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Abstract

A previous NMR investigation of model decapeptides with ident@atrand sequences and different turn sequences
demonstrated that, in these peptide systems, the turn residues played a more predominant role in defining the type of
B-hairpin adopted than cross-strand side-chain interactions. This result needed to be tested B+haiigen forming

peptides, containing more potentially stabilizing cross-strand hydrogen bonds and side-chain interactions that might
counterbalance the influence of the turn sequence. In that direction, we report here on the deshgh NM®R
conformational study of thre@-hairpin forming pentadecapeptides. The design consists of adding two and three
residues at the N- and C-termini, respectively, of the previously studied decapeptides. One of the designed pentade-
capeptides includes a potentially stabilizing R-E salt bridge to investigate the influence of this interagsidraiopin

stability. We suggest that this peptide self-associates by forming intermolecular salt bridges. The other two pentade-
capeptides behave as monomers. A conformational analysis of'H@iMR spectra reveals that they adopt different

types of B-hairpin structure despite having identical strand sequences. Hencg;ttiie sequence drives-hairpin
formation in the investigated pentadecapeptides that g@lbgirpins that are longer than the average progeirairpins.

These results reinforce our previous suggestion concerning the key role played by the turn sequence in directing the kind
of B-hairpin formed by designed peptides.

Keywords: B-hairpin conformationg-turn; NMR; peptide design; protein folding; salt bridges; side-chain interactions

The conformational behavior of protein fragments and designedifs are, however, scarce. Alcohol-water mixtures were shown to

peptides has long been investigated to get insights into the formgromote the formation of nativg-hairpin structures in protein

tion of secondary structure in the early stages of protein foldingiragments that do not adopt ordered structures in pure watet

(Kim & Baldwin, 1990; Dyson & Wright, 1991, 1993 These et al., 1993; Blanco et al., 1994a; Searle et al., 19%6e forma-

kinds of studies are also central for the rational design of artifi-tion of B-hairpins has also been reported for designed peptides

cially built protein scaffolds able to incorporate different biochem- containing non-natural amino acid&ellman, 1998 as well as

ical functions(Smith & Regan, 1997 Alarge amount of information  model systems using nonpeptide templates to bring the two strands

about the factors involved in the formation and stabilitydfelices  together(LaBrenz & Kelly, 1995; Nesloney & Kelly, 1996; Gell-

is now availablgScholtz & Baldwin, 1992; Lyu et al., 1993; Zhou man, 1998 However, only recently a protein fragmef&lanco

et al., 1993; Mufioz & Serrano, 1994a; Baldwin, 1995; Aurora & et al., 1994 and some designed peptid&ianco et al., 1993; de

Rose, 1998 Experimental data on peptides adoptifigheet mo-  Alba et al., 1995, 1996, 1997a, 1997b; Ramirez-Alvarado et al.,
1996, 1997; Maynard & Searle, 1997; Smith & Regan, 1997
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land 20892-0380. . .
Abbreviations:1D, one-dimensional; 2D, two-dimensionalic,y, CeH ~ @nd the number of interstrand hydrogen bonds between the resi-

conformational shift; COSY, homonuclear correlated spectroscily;  dues flanking the turgSibanda & Thornton, 1985, 1991; Sibanda
averaged molecular weight}y, theoretical molecular weight; NMR, nu- et al., 1989. The NMR investigation of a series of decapeptides
clear magnetic resonance; NOE, nuclear Overhauser effect; NOESY, Niyqy/ing the same amino acid sequences in the strands but different

clear Overhauser enhancement spectroscopy; ppm, parts per million; RMSD,_ _. ) -
root-mean-square deviation; ROESY, rotating frame NOE spectroscopy-SidUes in the tum allowed us to demonstrate that, in these pep-

TOCSY, total correlation spectroscopy: TSP, sodiBrrimethylsilyl 2,2,3,3- _tides, the turn sequence determines the typg-birpin to be
2H] propionate. formed (de Alba et al., 1997a, 199YbWe concluded that, in the
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decapeptide system, differences in turn conformation lead to changésria. Not all the nevB-strand positions can be filled with the best
in the B-hairpin structure even when this causes a diffeestrand  B-sheet formers since the hydrophobicity of most could decrease
residue pairing and backbone-hydrogen bond register3i8teands  peptide solubility or promote its aggregation tendency. The se-
in our decapeptide models are only three residues long, thus thguence VTE that is located at the C-terminus of pentadecapeptides
number of interstrand hydrogen bonds and favorable cross-strar@land 5 contains two residué€g and T) with high intrinsic3-sheet
side-chain interactions that may contribute to the stability andpropensitiesChou & Fasman, 1974; Kim & Berg, 1993; Minor &
discrimination of the different kinds g8-hairpins is small. Would ~ Kim, 1994; Mufioz & Serrano, 1994b; Smith et al., 1994; Swin-
the turn region still dictate the type gfhairpin adopted in longer dells et al., 1995and a charged resid{&) included to improve
B-strands, where the number of potentially favorable cross-strangeptide solubility. In this way, peptides 3 andg. 1) contain an
side-chain interactions is larger? additional TXT motif, which is supposed to Ifesheet stabilizing
To address this question, we proceeded to designBalairpin (Cox et al., 1993; Blanco et al., 1994a; Searle et al., 1995; de Alba
forming pentadecapeptides using two of our previgdlsairpin etal., 1996. The S residue was introduced at the N-strand because
forming decapeptides as templatgeptides 1 and 2 in Fig. 1; de itis the most hydrophilic amino acid with songesheet propensity.
Alba et al., 1996, 1997aThese decapeptides were selected be-Charged interactions stabilize peptide structureddnairpins, an
cause they fold into different types Bfhairpin structures in spite  interaction between the positively charged N-terminal amino group
of only differing in the turn sequence. Segments 3—-12 of the newand the negatively charged C-terminal carboxylate group was shown
peptides 3 and 4Fig. 1) coincide with the sequences of peptides to contribute toB-hairpin stability (de Alba et al., 1995 Cross-
1 and 2, respectively. Therefore, if peptide 3 were to fold into a 3:5strand charged—charged paiiBK, DR, EK, and ER are statisti-
B-hairpin as does peptide 1 and if peptide 4 were to adopt aally favored in antiparallej3-sheets(Lifson & Sander, 1980;
mixture of two 2:28-hairpins as does peptide(Eig. 2; de Alba  Wouters & Curmi, 1995; Gunasekaran et al., 1997; Hutchinson
et al., 1997a, 1997bthis would suggest that the turn sequenceet al., 1998. Likewise in a-helices, salt bridges of the type R-E
also directs the type @-hairpin adopted by these longer peptides. (i, i + 4) and K-E(i, i + 4) are known to be stabilizingMarqusee
Furthermore, to investigate if salt bridges can stabjBzeairpins & Baldwin, 1987; Merutka & Stellwagen, 1991; Scholtz & Bald-
as they do inn-helices(Marqusee & Baldwin, 1987; Merutka & win, 1992; Scholtz et al., 1993; Baldwin, 1995 herefore, it was
Stellwagen, 1991; Scholtz & Baldwin, 1992; Scholtz et al., 1993;reasonable to expe@-hairpin stabilization by a salt bridge be-
Baldwin, 1995, we designed a pentadecapeptide including a crosstween facing residues in th@strands. Furthermore, peptides cy-
strand side-chain salt bridgeeptide 5 in Fig. 1using peptide 1  cled through disulfide bridges located at the strand termini have
as a templatéFig. 1; de Alba et al., 1996, 199V a he conforma-  been reported to forng-hairpin structuregRietman et al., 1996;
tional behavior of the three designed pentadecapeptides was anslcDonnell et al., 199Y, while the structure disappears in the
lyzed by *H NMR. absence of the disulfide bon@Rietman et al., 1996 Thus, a
stabilizing interaction at the strand termini could fayhairpin
formation. For all these reasons, in the case of peptide 5, an R
Results residue was located at position 1 that would allow the formation of
an R-E salt bridge in the expected B&airpin(Fig. 2A), leaving
S at position 2. In contrast, peptide 3 was designed to be highly
soluble by locating the S residue at position 1 and introducing an
Pentadecapeptides 3 and 5 were designed by adding two and thrEeresidue at position 2. In this way, the peptide has a net negative
residues at the N- and C-termini, respectively, of Bydairpin charge of—3 at high pH values. Furthermore, in the expected 3:5
forming decapeptide 1de Alba et al., 1996; Fig.)L which was  B-hairpin (Fig. 2A), the two E side chains will point toward dif-
taken as a template. In the 3B5hairpin expected to be adopted by ferent sides of th@-sheet plane, so that bofhairpin faces will
pentadecapeptides 3 and 5, one of the new residues will face lle, giresent a similar polarity.
unpaired amino acid in the 3:B-hairpin formed by peptide 1 For comparison with previous results, we used the same turn
(Fig. 2A). The remaining four residues will lead to two additional sequences in the pentadecapeptides that have produced the most
interstrand pair interactions. The selection of the five new residuestrikingly different g-hairpin structures in the decapeptidate
was based on amino acjgisheet propensities and solubility cri- Alba et al., 1997a We performed the turn change on penta-

Peptide design

Peptide 1 1 Y S N P D G T ' T

Peptide 2 I Y S Y N G K T W T

Peptide 3 S E I Y S N P D G T w T \Y% T E

Peptide 4 S E I Y S Y N G K T w T \Y T E

Peptide 5 R S 1 Y S N P D G T 'Y T v T E

Fig. 1. Peptide sequences. Turn residues are in bold. The residues that lengthen peptides 3-5 relative to peptides 1-2 are underlined.
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A 3:5 B-hairpins, type I + G1B-bulge turn

O H H O H H
E15 Ti4 V13 Ti2 WI11 T10

B 2:2 B-hairpins, type I' B-turn

H H
T1I0 W9 T8 K7 E1S Ti4 VI3 Ti2 WI11 T10 K9

C 2:2 B-hairpins, type IT' B-turn

|
O H H_O W O
AN AN
ki
0 H H (6] l!l H (6] }ll H (0]
-0 E15 Ti4 V13 Ti2 Wil TI0

T1I0 W9 T8

Fig. 2. Schematic representation of the peptide backbone conformatio@s) dhe 3:53-hairpin with a type I+ G1 B-bulge turn
formed by peptide 1left) and expected for peptides 3 andright); sequence of peptide 3 is shown; residues 1 and 2 in peptide 5
are R and S, respectivel{B) the 2:28-hairpin with a type 1turn adopted by peptide @eft) and expected for peptide(dight); and

(C) the 2:2B-hairpin with a type Il turn peptide 2(left) and expected for peptide @ight). The dotted lines indicate th@-sheet
hydrogen bonds and the black arrows the expected long-range NOEs involving backbone protons.

decapeptide 8to give peptide % but not on 5, because peptide 5 Aggregation state

aggregategsee below. As in the case of peptide 2 relative to

peptide 1, the sequence of peptide 4 corresponds to the substitutidine 1D*H NMR spectra of peptide 3 at 2 mM concentration and
of the turn residues NPDG of peptide 3 by YNGKig. 1). If turn of peptide 4 at its maximal solubility in aqueous solutisfightly
sequence were crucial in defining the type @hairpin to be lessthan 1 mMare identical in line widths and chemical shifts to
formed, peptide 4 should present the same conformational behathose acquired at 0.1 mM concentration of peptides 3 and 4, re-
ior as decapeptide 2. In this case, peptide 4 is expected to adoptspectively. This indicates the absence of aggregation in both pep-
mixture of two 2:28-hairpins, one with a type’ lturn (residues tides. To further check their monomeric state, sedimentation
YNGK) and the other with a type 'liturn (residues NGK7J, as  equilibrium experiments were performed with the concentrated
found in peptide 2de Alba et al., 1997a samples. The similarity between the averaged molecular weight
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(M,,) obtained by this method and the molecular weight calculatecare unambiguously identified by their negative sign in ROESY
on the basis of the amino acid compositidvly,) indicates that  experiments, whereas true NOE cross peaks are positive. NOESY
both peptides are monomefi®,/M,, = 1.1 for peptide 3and 1.0 and ROESY spectral regions showing exchange cross peaks cor-
for peptide 4. responding to NH protons and to methyl groups of 13 and V13,
In contrast to peptides 3 and 4, the 2Bl NMR spectra of  respectively, are given in Figure 34 s-values at pH 2.2 and 4.3
peptide 5 in aqueous solution at 2 mM, pH 4.3, ari€%data not  are available in Supplementary material in Electronic Appendix
shown contained broad signals as well as the resonances of tw¢Table 3.
conformational species. In the 1D spectrum recorded at the same The most conclusive NMR evidence for the formatioBefairpin
pH and temperature but at a very low peptide concentratiorstructures comes from NOE data. Since different NOEs involving
(0.1 mM), the very broad signals corresponding to the minor spe-backbone protondu. jy, dang,j+1), @anddan+1,j-1) are expected
cies disappear and those of the major species sharpen. To firfdr different types of3-hairpin structuresFig. 2), the set of NOEs
experimental conditions where only one of the species was presertpserved allows the unambiguous identification of the strand reg-
we tested a wide range of pH values, temperatures, and sampister and the type of3-hairpin formed by a given peptide. The
concentrations. At pH 4.3 and°€, the very broad signals belong- NOE data described here come from joint analysis of NOESY and
ing to the minor species are present even at 0.5 mM, the lowest
sample concentration for recording 2D spectra with an acceptable
signal to noise ratio. At 2 mM peptide concentration, the major
species signals sharpened and the minor ones disappear only at
very acid or basic pH valudgpH 2.2 or 9.4 or at high temperature PP A
(35°C). All these results indicate the presence of aggregated states,
and in particular that the concentrated sample of peptide 5 contains
two different states of association in a slow equilibrium within the 8.0
NMR time scale. The minor species likely corresponds to a higher
degree of self-association since its population decreases when the 8.2
peptide concentration is reduced. In turn, it is probable that the
major species corresponds to the monomeric state. To check this 847
hypothesis, sedimentation equilibrium experiments were performed
at experimental conditions where only the major species is present
(2 mM peptide concentration,’8€, and pH 2.2 Under these con- S’H
ditions, the average molecular weigiM,,) obtained by sedimen-
tation equilibrium and the molecular weight calculated on the basis 9.0
of the amino acid compositiotMy,) are identical within experi-
mental erroMy,/M,, = 1.1; see Fig. 1 in Supplementary material
in Electronic Appendix This indicates that the major species of
peptide 5 is the monomeric state. In contrast, the averaged molec- : : : : : : : l : :
ular weight(M,, = 2,110 g'mol) obtained by sedimentation equi- 94 92 90 88 86 84 82 80 78 ppm
librium at 2 mM peptide concentration, pH 4.3 antiC3 where the
population of the minor species is relatively high~400 g/mol

7.8

higher than the molecular weight calculated on the basis of the ppm viz. B3
amino acid compositiolMy, = 1,727 gmol). Fitting the experi- 1B | I3
mental sedimentation equilibrium data at pH 4.3 to a function 0.6
corresponding to a monomeric behavior gives rise to honrandom ' viz3 . 8 o
residuals(Fig. 2 in Supplementary material in Electronic Appen- 0.8 ) ~ e o
dix), which are characteristic of self-association process&sRo- o 0,77 o
rie & Voelker, 1993. All these results agree with the minor species 104 P S
being a self-associated state. T oA ]
1.2 I3
©-13-¢
IH NMR analysis 1.4
The *H NMR assignment of peptides 3 and 4 in agqueous solution o y
and of peptide 3 in the mixed solvent TAHE,O (30:70 was 1.6 e L .
straightforward by the standard sequential assignment procedure 184 /o v 13
(Wthrich et al., 1984; Withrich, 1986'H 6-values of the two e 0 V13
peptides are available in Supplementary material in Electronic Ap- 2.01 i ‘ in
pendix(Tables 1, 2 o7 O .
The same procedure was used to assignth&MR signals of 2.2 —— T | T T T T T
monomeric peptide 8 mM, pH 2.2, and 8C) and the resonances 22 20 18 16 14 12 10 08 06 ppm

corresponding to the major species present at pH 4.3, 2 mM, and,

o . . ) Fig. 3. (A) NOESY and(B) ROESY spectral regions of peptidg mM,
8°C. Once assigned the major species, the exchange cross pe 0/D,0 9:1 pH 4.3, 8C, 200 ms mixing timg Nonsequential cross

observed in NOESY and ROESY spectra allowed the assignmerfeaks are boxed and exchange cross peaks circled. Positive contour levels
of the minor species. Cross peaks arising from chemical exchangs ROESY spectrunB are indicated by dotted lines.
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ROESY spectra recorded under the same experimental conditionérig. 4A,B), observed for peptide 3 in aqueous solution indicate
ROESY experiments allow to check whether a particular crosghe formation of the expected 3hairpin (Fig. 2A). Other long-
peak corresponds to a true NOE connectivity or to spin diffusionrange backbone NOEs characteristic of the@airpin could not
processes. Additional information on the formation@hairpin be observed in aqueous solution because of signal overlap that
structures is provided by &H conformational shiftSAdc,y = persisted at all the pH values and temperatures tested. Only the
Sobserved— Orandom coi) (Bundi & Wiithrich, 1979 and 3, cou- very external nonobserved NH E2x8 E15 NOE was in a clean
pling constants. The &H conformational shift§Adc,.) are ex-  spectral region. Long-range NOEs involving side-chain protons of
pected to be negative in the turn region and positive irgtsérand  facing residues in the 3;8-hairpin were also found for peptide 3
regions(Wishart & Sykes, 1994; Case et al., 199Mevertheless, (Table 4 in Supplementary material in Electronic Appendix the
Adc.n Must be interpreted with caution because aromatic residuesase of decapeptide 1, in addition to the 3:5 structure, a very low,
can affect chemical shifts due to ring current effects. In additionjust above the signal to noise ratio, population of a &:Hairpin

N- and C-terminal residues are not considered for this analysis dueonformation was detectetle Alba et al., 1996 These two

to charged-end effects. Regarding fig, coupling constants, val-  B-hairpin structures have completely differgdstrand registers.

ues greater than 8 Hz are characteristic of extended structures sublo NOE indicative of such 4:8-hairpin was detected for penta-

as thep-strands. decapeptide 3, even though one of the most characteristic NOEs,
CaH Y4-CaH W11, would not have overlapped with any other
signal had it been present. Thexl@ conformational shifts ob-
served for peptide 3 are negative in the turn region and positive in
The long-range NOEs involving backbone protons, NH E2-NHthe strands, except for S5, as expected Benairpin structures
T14, NH N6-NH T10, @H S5-CeH W11, and &H S5-NH T12 (Fig. 5. The negative\dc, value found for S5 can be explained

Peptide 3 adopts the expected &shairpin conformation

ppm , 2 )
A ppm | C 1] s18p’-[ 9] -SIBB
8.0 T|14
4.2 _ E15
[
82 4.31
. 4.4
8.4 i 45
4.6
8.6 —
4.7
8.8 4.8
1 4.9
9.0
9.0 5.0

5.1

5.2

| _
<< Wil — W11 Wwi1l— t@

5.4

55— T T T —
94 93 92 91 90 89 88 87 ppm

Fig. 4. A: NOESY spectral region of peptide @ mM, H,O/D,O 9:1

pH 5.5, 5°C, 200 ms mixing timg B: ROESY spectral region of peptide

3 (2 mM, DO pH 6.3, 5C, 100 ms mixing timg C: NOESY spectral
region of peptide 35 mM, TFE/H,0 30:70, pH 5.5, 16C, 150 ms mixing
time). Nonsequential cross peaks are boxed. Negative contour levels at
ROESY spectrunB are indicated by dotted lines.
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1.0 1.0
A —Aa—Peptide 1 B
e...m-Peptide 3 °
0.8 1 0.8 e Pont
—e—Peptide 3 (TFE)e ° Peptfdez
—a—Peptide 4
0.6 —
0.4 +
0.2 +
0.0 -
-0.2 5 ;
.
U S e s e B B B B
SEIYSYNGKTWTVTE
Residue Residue

Fig. 5. Conformational shifts as a function of sequence(fy peptide 1(de Alba et al., 1996and 3 in aqueous solution at pH 5.3
and 5°C, and peptide 3 in 30% TFE at pH 5.5 and®@) and(B) peptide 2 in aqueous solution at pH 4.3 arf€%de Alba et al., 1997a
and peptide 4 in aqueous solution at pH 5.5 afi@.5

by the ring current effects; S5 faces the aromatic side chain of W11t is useful to calculate an ensemble of structures compatible with
and is consecutive to that of Y4, as in the case of the equivalent $1e NOE constraints so as to visualize the conformational proper-
residue in peptide 1de Alba et al., 1996 The profiles of @H ties of the favored family of structures. To this end we performed
conformational shifts in the central region of peptide 3 and instructure calculations on the basis of the distance constraints pro-
peptide 1 are very similafFig. 5. This result confirms that the vided by the nonsequential NOEs observed for peptide 3. Intra-
same B-hairpin conformation is adopted by both peptides. Theresidue and sequential NOEs were excluded because their intensities
CaH conformational shifts of most residues are slightly larger inare the ones most affected by the conformational averaging due to
peptide 3 than in peptide 1, suggesting that the population ofhe contribution of random coil conformations to their intensities.
B-hairpin is greater in the longer peptide. This is probably a con-Since the qualitative analysis of the NMR parameters indicates that
sequence of the larger number of stabilizing hydrogen bonds andeptide 3 adopts the same 38hairpin in both solvents, non-
cross-strand side-chain interactions present in peptide 3 relative equential backbone NOEs observed in 30% TFE were included in
peptide 13, coupling constants larger than 8 Hz were measuredhe structure calculation. A listing of all NOEs used for the struc-
for residues E2, 13, Y4, T10, W11, T12, V13, and T14, which areture calculation is available in Supplementary material in Elec-
located at the3-strands. tronic Appendix(Table 4. For those residues WitBle,ynn >
The populations of3-hairpin structures adopted by peptides 8.0 Hz,¢ angles were restricted to the rang&6C to —8C°. The
have been reported to increase in alcohol-water mixtigeglba  RMSD of the best 20 calculated structures was €.9.2 A for
et al., 1995, 1996, 1997a, 1997b; Ramirez-Alvarado et al., 1996yackbone atoms and 1470.3 A for all heavy atomséFig. 6). Most
1997; Maynard & Searle, 1997; Maynard et al., 1998FE can  of the best 20 structures contain a NH N6-CO T10 hydrogen bond
also produce changes in chemical shifts useful to solve the signand about half of them one between the NH of G9 and the CO of
overlap problem present in aqueous solution by allowing the obN6. This agrees with th@-hairpin being of type 3:5Fig. 2A;
servation of additional NOEs characteristic of fBhairpin struc-  Sibanda & Thornton, 1985, 1991; Sibanda et al., 1988e ¢,
ture. For these reasons, the conformational behavior of peptide &ngles of turn residues are also in agreement with the loop being
was investigated in 30% TFE. The profile oft8 conformational  atype I+ G1-bulge turn, which is the one most frequently found
shifts found in 30% TFE relative to aqueous solution is identical inin 3:5 B-hairpins(Sibanda & Thornton, 1985, 1991; Sibanda et al.,
shape, but it shows significantly larger absolute values for most 01.989.
the residuesFig. 5. Thus, TFE, as expected, promotes an increase
in the B-hairpin population. The set of long-range backbone NOEs .
observed in 30% TFE includes all the characteristic NOEs ex-g_ezp/tf:ai‘:p?g%%t:fg;ﬁnggn?pemed
pected for the 3:5B-hairpin (Figs. 2A, 40, except for three of '
them, GxH I13-CaH V13, CaH I3-NH T14, and NH Y4-G&H V13 Three long-range NOEs involvinga® protons were identified in
NOEs, which could not be observed due to signal overlap. LongROESY spectra recorded for peptide 4 in(Fig. 7). The one
range NOEs involving side-chain protons compatible with the ex-between the @H protons of S5 and T10 indicates the presence of
pected 3:58-hairpin structure were also observed in 30% TFE. a 2:2 hairpin with YNGK as turn residuébig. 2B), and the other
Relative to those observed in aqueous solution, they are morgvo, CaHY6-CaHW11 and @HY4-CaHV13 NOEsS, are charac-
intense, which is also in agreement with an increasg-hairpin teristic of a 2:2 hairpin with NGKT as turn residu@sg. 20). This
population. result indicates that pentadecapeptide 4 adopts two 2:2 hairpins
Although NOESs cannot be interpreted in terms of a unique strucsimilar to those adopted by its shorter analogue, decapeptide 2. No
ture because of the conformational averaging present in peptidesjore of the expected long-range NOEs for the two2-Rairpins
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share the same shapleig. 5), as occurred with peptide 3 relative

to peptide 1. In the case of peptides 4 and 2, even the absolute
values of the @H conformational shifts are almost identical. This
indicates that the overall population gfhairpin structures is ap-
proximately the same in both peptides, which is not surprising if
we consider that the sum of the populations estimated for the two
distinct 2:2B-hairpins adopted by peptide 2 is close to 9086

Alba et al., 1997a

Peptide 5 exists as two species, an aggregated state and a
monomeric one, in slow equilibrium. The monomeric state
forms the expected 3;8-hairpin conformation

The pattern of NOEs observed for peptide 5 at pH 2.2, where only
the monomer is present, includes a NH S2-NH T14 NOE as well
as NOEs involving the side-chain protons of residues 13 and W11,
residues facing each other in the expecgtairpin (Fig. 2A;
Table 5 in Supplementary material in Electronic Appendbhus,

the set of long-range NOE connectivities indicates the formation of
the expected 3:B-hairpin (Fig. 2A). The profile of GvH confor-
mational shifts at pH 2.2Fig. 8) is also in agreement with the
formation of aB-hairpin. The population of thg-hairpin must be
low as suggested by the small absolute values of did €onfor-

could be observed. This is probably a consequence of the poapational shifts. Thus, the absence of some expected NOEs involv-
signal to noise ratio of NOESY and ROESY spectra of peptide 4 in"9 the backbone protons is probably due to the |Bwairpin
H,0/D,0 9:1 caused by the low peptide solubility. Concerning thePOPulation. The similarity of thedc.y profile of peptide 5 with

CaH conformational shifts, those observed for peptide 4 in aque-that previously reported for peptide(Eig. 8; de Alba et al., 1996

ous solution are negative for residues YNG at the turn region andndicates that both adopt the same typeSefiairpin structure.
positive for segments E2-S5 and K9-T18ig. 5, in agreement TheB-hairpin populations of some peptides containing the NPDQ
with those expected fgB-hairpins. As mentioned already, the N- turn sequence decrease at low pH as a consequence of a side-

and C-terminal residues are not considered due to end effect§ain—side-chain N-D interactiofde Alba et al,, 1995, 1996
Interestingly, the profiles of &H conformational shifts found for 1 nerefore, the population of 3/-hairpin adopted by peptide 5,

peptides 3 and 4 differ significantly. However, the profiles of the Which has the NPDG turn sequence, is expected to increase at pH

common sequence of pentadecapeptide 4 relative to decapeptidé’?lm:fS higher than 2.2. But, as alr_ea_ldy mentiqned, two species
coexist at pH 4.3 due to self-association. The similaalues of

the monomer species observed at pH 2.2 and of the major species

Fig. 6. Stereoscopic view of the superposition of all heavy atoms of the
best 20 calculated structures for the BHhairpin adopted by peptide 3.
Backbone atoms are shown in black lines and side-chain atoms in red.

ppm

4.1 1.0

42 4
0.8 1 —e—Peptide 5, pH 2.2
''''' A--Peptide 1, pH 4.3
0.6 —=—Peptide 5, pH 4.3

43
44 4

4,5—

4.6

~Sobs - Orc> PPM

AS =

47 4

4.8

49

X
@|- wir —1II turn

50

) T T T T T T T T T
50 49 48 47 46 45 44 43 42 ppm

Residue

Fig. 7. ROESY spectral region of peptide(d mM, D,O, pH 6.3, 5C, Fig. 8. Conformational shifts as a function of sequence for peptideel
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present at pH 4.3 indicate that the latter must be also monomericlerived 16-residue peptide, Searle et al., 1995; a designed 10-
Since assignment of this major species at pH 4.3 was fedsieée  residue peptide, de Alba et al., 1998id not aggregate under
above, we analyzed its NMR data in structural terms. The profile experimental conditions very close to their corresponding pl value.
of CaH conformational shifts corresponding to the major speciesThe formation of intermolecular salt bridges is the most likely
of peptide 5 at pH 4.3Fig. 8 fits well with the formation of a  additional driving force for self-association of peptide 5. Similar
B-hairpin, since it shows negative values in the turn region andgpH-dependent behaviors observed in otBesheet forming pep-
positive in the strands. The negatidéc, value observed for S5 tides were attributed to intermolecular salt bridg&tuga et al.,
has been found previously for this same residue in peptides 1 ant990. Hydrophobic effects may also be contributing to peptide 5
3 (Fig. 8; de Alba et al., 1996 The ring current effect of the aggregation. NMR data on the monomeric state of peptide 5 indi-
aromatic side chain of its facing residue in {Bairpin, W11, or  cate that the monomer adopts the expected33irpin structure
of its neighbor residue, Y4, can account for the obseég,. (see above The available NMR data on the associated state are
The absolute values of then€®l conformational shifts of peptide 5 not sufficient to determine if the peptide aggregates in its struc-
at pH 4.3 are larger than those observed at pH 2.2 and than thosered form or in a random one. On the whole, although able to
of peptide 1(Fig. 8). This indicates that, as expected, the popula-adopt the target structure, peptide 5 is not valid g8-lzairpin
tion of B-hairpin adopted by the monomeric species of peptide 5model due to its tendency to aggregate. Cross-strand charged—
increases at pH 4.3. Under the same experimental conditions, pesharged interactiondK, DR, EK, and ER are favored according
tadecapeptide 5 adopts a higher population of B&airpin than  to statistical analysis of pair frequencies in protein antiparallel
decapeptide 1. This can be explained by the larger number g8-sheets(Lifson & Sander, 1980; Wouters & Curmi, 1995; Gu-
stabilizing hydrogen bonds and cross-strand side-chain internasekaran et al., 1997; Hutchinson et al., 2988 hence, they
actions present in peptide 5, as suggested in the case of peptidecBuld be considered suitable f8rsheet peptide design. The pairs
(see above The long-range NOEs involving backbone NH pro- ER and EK in a hydrogen-bonded site of an antiparglsheet
tons, S2-T14 and Y4-T12, and side-chain protons of residues Y4were also found to be the most stabilizing pairs in an experimental
T12, Y4-T14, 13-W11, and S5-W11 that were identified at pH 4.3 investigation(Smith & Regan, 1996 Our results, however, sug-
(Table 5 in Supplementary material in Electronic Appefdike  gest that the use of salt bridges in the design of monongesiceet
compatible with the expected 3/ -hairpin (Fig. 2A). However,  or B-hairpin forming peptides should be accompanied by addi-
this is not conclusive evidence since it is impossible to distinguishtional design solubility criteria to avoid peptide aggregation. Since
if the long-range NOEs are intra- or intermolecular due to chem-many sequences with a high propensity to fg@sheets also have
ical exchange between protons in the major monomeric species strong tendency to aggregate, design of monongesiceet form-
and in the minor self-associated one. ing peptides must disfavor aggregation and not only include fa-
vorable interactions, as stated by Smith and Red&97).

In contrast to peptide 5, peptide 3 is monomeric in aqueous
solution and adopts the expected B#hairpin (Fig. 2A), as dem-
The paper presents three distinct objectivids. The design of  onstrated by the NMR data. The absence of aggregation in peptide
pentadecapeptides able to form monomgk-eairpins in aqueous 3, for which design solubility criteria were a top priority, shows
solution. (2) The study of the effect of salt bridges ghhairpin that this factor is essential in the design of monomgkricairpin
stability. (3) The investigation of the effect of changing the turn forming peptides. Solubility criteria were indeed considered in the
sequence in th@-hairpin structure. Concerning the first two ob- design of peptides reported to adopt monomgricairpin struc-
jectives, two different peptideieptides 3 and 5 in Fig.).were  tures in aqueous solutigie Alba et al., 1996; Ramirez-Alvarado
designed. A potentially stabilizing cross-strand R-E salt bridge wa®t al., 1996; Smith & Regan, 1987
introduced in the sequence of peptide 5. Two species of peptide 5, Pentadecapeptide 3 is a goB¢hairpin model that can be used
a monomeric state and a self-associated one, are in slow equilifer analysing the effect of turn residue substitutions. Out of the
rium at the NMR time scale under most experimental conditionsvarious substitutions previously done in the model decapeptide 1,
The population of the associated state is pH dependent, since Wte have performed the one producing the most drastic change in
vanishes at pH 2.2 and 9.3, and is maximal at about pH 5.3. Thugerms of peptide’s conformational behavior. Pentadecapeptide 3, as
the optimal conditions for self-association of peptide 5 are close talecapeptide 1, contains the NPDG turn sequence, which at each
the peptide pl and coincide with the R1 guanidinium side-chainposition has the highest intrinsic tendencies in a type | {Wi-
group and the N-terminus being positively charged and the E, Dmot & Thornton, 1988and forms a 3:3-hairpin with a type H
and terminal carboxylate groups being negatively charged. Th&1 B-bulge. Pentadecapeptide 4 and decapeptide 2, both with the
intrinsic pK, values for the R guanidinium side-chain group, the NPDG sequence substituted by YNGK, adopt two B:Bairpin
N-terminal amino group, the E side-chain carboxylate, the D side€onformations, one with a typé furn formed by residues YNGK,
chain carboxylate, and the C-terminal carboxylate are 12, 7.7, 4.%ach residue has the highest propensity to form a typerh
4.0, and 3.6, respective(ffanford, 1968; States & Karplus, 1987  (Hutchinson & Thornton, 1994 and the other with a type’lturn
It is known that proteins can be less soluble and even precipitat@esidues NGK7, where G and T are the residues with the highest
when the pH equals their pl, as a consequence of having a zero nndencies to be at positions 1 andi + 3, respectively, of a type
charge. Nevertheless, peptide 5 aggregates over a very broad gH turn (Hutchinson & Thornton, 1994 The conformational be-
range(self-associated species are observed from pH 3.5 1pso5 havior of peptides 3 and 4 indicates that, as previously found in
that aggregation persists under conditions where the peptide chargecapeptidesde Alba et al., 1996, 1997a, 1997khe turn se-
is larger than I positive at pH 3.5 and negative at pH }.Bhere-  quence is essential in defining the typedshairpin to be adopted.
fore, proximity of the pH value to the peptide pl value does notSince the thre@-hairpins adopted by peptides 3 and 4 contain the
seem to be the only cause for aggregation. Moreover, some otheame number of backbone hydrogen boBg. 2), increasing
previously reportedB-hairpin-forming peptides(a ubiquitin-  B-hairpin stability by forming a larger number of backbone hy-

Discussion
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drogen bonds is not driving the formation of differghhairpinsin ~ for B-sheet formation(Shonbrunner et al., 1997our results on
peptides 3 and 4. The fact that strands in our peptide system ay&-hairpin formation are particularly relevant for the folding of
longer than the average length of strands in proj@ihairpins  B-sheet proteins.

(Sibanda & Thornton, 1991; Ramirez-Alvarado et al., 1)996g-
gests that the role of turn residuesdrhairpin stability offsets that
of strand residues. It could be argued that fairn sequence is
directingB-strand alignment only because specific, favorable crossFrom the*H NMR analysis of the conformational behavior of
strand side-chain—side-chain interactions are absent. To respondtioree designed pentadecapeptides, we have been able to draw the
this, a peptide with optimized side-chain—side-chain interactiongollowing conclusions: The introduction in the design of poten-
would be very helpful. But, optimization of side-chain—side-chaintially stabilizing salt bridges may provoke aggregation. The two
interactions would probably lead to peptide insolubility or aggre-monomeric peptides adopt thghairpin conformation expected
gation or both, given that most of the amino acids taking part in thdor their turn sequence, which demonstrates that turn sequence is
favorable cross-strand interactions are very hydrophobic. Theremore important than side-chain interactions in determining the
fore, we have analyzed the cross-strand pairs of the Butesrpins ~ type of B-hairpin. Thus, at least in the investigated peptide sys-

in terms of their reported statistical probabilities in protein anti- tems, turns direct the pairing of the strandsA@rhairpins, and
parallel 3-sheets(Hutchinson et al., 1998and considering only  consequently the relative orientation of the side chains of their
residue pairs with statistically significant values. The @:Bairpin  constituent residues. This result, if generally valid, may have strong
with a type I B-turn (Fig. 2B) contains two stabilizing cross-strand implications for the folding of proteins whose native structure
interactiongS-T in a nonhydrogen-bonded sit&he 3:58-hairpin  containsg-hairpin motifs.

with a type |+ G1 B-bulge turn(Fig. 2A) has ong1-V, which is

favorable ingB-hairpins as analyzed by Gunasekaran et al., 1997 )

and is favorable in a nonhydrogen-bonded site according to Woutiyl"’lte”"jlls and methods
ers & Curmi, 1995, but not statistically significant in the analysis . ) o
of Hutchinson et al., 1998 The 2:2 B-hairpin with a type I  PePtide synthesis and purification

B-turn (Fig. 2C) contains no stabilizing interactidit would have  peptides 3 and 5 were chemically synthesized by the Peptide Syn-
one if we consider Y-W in a nonhydrogen-bonded site that isthesis Facility at the Department of Organic Chemigtipiversity
favorable but not statistically significative according to either Hutch-of Barcelona, Spainand peptide 4 by American Peptide Company
inson et al., 1998 or Wouters & Curmi, 1995 hus, if favorable  (Sunnyvale, Californip 2,2,2-Trifluoroethanol-gilwas purchased
cross-strand interactions were directiighairpin formation, pep-  from Cambridge Isotopes Laboratori€mbridge, Massachusetts
tide 3 would adopt a 2:B-hairpin, which is not detected. The
sequence at the turn, is compatible with the formation of a 2:2_ . I
B-hairpin, since the NPDG sequence would adopt a tygdurn, Sedimentation equilibrium

and 2:2 hairpins with that type of turn are found in protéBibanda  Sedimentation equilibrium experiments were performed to obtain
& Thornton, 1985, 1991; Sibanda et al., 1988evertheless, the the average molecular weight of peptide samples at the concen-
type | B-turn lacks the right-handed twist appropriate fsheet  trations used in the NMR experiments and 150 mM NaCl to screen
structures and the formation of a type-IG1 8-bulge turn, which  nonideal effects involving charged residues at high peptide con-
has the right-handed twist, drivgshairpin formation in peptide 3  centrations. Peptide samplé30 uL) were centrifuged at 40,000
and compensates for the smaller number of favorable cross-strangm at 278 and 281 Kin the case of peptide)3n 4 mm triple-
interactions. Type’land type Il B-turns are right-handed twisted. sector Epon charcoal centrepieces, using a Beckman Optima XL-A
Peptide 4, which has a sequence that can adopt a‘typln and  ultracentrifuge with a Ti60 rotor. Radial scans were taken at dif-
a one-residue-shifted'l|3-turn (Fig. 2B,0), forms the two possi-  ferent wavelengths ewer2 h until equilibrium was reached. The
ble 2:2 B-hairpins in spite of having less favorable cross-stranddata were analyzed using the program XLAEQ from Beckman.
interactions in the 2:8-hairpin with a type Il -turn. Thus, our  The partial specific volumes of the peptides were calculated on the
results demonstrate that the turn sequence not only affaédgrpin - basis of their amino acid composition and corrected for tempera-
stability as recently reported in other peptide modele Alba  ture (Laue et al., 1992 They were 0.706 and 0.701 mg for

et al., 1997a, 1997b; Haque & Gellman, 1997; Ramirez-Alvarad@eptide 3 and 4, respectively, at® and 0.714 ml/g for peptide

et al., 1997, but also, at least in our peptide systems, can define5 at 8°C.

the type ofB-hairpin and the strand register. Results on ubiquitin-
derived peptides agree with our proposal. They showed that re;
placement of the native turn of the 17-residue N-term@xakirpin

by NPDG leads to a 3:B-hairpin with a non-native strand register Peptide samples for NMR experiments were prepared in 0.5 mL of
(Searle et al., 1995whereas its substitution by BPGO, which  H,O/D,0 (9:1 ratio by volume or in pure O. Peptide concen-
forms a type Il B-turn, drives to the formation of a 2;2-hairpin  tration depended on peptide solubility. pH was measured with a
with native strand alignmer{Stanger & Gellman, 1998Never-  glass micro electrode and was not corrected for isotope effects.
theless, further experimental work in other peptide systems will béThe temperature of the NMR probe was calibrated using a meth-
needed to prove the generality of our proposal regarding the esanol sample. Sodiufi8-trimethylsilyl 2,2,3,32H] propionatg TSP
sential role of the turn sequencegahairpin formation. This con- was used as an internal reference. Ti&NMR spectra were
clusion is also in agreement wigithairpin formation being initiated  acquired on a Bruker AMX-600 pulse spectrometer operating at a
at theB-turn, as suggested by theoretical studibtifioz et al.,  proton frequency of 600.13 MHz. 1D spectra were acquired using
1997, 1998 Since experimental studies on the folding of a small 32 K data points, which were zero-filled to 64 K data points before
B-sheet protein support the idea tifabairpins are initiation sites  performing the Fourier transformation. Phase-sensitive 2D total

Conclusions

H-NMR spectra
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correlated spectroscogfTOCSY) (Rance, 198), nuclear Over-  Blanco FJ, Rivas G, Serrano L. 1994b. A short linear peptide that folds into
hauser enhancement spectroscONPESY) (Jeener et al., 1979; a native stablgs-hairpin in aqueous solutiorNature Struct Biol 1584—
Kumar et al., 198pand rotating frame nuclear Overhauser effect Bothnell—By AA, Stephens RL, Lee JM, Warren CD, Jeanloz RW. 1984. Struc-
spectroscopyROESY) (Braunschweiler & Ernst, 1983; Bothner-By ture determination of a tetrasaccharide: Transient nuclear Overhauser effects
et al., 1984 spectra were recorded by standard techniques usin% in the rotating frameJ Am Chem Soc 10811-813.

: f e : raunschweiler L, Ernst RR. 1983. Coherence transfer by isotropic mixing:
presaturation of the water signal and the time-proportional phas Application to proton correlation spectroscogyMagn Reson 5321-528.

incrementation modéRedfield & Kuntz, 197%. A mixing time of Bundi A, Wiithrich K. 1979.'H NMR parameters of the common amino acid
200 ms was used for NOESY and ROESY spectra. TOCSY spectra residues measured in aqueous solution of linear tetrapeptides H-Gly-Gly-
were recorded using 80 ms MLEV 16 with z filter spin-lock se- __ X-Ala-OH. Biopolymers 1&85-297.

L . . Case DA, Dyson HJ, Wright PE. 1994. Use of chemical shifts and coupling
quence(Rance, 198). Acquisition data matrices were defined by ™, nsiants in nuclear magnetic resonance structural studies on peptides and

2,018X% 512 points int, andt,, respectively. Data were processed proteins.Methods Enzymol 23892—416.
using the standard XWIN-NMR Bruker program on a Silicon Graph-Chou PY, Fasman GD. 1974. Conformational parameters for amino acids in

ics computer. The 2D data matrix was multiplied by a square-sine- ihs‘f'['r";i'éﬁz‘ﬂfggza”d random coil regions calculated from prot@iechem-

bell window function with the corresponding shift optimized for cox JpL, Evans PA, Packman LC, Williams DH, Woolfson DN. 1993. Dissect-
every spectrum and zero-filled to a1 K complex matrix prior ing the structure of a partially folded protein. Circular dichroism and nuclear

to Fourier transformation. Baseline correction was applied in both ~ Magnetic resonance studies of peptides from ubiquiibol Biol 234483~

dimensions. de Alba E, Blanco FJ, Jiménez MA, Rico M, Nieto JL. 1995. Interactions

responsible for the pH dependence of Bwdairpin conformational popu-
. lation formed by a designed linear peptid&ur J Biochem 23283-292.
Structure calculation de Alba E, Jiménez MA, Rico M, Nieto JL. 1996H NMR conformational
-, . investigation of designed short linear peptides able to fold gywairpin
Intensities of medium- and long-range NOEs were evaluated qual- . \crures in aqueous solutioRolding Design 1133—144
itatively and used to obtain upper limit distant constraints: strongje Alba E, Jiménez MA, Rico M. 1997a. Turn residue sequence determines

3 A), intermediate between strong and medi(81b A)' medium B-hairpin conformation in designed peptiddsAm Chem Soc 11975-183.

. : : de Alba E, Rico M, Jiménez MA. 1997b. Cross-strand side-chain interactions
(4 A)’ intermediate between medium and we@k5 A)’ weak versus turn conformation if-hairpins.Protein Sci 62548-2560.

(5A), and very weak5.5 A). Pseudo atom ‘?OrreCtionS were added pyson HJ, Wright PE. 1991. Defining solution conformations of small linear
where necessary. Thigangles were constrained to the range80 peptides Annu Rev Biophys Chem Z19-538.
to O° except for Asn and Gly. For those residues WilB,.nn > Dyson HJ, Wright PE. 1993. Peptide conformation and protein foldwgr

; - Opin Struct Biol 360-65.
8.0 Hz, ¢ angles were restricted tO the ranﬁGU to —80". . Gellman SH. 1998. Minimal model systems férsheet secondary structure in
Structures were calculated on a Silicon Graphics computer using proteins.Curr Opin Struct Biol 2717-725.

the program DIANA(GUnter et al., 1991 Gunasekaran K, Ramakrishnan C, Balaram P. 1@897airpins in proteins re-
visited: Lessons fode novodesign.Protein Eng 101131-1141.
Gunter P, Braun W, Withrich K. 1991. Efficient computation of three-dimensional

Supplementary material in Electronic Appendix protein structures in solution from nuclear magnetic resonance data using
the program DIANA and the supporting programs CALIBA, HABAS and
Three tables listing thé values of peptides 3-Fables 1-3 three GLOMSA. J Mol Biol 217:517-530.

ot ; H _Haque TS, Gellman SH. 1997. Insights B+hairpin stability in aqueous solu-
tables listing the n_onsequentla}I NOEs Observe.d for _peptldes 3-8 tion from peptides with enforced typé &nd type Il g-turns.J Am Chem
(Tables 4—8& Two figures showing the ultracentrifugation data for  go¢ 1193301-3302.

peptide 5 under experimental conditions where the peptide is moHutchinson EG, Thornton JM. 1994. A revised set of potentialsAdurn
nomeric(pH 2.2; Fig. 3 and under conditions where the peptide  formation in proteinsProtein Sci 32207-2216. '
aqare ate$ H 4.3 Fi 2 Hutchinson G, Sessions RB, Thornton JM, Woolfson DN. 1998. Determinants
ggreg P -3 Flg. 4. of strand register in antiparallgtsheets of protein®rotein Sci 72287-2300.
Jeener J, Meier BH, Bachmann P, Ernst RA. 1979. Investigation of exchange
rocesses by two-dimensional NMR spectroscdp@hem Phys 74546—
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