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Abstract 

A series of designed peptides has been analyzed by 'H-NMR spectroscopy in order to investigate the influence of 
cross-strand side-chain interactions in @hairpin formation. The peptides differ in the N-terminal residues of a previously 
designed linear decapeptide that folds in  aqueous solution into two interconverting P-hairpin conformations, one with 
a type I turn (P-hairpin 4:4) and the other with a type I + G1 P-bulge turn (P-hairpin 3:5). Analysis of the confor- 
mational behavior of the peptides studied here demonstrates three favorable and two unfavorable cross-strand side-chain 
interactions for P-hairpin formation. These results are in agreement with statistical data on side-chain interactions in 
protein P-sheets. All the peptides in this study form significant populations of the P-hairpin 3:5,  but only some of them 
also adopt the @-hairpin 4:4. The formation of @-hairpin 4:4 requires the presence of at least two favorable cross-strand 
interactions, whereas P-hairpin  3:5 seems to be less susceptible to side-chain interactions. A protein database analysis 
of &hairpins 3:5 and P-hairpins 4:4 indicates that the former occur more frequently than the latter. In both peptides and 
proteins, P-hairpins 3:5 have a larger right-handed twist than P-hairpins 4:4, so that a factor contributing to the higher 
stability of @-hairpin 3:5 relative to P-hairpin 4:4 is due to an appropriate backbone conformation of the type I + GI 
P-bulge turn toward the right-handed twist usually observed in protein P-sheets. In contrast, as suggested previously, 
backbone geometry of the type I turn is not adequate for the right-handed twist. Because analysis of buried hydrophobic 
surface areas on protein P-hairpins reveals that P-hairpins 3:5 bury more hydrophobic surface area than P-hairpins 4:4, 
we suggest that the right-handed twist observed in P-hairpin  3:5 allows a better packing of side chains and that this may 
also contribute to its higher intrinsic stability. 

Keywords: P-hairpin conformation; P-sheet twist; &turn; NMR; peptide design; protein folding; side-chain 
interactions 

The mechanism by which a polypeptide chain folds  into its native 
three-dimensional structure is still an open question. One of the 
proposed mechanisms, the framework model, includes secondary 
structure formation in the early steps of protein folding (Kim & 
Baldwin, 1990; Dyson &Wright, 1991, 1993). Extensive work on 
the conformational properties of protein fragments and designed 
peptides has been performed to gain insights into the factors re- 
sponsible for the formation of secondary structure. A large body of 
information is now available about cy-helix formation and stability 
(Scholtz & Baldwin, 1992; Lyu et al., 1993; Zhou et al., 1993, 
1994; Muiioz & Serrano, 1994a; Baldwin, 1995), and the major 
principles governing the process are beginning to be understood. In 
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ing frame NOE spectroscopy; TOCSY, total correlation spectroscopy. 

contrast, very little is known about the formation of P-sheets, 
probably due to the high tendency of the potential P-sheet-forming 
peptides to aggregate. The smallest structural domain having the 
characteristics of  an antiparallel P-sheet is a  P-hairpin,  i.e.,  two 
@-strands connected by a loop region with a number of interstrand 
backbone hydrogen bonds. @-Hairpin motifs commonly found in 
protein structures have been classified on the basis of the confor- 
mations adopted by the loop connecting the &strands, both in 
terms of the number of residues taking part in the turn, as well as 
the number of interstrand hydrogen bonds between the residues 
flanking the turn (Sibanda & Thornton, 1991). The most abundant 
@hairpin structures are those having two residues in the turn, with 
flanking residues forming two backbone hydrogen bonds (P-hairpins 
2:2); next come loops involving three residues, with only one 
backbone hydrogen bond between flanking residues (P-hairpins 
3:5);  and finally there are those having four residues in the loop, 
again with two backbone hydrogen bonds between distal residues 
(@-hairpins  4:4) (Sibanda & Thornton, 1991). P-Hairpin structures 
with longer loops are very scarce (Sibanda et al., 1989). Normally, 
&hairpins 2:2 have type I' @-turns, whereas the conformations of 
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P-hairpins  3:5 and 4:4 are more frequently found having a type I + 
GI P-bulge turn and a regular type I turn, respectively (Sibanda & 
Thornton, 1991). 

Some peptides  containing  non-natural amino acids (Haque 
et  al., 1994, 1996) as well as nonpeptide scaffolds able to bring the 
two strands together (LaBrenz & Kelly, 1995; Nesloney & Kelly, 
1996; Nowick et al., 1996a, 1996b) were designed with the pur- 
pose of studying P-hairpin formation. However, as far as we know, 
no stabilizing interstrand side-chain interactions were identified in 
these model systems. Recently, some protein fragments were shown 
to adopt P-hairpin structures in either aqueous solution (Blanco 
et 2.1.. 1994b) or alcohol-water mixtures (Cox et a]., 1993;  Blanco 
et al., 1994a; Searle et al., 1996) and some peptides containing 
only natural amino  acids were designed to fold into P-hairpins in 
aqueous solution (Blanco  et al., 1993; de Alba et al., 1995, 1996; 
Searle  et al., 1995; Ramirez-Alvarado et al., 1996). We previously 
identified a pH-dependent stabilizing interaction involving the first 
and the third residues in the turn (de Alba et al., 1995), on the basis 
of changes in the sequence of a P-hairpin-forming peptide in aque- 
ous solution (Blanco et al., 1993). More recently, the NMR inves- 
tigation of a series of model decapeptides having the same strand 
sequence but different turn sequences allowed us to demonstrate 
the importance of the turn residue sequence in determining the 
type of P-hairpin to be formed (de Alba et al., 1997). We con- 
cluded that differences in  turn propensities of residues lead to 
changes in P-hairpin conformation even if this causes a different 
P-strand residue pairing and backbone-hydrogen bond register. 
Substitutions of some P-strand residues by Ala in another P-hairpin- 
forming peptide (Ramirez-Alvarado et al., 1996) were shown to 
hinder the formation of the P-hairpin, but the conclusions about the 
influence of cross-strand side-chain interactions remained unclear, 
because Ala has an intrinsically low propensity to be  in a 6-strand. 

With  the aim of investigating the role of the interstrand side- 
chain interactions in P-hairpin formation, we analyze in this paper 
the conformational properties of a series of peptides (Fig. 1) de- 
rived from the model system used in our previous studies: pep- 
tide 1 in Figure 1 (de Alba et al., 1996, 1997). In the peptides 
studied, the residues in the p-turn and the C-terminal P-strand 
sequence of peptide 1 are unchanged, whereas specific residue 
substitutions are introduced in selected positions of the N-terminal 
P-strand (Fig. I ) .  To minimize effects due to the differences in 
intrinsic P-sheet propensities, all the residues involved in the sub- 
stitutions have high P-sheet propensities. Analysis of the confor- 
mational properties of these peptides has allowed the detection of 
stabilizing cross-strand interactions as well as the determination of 

@-strand residues 
" I , -1 turn residues ~ ! 

model peptide ( Peptide 1 11 Y2 SJ N4 S5 D6 C7 ITS W9 TIO' 

Peptide2 SI Y2  I3 N4 S5 D6 G7 T8 W9 TI0 

Peptide3 YI  12 S3 N4 S5 D6 G7  TS W9 TI0 

Peptide4 SI Y2 S3 N4 S5 D6 GI TS W9 T10 

Peptide5 YI I2 T3 N4 S5 D6 G7 T8 W9 TI0 

Peptide6 Y1 Y2 T3 N4 S5 D6 C7 TS W9 T10 

Peptide7 T1 I2 S3 N4 S5 D6 G7 TS W9 TI0 

dcsignrd peptides 

Fig. 1. Peptide sequences. Turn residues in P-hairpin  4:4 are boxed. T8 
belongs to the turn in P-hairpin 3 5 .  

the relative stabilities of the two different types of P-hairpin.  The 
results obtained agree with statistical analysis of cross-strand in- 
teractions and P-hairpin structures. 

Results 

Peptide design 

Peptide 1 (Fig. 1) folds into two almost equally populated @hairpin 
conformations (de Alba et al., 1996). One is a &hairpin 4:4 con- 
taining a type I turn (Fig. 2A) and the other is a  P-hairpin  3:5 
containing a type I + GI &bulge turn (Fig. 2B). Peptide 1 is then 
a good model to investigate cross-strand side-chain interactions, 
because a given mutation in its sequence would provide informa- 
tion simultaneously about two different cross-strand pairings (one 
in each of the two conformations) as well as on the importance of 
cross-strand interactions in two different types of P-hairpin. 

All substitutions were on the N-terminal strand of the hairpin. 
Each residue substitution introduced in a P-strand modifies one 
cross-strand interaction and, in addition, affects the P-hairpin pop- 
ulation as a consequence of the differences in intrinsic P-sheet 
propensities. Thus, to discriminate between the two effects and 
confirm the influence of the cross-strand pair interactions in the 
P-hairpin stability, two peptides (peptides  2 and 3 in Fig. 1 )  with 
the same amino acid composition as peptide 1 but different se- 
quence order were analyzed. Peptides 2 and 3 have different cross- 
strand interactions, but intrinsic P-strand propensities are the same, 
so that changes observed in the population of the P-hairpin can be 
ascribed solely to cross-strand interactions. Because, in contrast to 
peptide 1 ,  no population of P-hairpin  4:4 was detected for pep- 
tides 2 and 3 (Table I),  one or more individual cross-strand inter- 
actions can be stabilizing P-hairpin 4:4 in peptide I .  With the aim 
of investigating the existence of such putative favorable cross- 
strand interactions, peptides 4-7 (Fig. 1) with substitutions in res- 
idues at the N-terminal strand of peptides 1-3 were designed. Pair 
comparison among peptides 1-7 was helpful in identifying some 
P-hairpin-stabilizing cross-strand interactions. 

Aggregation test 

1 D ' H NMR spectra acquired at 0.1 mM peptide concentration or 
at 2 mM (for peptide 2) or 5 mM (peptides 3-7) are identical in 

B 
1 2 3 4  

1 0 9  8 7 10 9 8 

Fig. 2. Schematic representation of the peptide backbone conformations of 
a P-hairpin 4:4 with a type I &turn (A) and a  P-hairpin 3 5  with a type I + 
G I  0-bulge turn (B). Dotted lines indicate the P-sheet hydrogen bonds and 
black arrows indicate the normally observed long-range NOES involving 
backbone protons. A pair of facing residues is  in a hydrogen bonded site 
when their CO and NH are hydrogen bonded, for example, pairs 3-8 and 
1-10 in the P-hairpin  4:4. When their CO and NH backbone atoms are not 
hydrogen bonded, the pair of residues belongs to a non-hydrogen bonded 
site,  for example, pair 2-9 in P-hairpin 4:4. 
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Table 1. Populations of the P-hairpin conformations formed 
by  peptides 1-7 in D20 estimated as described in text 
(Searle  et al., 1995; de Alba  et al., 1996,  1997; 
Ramirez-Alvarado et  al., 1996)" 

Peptide __ 

Ib 

2 

3 

4 

5 

6 

7 

SI YZ I3 N4 S5 

TI0 W9  T8  C7 D6 
; '  1 ' :  non-detected 

Y1 I2 53 N4 S5 

TI0 W9 T8 6 7  D6 

I ; '  nondetected 

SI Y2 S3 N4 SS 

TlOW9TSC7DC 
: :  1 I :  30 % 

Y1 I2 T3 N4 S5 

T10W9 T8 6 7  D6 
, '  1 : ;  non-detected 

Yl  Y2 T3 N4 S5 

TI0 W9 T8 G7 D6 
: '  I : :  I O  6 

TI 12 S3 N4 S5 

T10W9T8G7 D6 
: :  I ; :  non-detected 

p-hrpm 3.5. type I + GI 
p-bulge turn 

strand turn papulation 
Estimated - ~ ~ ~ ~ . ,  __ 

I1 Y2 s3 N4 s5 

T10W9  T8 G7 
' 8  1 "  D6 3 0 6  

S1 YZ 3 N4 S5 

T10W9 T8 G7 

I ,  \ 1 D6 5 0 %  

Y1 12 53 N4 S5 
' :  1 , :  D6 20% 

T10W9 T8 G7 

SI Y2 s3 N4 s5 
8 8  , 8 s  D6 40% 

T l o   w 9  is ~7 

Y I  12 T3 N4 S5 

T10W9 T8 G7 
' ,  , , ,  D6 80% 

Y1 Y2T3 N4 S5 

TI0 W9 T8 G7 
1 ' D6 

T1 I2 S3 N4 S5 

T10W9 T8 G7 
" , D6 10% 

aValues  obtained  were  rounded  to  the  closest  decapercentile.  Peptide 
sequences and residues  belonging  to the turn and strands of each 0-hairpin 
type  are  indicated.  Two  dotted  lines  indicate residue pairs located in a 
hydrogen  bonded site. A continuous line indicates  pairs in a non-hydrogen 
bonded  site. 

bData taken from de Alba et al. (1996). 

line widths and chemical shifts, indicating the absence of aggre- 
gation. To further confirm the monomeric state of the peptides, 
sedimentation equilibrium experiments were performed with the 
concentrated samples for some of the peptides. The similarity be- 
tween the average molecular weights obtained by this method and 
the molecular weights calculated on the basis of the amino acid 
composition indicate that the peptides are monomeric (peptide 2, 

MthIMav = 0.94 * 0.09; peptide 6, Mth/kfaV = 0.95 f 0.09; 
peptide 7, Mrh/MaY = 0.97 * 0.09). The monomeric state of pep- 
tide 1 was previously checked and reported (de Alba et al., 1996). 

M t h / M a V  0.97 * 0.09; peptide 4, hf th /M, ,  = I f 0.1 ; peptide 5 ,  

' H  NMR analysis: Detection and identification 
of the @hairpins 4:4 and 3:5 

'H  NMR spectra of peptides 1-7 in aqueous solution at different 
pH values were assigned using the standard sequential assignment 
procedure (Wuthrich et al., 1984; Wuthrich, 1986). Proton chem- 
ical shifts of peptides 2-7 are available as supplementary material 
in  the Electronic Appendix (Tables SM1-6). 

E. de Alba et al. 

Linear peptides in solution exist as conformational ensembles of 
transient interconverting structures, which are in fast exchange on 
the NMR time scale, due to the low energy barriers between min- 
ima in the +-$ conformational space. Thus, observed chemical 
shifts and coupling constants are averaged values over all existing 
conformations, and NOE connectivities belonging to all signifi- 
cantly populated conformations can be detected. The conforma- 
tional analysis is usually simplified by reduction to two sets of 
structures, one set corresponding to the random coil state, and the 
other set to folded structures. In the discussion that follows, we 
refer to the set of folded structures collectively as "structure adopted 
by a peptide." In addition, two families of folded structures (two 
different types of hairpin structures, see below) are adopted in 
some of the peptides investigated here. The medium- and long- 
range NOE connectivities, with zero intensity in the random coil 
state, and the CaH conformational shifts (AScaH = - 

Srandc,,m .,,,,; Bundi & Wuthrich, 1979), expected to be zero in  the 
random coil state of any peptide, are the most important NMR data 
indicative of structure formation. The NOEs, with their critical 
dependence on interproton distances, provide the most relevant 
structural information and allow us to distinguish between the 
formation of different types of P-hairpin conformation. Figure 2 is 
a schematic representation of the P-hairpin  4:4 and the P-hairpin 
3:5 conformations expected for the peptides in this study. The two 
P-hairpins can be distinguished by their different NOE patterns. 
Thus, P-hairpin 4:4 would show NOE correlations between the NH 
protons of residues 3 and 8 and the CaH protons of residues 2 
and 9  (Fig.  2A), whereas, for P-hairpin 3 5 ,  NH-NH NOEs con- 
necting residues 2-10 and 4-8, and a CaH3-CaH9 NOE cross- 
peak would be observed (Fig. 2B). 

Both NOESY and ROESY spectra were performed for all the pep- 
tides under almost all experimental conditions. The pattern of NOE 
crosspeaks found in the ROESY and NOESY spectra of a particular 
peptide under the same experimental conditions were practically 
identical. Joint analysis of NOESY and ROESY spectra allows a 
check on whether a particular crosspeak corresponds to a true NOE 
connectivity, because it permits one to discard the presence of spin 
diffusion in  NOESY experiments and of other artefacts in ROESY 
spectra. Thus, cross-correlations observed in the ROESY spectra and, 
in  most cases, also i n  the NOESY spectra, are referred to below. In 
order to identify the type of @-hairpin adopted by the peptides, both 
types of spectra provide the same structural information. 

The CaH conformational shifts are expected to be negative in  
the turn region and positive in the P-strand regions (Case et al., 
1994; Wishart & Sykes, 1994), although the presence of aromatic 
residues can perturb this rule because of ring current effects. Nev- 
ertheless, the conformational shifts are, in general, useful param- 
eters to support the formation of P-hairpin structures. Because the 
4 and CC, angles of the first residue of the turn (residue N4 in  these 
peptides) in a P-hairpin 3 5 ,  containing a turn  of type I + G1 
P-bulge, are located in the B region of the Ramachandran map 
(Sibanda & Thornton, 1991), the A&,H expected for N4 should be 
positive. In contrast, when the P-hairpin 4:4 is formed, the turn is 
of type I and the (#,$) angles of residue N4 are in  the a~ region 
of this map (Sibanda & Thornton, 1991), so that its ASccrH is 
expected to be negative. When both conformations are present, a 
weighted average value of the ASc," of residue N4 would be 
observed. Residues in  the 0-strands should have similar 4 and 9 
angles in both P-hairpin conformations, so that their AScab, will be 
helpful in supporting the formation of &hairpin structures, but not 
in discriminating between the two types of P-hairpins. 
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Peptides 2, 3, 5, and 7 form only one P-hairpin 
conformation (P-hairpin 3:5) in aqueous solution 

Peptides 2, 3,5, and 7 present a unique CaH-CaH NOE crosspeak 
corresponding to the one between residues 3 and 9  (Fig. 3A) and 
NH-NH  NOEs between residues 2 and 10 and 4 and 8 (Table 2; the 
NH4-NH8  NOE for peptide 3 is not observed), which indicates the 
formation of a single P-hairpin conformation, the  P-hairpin  3:5 
(Fig. 2B). In peptides 2 and 5 ,  the observed NOE cross-peak 
connecting the NH proton of residue N4 with the CaH proton of 
residue W9 is a further indication of the formation of the P-hairpin 
3:5 (see Tables SM7 and SMIO). In peptides 3 and 7, this NOE was 
not detected, probably due  to their lower P-hairpin population 
(Table 1). Additional NOEs connecting the side-chain protons of 
residues that face each other in the P-hairpin 3:5 support the for- 
mation of this structure, for example, the NOEs between the side 
chains of residues Y2-TI0 and I3-W9  in peptide 2  (Fig. 3B; 
Table SM7), residues S3-W9 and Y1-W9 (residues not facing 
each other, but with side chains on the same side of the &sheet) in 
peptide 3 (Fig. 3B; Table SM8), residues 12-TI0 (Table SMIO), 
T3-W9,  and Yl-W9 in peptide 5 (Fig. 3B; Table SMIO), and 
residues S3-W9  and  T1-W9  in peptide 7 (Fig.  3B; Table SM12). 
In brief, peptides 2,3,5, and 7 in aqueous solution adopt a/?-hairpin 
3:5 conformation, which is interconverting in fast dynamic equi- 
librium with random coil conformations. 

The A&-,” profiles of peptides 2,3,5, and 7 support the presence 
of a unique P-hairpin conformation. The negative values of the A6c,El 
of residues 5, 6, and 7 are indicative of the chain-bend region, and 
the positive conformational shifts of the CaH proton of residue 4 
(Fig. 4) indicate the formation of the P-hairpin 3:5, as discussed 
above. The positive value of the hacrrH of residues 2.8, and 9 (and 
also of residue 3 in peptide 5) supports the location of these resi- 
dues in the &strands. Despite being located in the P-strand, the CaH 
proton of the residue 3 in peptides 2, 3, and 7 show negative con- 
formational shifts, as previously found in peptide 1 (de Alba et al., 
1996). This is probably due to their proximity, and hence suscep- 
tibility to the ring current effects of W9. In contrast, T3 in peptide 5 
has a positive  conformational  shift  expected  for a residue in a 
P-strand and may indicate a spatial orientation for this residue dif- 
ferent from that in the other peptides. The A&,” of the residues 1 
and 10 being at the ends are not useful as structural parameters. 

The populations of the P-hairpin 3:5 conformation adopted by 
peptides 2, 3, 5, and 7, estimated on the basis of the CaH3-CaH9 
NOE intensity (Searle et al., 1995; de Alba et al., 1996; Ramirez- 
Alvarado et al., 1996), as described in Materials and methods, are 
given in Table 1. 

Peptides 1 ,  4, and 6 adopt different interconverting 
populations of P-hairpin 3:5 and 4:4 conformations 
in aqueous solution 

NOE patterns for peptides 4 and 6 parallel those reported previ- 
ously for peptide 1 (de Alba et al., 1996). Peptides 4 and 6 show 
a CaH-CaH NOE cross-peak between residues 3 and 9 (see 
Fig. 5A), an NH-NH  NOE connecting residues 2-10, and an NH-NH 
NOE correlation between residues 4 and 8 (this NOE is not ob- 
served for peptide 6; see Table 2), indicating the formation of the 
P-hairpin 35. In addition, peptides 4 and 6  show a strong NOE 
connecting the CaH protons of residues 2 and 9  (Fig. 5A) and an 
NH-NH  NOE connecting residues 3 and 8 (again not observed for 
peptide 6; see Table 2). These NOEs, not compatible with the 
structure of a &hairpin 3:5, are indicative of the formation of a 

/?-hairpin 4:4 (Fig. 2A). Like peptide 1 (de Alba et al., 1996), 
peptides 4 and 6 also show some NOEs connecting the side chains 
of residues 2-9 (Fig. 5B), again indicating the formation of P-hairpin 
4:4, and also NOEs indicative of the formation of the P-hairpin 3:5 
conformation [see Fig. 5B and Tables SM9 and S M l l  for pep- 
tides 4 and 6, respectively, and de Alba et al. (1996) for peptide I].  
In summary, peptides 1, 4, and 6 in aqueous solution adopt a 
mixture of two different j3-hairpin conformations that are in fast 
dynamic equilibrium with random coil conformations. 

The A&-,H of almost all residues of peptides 1,4, and 6  are very 
similar to those obtained for peptides 2, 3, 5, and 7 with the 
exception of residue N4, whose conformational shift is small but 
negative (Fig. 4). This is probably due to the simultaneous pres- 
ence of P-hairpin 4:4 and P-hairpin  3:5 conformations. As previ- 
ously mentioned, positive and negative values of for residue 
N4 are expected for  P-hairpins  3:5 and 4:4, respectively. There- 
fore, because these peptides are able to adopt significant popula- 
tions of both P-hairpin structures, the conformational shift of N4 is 
averaged out. As noted earlier, peptides 2, 3, 5 ,  and 7, in contrast 
to peptides 1, 4, and 6, form only the P-hairpin 3:5 conformation, 
and so the value of AScaH for N4 is, as expected, positive. 

Populations of each P-hairpin conformation estimated from the 
corresponding CaH,-CaH, NOE intensity (see Materials and meth- 
ods) are given in Table 1. 

Calculation of the adopted  P-hairpin structures 

Because of the conformational averaging present in peptides (see 
above), NOE data cannot be interpreted in terms of a unique struc- 
ture. Nevertheless, the calculation of a limited number of struc- 
tures compatible with NOE constraints is useful as a way to visualize 
the conformational properties of the favored family of structures 
within the conformational ensemble of a peptide. With this aim, we 
have performed structure calculations using the distance restric- 
tions provided by the observed nonsequential NOEs for peptides 
1-7. Intraresidue and sequential NOEs were excluded given that 
their intensities are the most affected by the conformational aver- 
aging, because random coil conformations contribute to their in- 
tensities. Because peptides 1, 4, and 6 populate two different 
P-hairpin conformations, a division of the observed nonsequential 
NOEs into two sets, one for each type of /?-hairpin, was required 
prior to structure calculation. NOEs connecting backbone protons 
were easily classified as belonging to a particular type of P-hairpin 
(see above). NOEs connecting the side  chains of cross-strand res- 
idues were ascribed to the P-hairpin conformation in which the 
residues involved in the NOE belong to the same face of the 
P-sheet and NOE crosspeaks between the side-chain protons of 
residues located in the same P-strand were included in both sets. 
All calculations provided a group of structures compatible with all 
NOE constraints. A listing of the nonsequential NOEs observed for 
all the peptides is given as supplementary material (Tables SM7- 
12). Superpositions of the 10 best calculated structures for the 
P-hairpin  3:5 and 4:4 adopted by peptide 2 and 4, respectively, are 
given in Figure 6. 

Discussion 

P-Hairpin 4:4 and P-hairpin 3:5 formation 
is not interdependent 

The first thing to note when analyzing the conformational behavior 
of peptides 1-7 (Table 1) is that all of them form significant 
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populations of the P-hairpin 35. However, three of them (peptides 
1,4, and 6) also show the simultaneous presence of the P-hairpin 
4:4 conformation. This indicates that the strand sequence has a 
larger effect on the formation of the P-hairpin 4:4 than of the 
0-hairpin 3 5  because all the differences among the peptides reside 
only in the N-terminal strand region. It is also noteworthy that 

A 
PPm 

4.0 

4.5 

] :-F 

there is no correlation between an increase in the population of 
P-hairpin 4:4 and a decrease in the population of P-hairpin 3 5 ,  
suggesting that the two populations are not interdependent. Thus, 
the population of @hairpin 3 5  is larger in peptide 4 than in pep- 
tide 1, yet both peptides have nearly the same populations of 
&hairpin 4:4 (Table I ) .  Neither peptide 5 nor peptide 7, with the 

4 
4 
B 

y 2  - tQP 
5.0 -I# rn Peptide  2 u 

I " " I ' " ' I " ' ' I " ' ' l " " I " ' ' I ' " ' / ' " ' I ' ~ ~ '  

5.0 4.5 4.0 3.5  3.0 2.5 2.0 1.5 1.0 ppm 

5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 PPm 

# o s  

k 

T3 - " 

5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 PPm 

PPm i 

4.0 1 1:' m -  s 3  

4.5 
s 3  

0 

12- 

i 
0 

4.5 4.0 3.5 3.0 2.5 2.0 1.5 PPm 
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highest and the lowest populations of @-hairpin 3 5 ,  respectively, 
forms a detectable population of P-hairpin 4:4 (Table 1).  The 
simplest assumption is, therefore, that the formation of P-hairpin 
4:4 and P-hairpin 3 5  are not dependent on each other, so that we 
can analyze the factors affecting the formation of each P-hairpin 
independently. 

P-Hairpin 4:4 formation 

Because drawing conclusions from comparison of peptides differ- 
ing in more than one residue is not straightforward, the best way 
to identify whether a particular amino acid substitution favors or 
hinders the formation of a P-hairpin  is to compare pairs of peptides 
whose sequences differ in a single residue. Table 1 facilitates un- 
derstanding the following discussion. 

We begin comparing peptides 2 and 4, which differ only in 
residue 3. Although peptide 4 (with Ser 3) is able to fold into 
P-hairpin 4:4, peptide 2 (with Ile 3) is not (Table 1 ) .  Thus, Ser at 
position 3 but not Ile favors the formation of P-hairpin 4:4. This 
result cannot be explained in terms of differences in P-sheet pro- 
pensities, because the intrinsic P-sheet propensity of Ser is lower 
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than that of Ile (Chou & Fasman,  1974; Muiioz & Serrano, 1994b; 
Swindells et al., 1995). We use the statistical /?-sheet propensities, 
because experimental P-sheet propensities obtained in host-guest 
studies in model proteins (Kim & Berg, 1993; Minor & Kim, 
1994a; Smith et al., 1994) were shown to be context-dependent 
(Minor & Kim, 1994b). Consequently, the difference between pep- 
tides 2 and 4 implies that cross-strand side-chain interactions play 
a role in the stability of the P-hairpin 4:4 conformation of these 
peptides, and that the Ser 3-Thr 8 interaction (peptide 4) is favor- 
able for its formation, whereas the Ile 3-Thr 8 (peptide 2) is 
unfavorable. The Ser-Thr interaction must be, then, rather effective 
in stabilizing the @hairpin, because it is able to overcome the 
lower intrinsic P-sheet propensity of Ser with respect to Ile. Wou- 
ters and Curmi (1 995) analyzed statistically side-chain interactions 
and pair  correlations  within  antiparallel P-sheets, and  distin- 
guished between pairs whose backbone groups -NH and -CO are 
hydrogen bonded (H-bonded site), like the 3-8 pair in Figure 2A, 
and those whose are not. They found that the pair Ser-Thr presents 
a correlation larger than 1 when located in a H-bonded site, mean- 
ing that the pair occurs more frequently than expected, whereas, 
for the pair Ile-Thr, the correlation is smaller than 1. 

Peptide 3 
- Y1- 

' w9' 
A \  

7.6 7.4 7.2 7.0 ppm 7.6 7.4 7.2 ppm 
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w9 
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Fig. 3. ROESY spectra  of  peptides  2, 3, 4, and  5. A: Spectral  regions  showing  the CaH-CaH NOES observed  for  peptide 2. pH 6.3, 
1 "C, 100-ms mixing  time;  peptide 3, pH 5.1, 1 2 T ,  200-ms  mixing  time;  peptide  5, pH 6.3, 2°C. 100-ms  mixing  time: and peptide 7, 
pH 3.7,  2 "C, 100-ms  mixing time. B: Spectral  regions  showing  long-range NOES involving  side-chain  protons  of Tyr and Trp residues 
found  for  peptide  2,  pH 6.3, 1 "C, 100-ms  mixing  time;  peptide 3, pH 5.3, S T ,  200-ms  mixing time: peptide  5, pH 5.3, 5 "C, 200-ms 
mixing  time;  and  peptide  7,  pH  5.3.  2°C.  200-ms  mixing time. An impurity is denoted "I." 
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Table 2. Intensities observed for the backbone NOES 
characteristic of P-hairpin 4:4 and P-hairpin 3:5" 

P-Hairpin 4:4 P-Hairpin 3:5 

Peptide CaH-CaH9 NH3-NH8 CaH3-CaH9 NH4-NH8  NH2-NH10 

I h  m W m  m 
2 

m 

3 
4 
5 
6 
7 

- - S w-m m 
- - m - w-m 
m VW S w-m m 

m 
m 

- - S m 
S 

W  W w-m 
W - - 

- - 

aNOE  intensities  are  classified  as  strong, s; medium, m; intermediate 
between weak and  medium,  w-m;  weak,  w;  and very weak,  vw; - indi- 
cates an unobserved  NOE. 

'Data taken from de Alba et al. (1996). 

In contrast, for the same Ser-Ile substitution but at a different 
location in the sequence, in peptides 1 and 4 the P-hairpin  4:4 
populations are nearly equal (Table 1). Like position 3, position 1 
corresponds to an H-bonded site in the P-hairpin 4:4 (Fig. 2). 
Thus, the fact that the cross-strand Ser I-Thr 10 interaction has no 
effect could be a consequence of being at the terminal position 
where end-fraying and consequently higher flexibility would be 
expected (de Alba et al., 1997). 

If, as shown above, the substitution at position 1 does not affect 
the formation of P-hairpin 4:4, the differences between peptides 1 
and 2 (Table 1 )  can be attributed solely to the P-hairpin 4:4- 
stabilizing cross-strand side-chain Ser 3-Thr 8 interaction in pep- 
tide 1 versus the P-hairpin-destabilizing Ile 3-Thr 8 interaction in 
peptide 2, as was deduced earlier between peptides 2 and 4. 

1 2 3 4 5 6 7 8 9 1 0  
residue number 

E. de Alba et al. 

Peptide 6 differs from peptide 5 only in the residue at position 2. 
However, peptide 6 forms  P-hairpin 4:4, but peptide 5 does not do 
so to detectable levels (Table 1 ) .  This different conformational 
behavior can be attributed to the Tyr 2-Trp 9 interaction present in  
peptide 6 being favorable and the Ile 2-Trp 9 interaction in pep- 
tide 5 being unfavorable. Again, the Tyr-Trp interaction favors the 
formation of the P-hairpin 4:4, even though the intrinsic P-sheet 
propensity of  Tyr is lower relative to Ile (Chou & Fasman, 1974; 
Muiioz & Serrano, 1994b; Swindells et al., 1995). This result also 
agrees with statistical data of cross-strand  pair  correlations 
(Wouters & Curmi, 1995). where the Tyr-Trp interaction is fa- 
vorable in a non-hydrogen bonded site  (Fig. 2), whereas the 
Ile-Trp interaction is not. Furthermore, because substitutions at po- 
sition l do not affect P-hairpin formation (see above), comparison 
of peptide 3 with peptides 1 and 4, and peptide 7 with peptides 1 
and 4 confirms that the Tyr 2-Trp 9 and Ile 2-Trp 9 interactions fa- 
vor  and disfavor, respectively, the formation of the P-hairpin 4:4, 
because peptides 1 and 4, where the Tyr 2-Trp 9 interaction is present, 
adopt the /?-hairpin 4:4, whereas peptides 3 and 7, with the Ile 2- 
Trp  9  interaction, do not form it  to a detectable  population 
(Table 1). 

The only difference between peptides 3 and 5 is the residue at 
position 3, but neither peptide shows any detectable population of 
the P-hairpin  4:4 (Table 1 ) .  Thus, the only way to determine if the 
Thr 3-Thr 8 interaction (present in peptides 5 and 6) is more or 
less favorable than the Ser 3-Thr 8 interaction for the P-hairpin  4:4 
formation is by comparing peptide 6 with 1 and 4, neglecting the 
effect of substitution at position 1. All three peptides are able to 
form the P-hairpin  4:4, but the population is greater for peptides 1 
and 4 (Ser 3) than for peptide 6 (Thr 3) (Table 1 ) .  Because the 
intrinsic P-sheet propensity of Thr is larger than for  Ser (Chou & 
Fasman, 1974; Muiioz & Serrano, 1994b; Swindells et al., 1995), 
this indicates that the Thr-Thr interaction in  a hydrogen bonded 

#-peptide 1 

0.3 

0.2 

0.1 

0.0 

-0.1 

-0.2 

- O e 3 - !  -0.4 I , , , I I , I 

1 2 3 4 5 6 7 8 9 1 0  
residue  number 

Fig. 4. Conformational  shifts  as  a  function  of  sequence  for  peptides  2,  3,  5, and 7 (A) and  for  peptides 1, 4,  and 6 (B). A&,H of 
residue 4 are  boxed. For Gly, the AS,,, shown is with respect  to  the  upfield-shifted CaH proton. Conformational  shifts were obtained 
using the S C ~ H  at pH 5.3  and  5 "C, except  for  residue Trp 9, whose &,H was  obtained  under the conditions mentioned in Figures  3A 
and 5A  for  each  peptide,  apart from peptide  3,  whose sCuH (Trp 9)  was taken at pH 6.3, 2 "C. 
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Fig. 5. ROESY  spectra of peptides  4 and 6 .  A: Spectral region showing the CaH-CaH NOEs  observed  for  peptide  4, pH 6.3,  2 "C, 
100-ms  mixing  time and peptide 6, pH 6.3, 1 3 T ,  200-ms  mixing time. B: Spectral  regions  showing  long-range  NOEs  involving 
side-chain  protons of Tyr and  Trp  residues  found  for  peptide 4, pH 5.3, 5 "C, 200-ms  mixing time and  peptide 6. pH  4.3, 5 "C, 200-ms 
mixing time. An impurity is denoted "i." 

site (Fig. 2) is less stabilizing than the Ser-Thr interaction. Because 
there is no effect of the substitution at position I ,  the comparison 
of peptides 2 (Ile 3) (unable to form the @-hairpin 4:4) and 6 
(Thr 3) indicates that the Thr 3-Thr 8 interaction in a hydrogen 
bonded site favors the formation of the @-hairpin 4:4, whereas the 
interaction I3-T8 destabilizes it, because Ile has a higher intrinsic 
@-sheet propensity than Thr (Chou & Fasman, 1974; Mufioz & 
Serrano, 1994b; Swindells et al., 1995). The fact that the Thr 3- 
Thr 8 interaction in a hydrogen bonded site is less stabilizing than 
the Ser-Thr is not in agreement with statistical interstrand pair 
correlations that consider  the Thr-Thr interaction more favorable 

than  the Ser-Thr (Wouters & Curmi, 1995). On the other hand, ex- 
perimental data of interstrand side-chain interactions obtained from 
the comparison of the stability of protein mutants indicate that the 
Thr-Thr interaction is destabilizing (Smith & Regan, 1995). In our 
peptide system, this interaction is stabilizing, although not to the ex- 
tent expected from statistical analysis (Wouters & Curmi, 1995). The 
discrepancies of our experimental result on the stabilizing ability of 
the Thr-Thr interaction with respect to both the statistical study and 
the experimental work by Smith and Regan (1995) may reside in 
the absence in our peptide model system of tertiary contacts present 
in a complete protein. Although Smith and Regan (1995) minimized 



2556 E. de Alba et al. 
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B 

C 
'\ 

D 

Fig. 6. Stereoscopic view  of the superposition of the backbone atoms of (A) I O  segments adopting P-hairpin 4:4 conformation taken 
from I O  nonhomologous proteins; (B) the best I O  calculated structures for the P-hairpin 4:4 formed by peptide 4; (C) I O  segments 
adopting P-hairpin 3 5  conformation taken from I O  nonhomologous proteins; (D) the best I O  calculated structures for the P-hairpin 3:s 
adopted by peptide 2. 

the tertiary effects, their presence cannot be discarded completely 
in a  protein.  Our  result would be, in this  sense,  less  context- 
dependent. At any rate, this is the only cross-strand side-chain in- 
teraction studied on the basis of our peptide systems that deviates 
experimentally from what is expected from statistical data. 

In short, we have identified three favorable (Ser-Thr, Tyr-Trp, 
Thr-Thr) and two nonfavorable (Ile-Thr, Ile-Trp) cross-strand side- 
chain interactions for P-hairpin formation. From the analysis of the 

conformational behavior of peptides 1-7 (Table I ) ,  it is noteworthy 
that only those peptides with two favorable interstrand side-chain 
interactions (peptides 1 and 4 with the Ser-Thr, Tyr-Trp pairs and 
peptide 6 with the Thr-Thr, Tyr-Trp pairs; Table 1) are able to fold 
into a  P-hairpin 4:4 conformation, whereas those lacking any of 
them (peptide 2 with the destabilizing Ile-Thr interaction and pep- 
tides 3, 5, 7 with the unfavorable Ile-Trp interaction) do not form 
significant populations of that conformation. 
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P-Hairpin 3:5 formation 

All the peptides are  able to adopt the P-hairpin 3 5  conformation, 
but their populations are affected by the changes in the &strand 
residues. In pairs of peptides differing in just a single P-strand 
residue (peptide  2 versus 4, 3 versus 5 ,  and 5 versus 6), the  in- 
crease in structure population correlates with a higher intrinsic 
P-sheet propensity of a particular residue (Chou & Fasman, 1974; 
Muiioz & Serrano, 1994b; Swindells et al., 1995). Thus, the pop- 
ulation of P-hairpin 3 5  formed is significantly lower for peptide 3 
(with Ser 3) than for peptide 5 (with Thr 3), in agreement with the 
lower intrinsic P-sheet propensity of Ser with respect to Thr. Sim- 
ilarly, the higher population of the P-hairpin 3:5 formed by pep- 
tide 5 (Ile 2)  relative to peptide 6 (Tyr 2) agrees with the larger 
&sheet intrinsic propensity of Ile with respect to Tyr. The popu- 
lations of the P-hairpin 3 5  conformation adopted by peptides 2 
(Ile 3) and  4  (Ser 3) are both relatively high (Table l ) ,  but that of 
peptide 2 (Ile 3) is greater, in agreement with the higher intrinsic 
P-sheet propensity of Ile over Ser. Because the differences in the 
intrinsic P-sheet propensities correlate directly with the observed 
variation of P-hairpin 3:5 population, it is difficult, if not impos- 
sible, to evaluate separately the cross-strand side-chain interactions 
that modulate the P-hairpin 3:5 stability, although these cannot be 
neglected. 

It is also worth noting the differences in the population of the 
P-hairpin 3:5 conformation adopted by peptides 1 and 4 (Table I ) .  
These peptides differ only in residue I ,  which lacks a cross-strand 
partner in the C-terminal strand. Because residue 1 is outside the 
P-hairpin 35,  its backbone torsional angles will not  be restricted to 
the P-region of the Ramachandran map. However, the population 
of the P-hairpin 3 5  conformation formed by peptide 4 is larger 
than that of peptide I (Table 1). The intrinsic P-sheet propensities 
cannot account for this result, because that of Ile (peptide 1) is 
higher than that of Ser  (peptide 4) (Chou & Fasman, 1974; Muiioz 
& Serrano, 1994b; Swindells et al., 1995). A possible explanation 
may  be that the first residue that lacks  a cross-strand partner is 
exposed to solvent (water), interaction with which would be more 
favorable for a hydrophilic residue, such as Ser, than for the more 
hydrophobic Ile. Another explanation is the possibility of inter- 
action of the side chain of residue 1 with that of other residues not 
directly facing it, although spatially proximate. 

In the same way, peptides 3 and 7  differ only in  the residue at 
position I and have slightly different populations of P-hairpin 
3:5 (Table I ) ,  which are not accounted for by the differences 
in P-sheet propensities between Tyr and Thr. The @sheet pro- 
pensity of Thr is higher than that of  Tyr (Chou & Fasman, 
1974; Muiioz & Serrano, 1994b; Swindells et al., 1995). but the 
population of P-hairpin 3:5 formed by peptide 3 (Tyr 1) is larger 
than that of peptide 7 (Thr 1). In this case, an explanation based 
on the greater hydrophobicity of  Tyr over  Thr is  not possible, 
and the differences are probably the consequence of different 
interactions of residue I with nonfacing residues on the same 
face of the P-hairpin in the two peptides. 

Comparison of P-hairpin 4:4 and P-hairpin 3:5 formation 

The fact that all the peptides analyzed here fold into the P-hairpin 
3 5  conformation, whereas only some of them are able to adopt 
P-hairpin 4:4 (Table I ) ,  suggests that type I + GI P-bulge turns 
(involved in P-hairpins 3 5 )  are more favorable for  P-hairpin for- 
mation than type I turns (/?-hairpins 4:4). In a statistical study of 

protein structures, it was found that the great majority of P-hairpins 
2:2 involve turns of type 1’, with very few having type I turns, 
leading to the proposal that the former are more favorable for 
P-hairpin 2:2 formation (Sibanda & Thornton, 1985). The same 
rationalization may hold for type I + G1 P-bulge turns versus 
regular type I turns in the formation of P-hairpins 3 5  and 4:4, 
respectively. We therefore examined P-hairpins 3 5  and 4:4 in 
a protein structure database of 285 proteins using the program 
WHATIF (Vriend, 1990). From a total of 108 analyzed hairpins, 
62% were P-hairpins 3 5  with type I + G1 P-bulge turn and 38% 
were P-hairpins  4:4 with a type I turn. Thus, the type I + GI 
P-bulge turns are more prevalent than the type I in P-hairpins, 
suggesting that the former is more favorable for /?-hairpin forma- 
tion, as we observe in our designed peptide models. Previous stud- 
ies indicated that type I turns do not have the proper geometry 
toward the right-handed twist commonly  observed in protein 
P-sheets (Sibanda & Thornton, 1985; Haque et al., 1994, 1996; 
Haque & Gellman, 1997) and suggest why this type of turn may 
not be favorable for /?-hairpin formation. The results obtained with 
our peptide systems are consistent with this suggestion. All &hairpin 
4:4 conformations adopted by our peptide models lack the right- 
handed twist characteristic of protein P-sheets and the protein 
structures show only a small or no right-handed twist (Fig.  6). In 
contrast, P-hairpin 3:5 conformation shows a very pronounced 
right-handed twist in  both proteins and peptides (Fig. 6), which 
agrees with the statistical observation in proteins that &bulges, in 
general, are usually associated with higher P-sheet twists (Chan 
et al., 1993). The conformational properties of the peptides studied 
here suggest that the different twists observed in P-hairpins 3:5 and 
4:4 are a consequence of the different turn conformations present 
in  each type of @hairpin, the type I + GI P-bulge turn having an 
appropriate geometry for the right-handed twist. This agrees with 
previous results indicating that the geometry of type I turns is not 
adequate for P-hairpin conformation 

Because the burial of hydrophobic surface was proposed as a 
stabilizing factor in the case of a model-designed P-hairpin 2:2- 
forming peptide (Ramirez-Alvarado et al., 1996), we calculated 
the hydrophobic surfaces buried  upon formation of protein P-hairpins 
3 5  and 4:4, using 10 of each type randomly selected from a 
protein structure database. An average of 338 A’ and 266 A’ 
hydrophobic surface area is buried upon the formation of P-hairpin 
3:5 and P-hairpin 4:4, respectively. This result is in  agreement with 
P-hairpins 3:5 being more stable than &hairpins 4:4. Several theo- 
retical studies indicate that the right-handed twist observed in pro- 
tein P-sheets is mainly caused by interchain interactions within the 
P-sheet (Chou et al., 1985; Lasters et al., 1988; Wang et al., 1996). 
The relationship between the right-handed twist of P-hairpin 3 5  
with a greater buried hydrophobic surface area may suggest that 
the right-handed twist allows a better packing of side chains and 
therefore makes this structure intrinsically more stable. 

The formation of &hairpin 4:4 in our peptide system needs at 
least two interactions between turn-flanking residues. We cannot 
generalize this conformational behavior to all P-hairpin  4:4- 
forming peptides because our peptides have only three cross- 
strand side-chain interactions, and that farthest from the turn  is 
affected by fraying effects. Work with longer peptides is needed 
to test whether the stabilizing  cross-strand  side-chain  inter- 
actions should necessarily involve the turn-flanking residues in a 
concerted action or the presence of these favorable interactions 
in positions farther from the turn is  just enough to stabilize the 
P-hairpin  4:4 structure. 
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Conclusion 

A careful analysis of the conformational behavior of a series of 
P-hairpin-forming peptides having residue substitutions or a  pair 
permutation in the sequence of @strands has allowed us to identify 
some favorable cross-strand side-chain interactions (Ser-Thr and 
Thr-Thr in hydrogen bonded sites and Tyr-Trp in a non-hydrogen 
bonded site) for P-hairpin formation and some others unfavorable 
(Ile-Thr in a hydrogen bonded site and Ile-Trp in a non-hydrogen 
bonded site). These results agree with statistical data of cross- 
strand side-chain interactions (Wouters & Curmi, 1995). We have 
also demonstrated that the presence of two favorable cross-strand 
side-chain interactions is essential for the formation of significant 
populations of the P-hairpin 4:4 in the peptides reported here. The 
third cross-strand interaction from the turn, involving the N-  and 
C-end residues, hardly affects the P-hairpin 4:4 stability. In con- 
trast, the formation of P-hairpin 3 5  with a type I + GI P-bulge 
turn is less susceptible to changes in the P-strand residues. These 
changes modify the stability of the &hairpin 35,  but its formation 
is not hindered in any of the peptides analyzed here. This suggests 
that the strong dependence of cross-strand side-chain interactions 
on P-hairpin  4:4 formation is related to an intrinsically lower sta- 
bility of this structure, which in turn may be due to the presence of 
the type I turn. This turn, lacking the correct geometry for the 
right-handed twist, does not allow an optimal packing of side 
chains. Thus, intrinsic conformational properties of the turn back- 
bone seem to be more important in  P-hairpin conformation and 
stability than particular patterns of cross-strand side-chain inter- 
actions, in agreement with our previous results (de Alba et al., 
1996, 1997) and those of Haque and Gellman (1997) using a 
different peptide system. On the basis of the structures of  our 
peptides and those of protein @hairpins 3:5 and 4:4, a clear rela- 
tionship appears to exist between the conformation of the turn  and 
the P-hairpin twist, in the sense that the type I + GI P-bulge turn 
favors the right-handed twist, whereas the regular type I turn does 
not. The higher stability of P-hairpins 3:5 can be related to a better 
side-chain packing caused by the right-handed twist based on 
the greater hydrophobic surface area buried upon formation of 
P-hairpin 35.  

Materials and methods 

Peptide synthesis and purification 

Peptides were synthesized chemically by stepwise solid-phase 
procedures using tluorenylmethoxycarbonyl amino acids (Coste 
et al., 1990), which were activated in situ using IH-benzotriazole- 
1 -yl-oxy-tris-pyrrolidine-phosphonium hexafluorophosphate and 
N-methylmorpholine as catalyst. Coupling reactions were cata- 
lyzed by 1 -hydroxybenzotriazole (Atherton & Sheppard, 1989). 
Peptides were purified by HPLC with gradients of water (0.09% 
tritluoroacetic acid):acetonitrile (1% trifluoroacetic acid). Peptide 
purities and identities were checked by HPLC and by the complete 
assignment of the 'H-NMR spectra, respectively. 

Sedimentation equilibrium 

Sedimentation equilibrium experiments were performed to obtain 
the average molecular weight of peptide samples at the concen- 
trations used  in the NMR experiments and 150 mM NaCl to screen 
nonideal effects involving charged residues at high peptide con- 

centrations. Peptide samples (70 p L )  were centrifuged at 40,000 
rpm at 278 K in 12-mm triple-sector Epon charcoal centerpieces, 
using a Beckman Optima XL-A ultracentrifuge with a Ti60 rotor. 
Radial scans were taken at different wavelengths every 2  h until 
equilibrium conditions were reached. Data were analyzed using the 
program XLAEQ from Beckman. The partial specific volumes of 
the peptides at 5 "C were calculated on the basis of their amino acid 
composition and corrected for temperature (Laue  et al., 1992). 
They were: 0.6964 mL/g for peptide 2;  0.6704  mL/g  for peptide 4; 
0.7024  mL/g for peptide 5;  0.6844  mL/g  for peptide 6; and 0.6954 
mL/g  for peptide 7. 

H-NMR spectra 

Peptide concentrations for NMR experiments were 2 mM for pep- 
tide 2 and 5 rnM for peptides 3-7  in 0.5 mL of H20/D20 (9: 1 ratio 
by volume). pH was measured with a glass micro electrode and 
was not corrected for isotope effects. The temperature of the NMR 
probe was calibrated using a methanol sample. Sodium [3-tri- 
methylsilyl2,2,3,3-'H] propionate was used as an internal reference. 
The 'H-NMR spectra were acquired on a Bruker AMX-600 pulse 
spectrometer operating at a proton frequency of 600.13 MHz. One- 
dimensional spectra were acquired using 32K data points, which 
were zero-filled to 64K data points before performing the Fourier 
transformation. Phase-sensitive two-dimensional TOCSY (Rance, 
1987), NOESY (Jeener et al., 1979; Kumar et al.. 1980), and 
ROESY (Braunschweiler & Ernst, 1983; Bothner-By et al., 1984) 
spectra were recorded by standard techniques using presaturation 
of the water signal and the time-proportional phase incrementation 
mode. A mixing time of 200 rns was used for NOESY and ROESY 
spectra. TOCSY spectra were recorded using 80 ms MLEV 16 
with z-filter spin-lock sequence (Rance,  1987). Additional ROESY 
spectra were recorded on peptide samples in pure D 2 0  to facilitate 
the observation of the CaH-CaH NOE cross-peaks close to the 
water signal. Acquisition data matrices were defined by 2,048 X 

512 points in t2 and t ,  , respectively. Data were processed using the 
standard UXNMR Bruker programs on a Silicon Graphics com- 
puter. The 2D data matrix was multiplied by a square-sine-bell 
window function with the corresponding shift optimized for every 
spectrum and zero-filled to a 2K X I K  complex matrix prior to 
Fourier transformation. Baseline correction was applied in both 
dimensions. 

Estimation of P-hairpin population was performed from the in- 
tensity of the CaH-CaH NOE characteristic of each &hairpin, 
using as reference the intensity of an intraresidue CaH-Ca'H Gly 
NOE as described previously (Searle et al., 1995; de Alba et al., 
1996, 1997; Ramirez-Alvarado et al., 1996). NOE intensities were 
measured by integration in ROESY spectra ( 1  00-ms mixing time) 
recorded in pure D 2 0  samples. 

Structure calculation 

Intensities of medium- and long-range NOES were evaluated in a 
qualitative way  and used to obtain upper limit distant constraints: 
strong (3 A), intermediate between strong and medium (3.5 A), 
medium (4 A), intermediate between medium and weak (4.5 A), 
weak (5  A), and very weak (5.5 A). Pseudo atom corrections were 
added where necessary. 4 Angles were constrained to the range 0" 
to - 180", except for Gly. For those residues with 3 J ~ m H . N ~  > 
7.9 Hz, 4 angles were restricted to the range -160" to -80". 
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Structures were calculated on a Silicon Graphics  computer using 
the program DIANA (Gunter et al., 1991). 

Protein structure database  analysis 

The protein structure database used is implemented in the program 
WHATIF (Vriend, 1990). It includes 285 proteins with less than 
50% homology. &Hairpins were searched with the option scan 
3D, which uses the Kabsch and Sander (1983) definition of sec- 
ondary structure. A sequence length of I O  residues, 6  for the 
P-strands and 4  for the turn, was used to define  P-hairpin 4:4 
conformation. The turn region was restricted to be of type I. For 
the search of P-hairpins 3 5 ,  a sequence length of 1 1  residues was 
used, from which 5 belong to the turn and 6 to the /?-strands. 
Residues 4-7 were restricted to a type I turn. All the protein 
fragments given as output were visually inspected using the graphic 
system included in  the program and were classified as P-hairpins 
4:4 or 3:5 according to their expected structures (Sibanda & Thorn- 
ton, 1991). 

Estimation of hvdrophobic  surface  area buried 
upon P-hairpin formation 

In order to estimate the hydrophobic surface area buried in protein 
P-hairpins 3 5  and 4:4, 10 P-hairpins of each type were selected 
randomly from the WHATIF protein database (Vriend, 1990) with 
those containing Cys or Pro in their sequences excluded for the 
analysis. The following protein P-hairpins 3:s were used (Brook- 
haven Protein Data Bank codes are given in parentheses): 43-53 
( 1  35l), 7 1-8 1 (1 lid), 42-52 ( I  nar), 17-27  (31zm), 196-206 (2msb), 
74-84 (Ibfg), 231-241 (lgof), 9-19 (6tmn), 266-276 (Icoy), and 
193-203 (Icpn). The selected protein 6-hairpins 4:4 were: 107- 
I16(larb),65-74(lbfg),7-16(Ifrd),57-66(Ipgx),95-104(3cla), 
312-321 (3psg), 165-174  (21tn),  73-82 (5rub), 303-312 (Insc), 
and  252-261 (Igof). These  P-hairpins were considered in  isolation 
to calculate the hydrophobic surface area buried, which was com- 
puted as the difference between the solvent-accessible apolar sur- 
face area of the random structure and the ASA obtained for the 
structures of the selected P-hairpins 3:5 or 4:4. The solvent ASAs 
of the random structures were obtained by generating a total of I O  
random structures for each hairpin sequence using the program 
SYBYL and averaging the ASAs calculated for each random struc- 
ture. Solvent ASAs were calculated using the program VADAR 
(Wishart et al., 1993).  The range of hydrophobic surface area 
buried upon P-hairpin 3 5  formation in proteins is 269-479 A' 
(average 338 A') and, upon /?-hairpin 4:4 formation, the range is 
200-34 I A' (average  266 A'). 

Supplementary  material  in  Electronic  Appendix 

Tables SMI-SM6 list the 6 values of peptides 2-7 and Tables SM7- 
SM12 list the nonsequential NOES observed for peptides 2-7. 
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