K, we have
pronounced curvature and the absence of the cold denaturatiordemonstrated that they have quite different thermodynamic
seen for the C-terminal hairpin. The temperature-dependenceprofiles, reflecting the nature of the side chaside chain
of A6 is shown in Figure 8 foR3 and3p. In this case, folding interactions stabilizing the various compongrastrands. Both
of the N-terminalB-hairpin of 33 is strongly enthalpy-driven  enthalpic and entropic contributions to the folding 25 are
with a negative entropy change (Table 1). This thermodynamic very close to zero which, together with a significant negative
signature would appear to be consistent with our design principle AC,° for folding, are consistent with the classical hydrophobic
that 7— interactions should be stabilizing in the N-terminal stabilization model expected for interactions involving aliphatic
hairpin of 38, and that these interactions should have an residue side chair$.Introducing a motif of aromatic interac-
electrostatic (enthalpic) origiff. Studies of g3-hairpin peptide tions within the N-terminal hairpin structure produces an
derived from the B1 domain of protein G, which carries a similar enthalpy-driven interaction between straf#l¥,consistent with
motif of aromatic residues, have also been shown to give an z— interactions being electrostatic in origihThe use of such
analogous thermodynamic signature indicative of enthalpy- a cluster of residues, related to that of a native protein rbif,
driven folding25P but the authors neglected to take into account together with the Asn-Gly sequence, which has a high propensity
the effects ofAC,°. More recent analyses of the same native for type I' turn formation!”#! has proved successful in tide
hairpin26 and a designed hairpin with an analogous aromatic novo design of a three-strandg@dsheet peptide that folds to its
motif,2” have identified similar thermodynamic signatures. target structure.

The different temperature-dependent stability profiles of the  The results presented here for a simple peptide system
two turns of34 show that the peptide does not fold to a three- demonstrate a contribution fasheet propagation and stabiliza-
stranded antiparallgd-sheet in a single cooperative event, for tion through an incremental effect involving cooperative interac-
which we would expect the two turns to exhibit identical tions perpendicular to the strand direction. In the context of
thermodynamic profiles. Rather, we have the unique situation nucleation-condensation mechanisms for protein foldfdthe
in which the N-terminapB-hairpin becomes more folded at low formation of a transition state, and subsequent commitment to
temperature, while the C-terminal hairpin becomes less folded. a particular folded topology, may depend on a network of
Thus, a two-state model is a rather simplistic description of stabilizing interactions and the weakly cooperative interplay
events, a fact that is readily apparent in this context. While between them that takes place in the final rapid folding evénts.
folding is not a highly cooperative two-state process, the type This simple model system provides some insight into the weakly
I" turn of 26 shows a small but significant increase in stability cooperative interactions relevant to these events.
in the presence of the thiygtstrand demonstrating cooperative
interactions between strands. Our observations are in good Acknowledgment. We thank the EPSRC and BBSRC of
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