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Abstract: A series of linear peptides designed to fold into differgtairpin conformations in aqueous solution has

been studied byH NMR with the aim of understanding the role played by the turn residue sequence in defining
B-hairpin structure. The designed peptides differ only in the amino acid sequence of the putative turn region and
have identical strand residues. Our results clearly demonstrate that the turn residue sequence determines the turn
conformation and, thereby, other features of fakairpin conformation, such as the pattern of interstrand residue
pairing and the type of hydrogen-bonding register betwketiand backbone atoms. Furthermore, two key structural
factors responsible for the stability of different types of turns were identified. Thus, a side-sfd@rchain interaction

between Asn at positionand Thr at positiori + 4 stabilizes five-residue turns, whereas a four-residue turn is
stabilized when the first residue of the turn has high tendency to populate:tfeggion of the Ramachandran map.

Our results highlight the relevance of turn structures in the early events of protein folding.

Introduction A B-hairpin is the simplest form of an antiparall@isheet
conformation and is defined by a loop region flanked by two
B-strands hydrogen-bonded by their corresponding backbone CO
and NH groups. -Hairpins are classified as hairpin§Y
according to the following:X andY are the number of residues
at the loop anX equalsY when the distal strand residues form
two backbone hydrogen bonds, wher¥as X + 2 if they form
only one!'2 On the other hand, in relation to the backbone
dihedral angles, turn conformations are referred to by numbered
types | to VP and their corresponding mirror images denoted
by primed Roman numbers. It is important to note that changes
of the loop length are mirrored in changegesheet registration
nd that only certain types of turn are compatible with each
-hairpin conformation. From an experimental point of view,
it is also important to consider that main experimental evidence
to characterize a givefrhairpin conformation is the NOE cross-
correlation between thed® protons in interior face-to-face
residues. It is the strong turn-sheet correlation which makes it

One of the proposed mechanisms by which a polypeptide
chain folds into its native three-dimensional structure includes
secondary structure formation in the early steps of the folding
reaction? It is therefore important to know the factors which
stabilize the different elements of secondary structure in order
to gain insights into the protein folding problem. The confor-
mational study of designed peptides or protein fragments, where
tertiary interactions are absent, has been exploited to obtain
information on monomeria-helix formation and stability.
However, similar data related to monomefisheet op-hairpin
formation are scarce becaufesheet-forming peptides often
have a strong tendency to aggregate. The search for models o
pB-sheet orS-hairpin formation led to peptides containing
nonnatural amino acids at the turn reciasr to nonpeptide
scaffolds that bring thg-strands together.Examples of linear
peptides that contain only natutakmino acids in their sequence
and that fold into monomerigg-hairpin conformations in possible to determine the actual turn conformation.

aqueous solution have been only very recently reported. Apart — - -
from the one described by Blanco et’akhich is a fragment 584(3)5%%3”00’ F. J.i Rivas, G.; Serrano, Nature Struct. Biol1994 1,

of a native protein, the others are designed pepfidés. (6) Blanco, F. J.; Jireez, M. A.; Herranz, J.; Rico; M., Santoro, J.;
Nieto, J. L.J. Am. Chem. S0d.993 115 5887-5888.
® Abstract published irAdvance ACS Abstract§)ecember 15, 1996. (7) Searle, M. S.; Williams, D. H.; Packman, L. Bature Struct. Biol.
(1) () Kim, P. S.; Baldwin, R. LAnnu. Re. Biochem199Q 59, 631— 1995 2, 999-1006.
660. (b) Dyson, H. J.; Wright, P. Annu. Re. Biophys. Cheml1991, 20, (8) de Alba, E.; Jimeez, M. A.; Rico, M.; Nieto, J. LFolding Design
519-538. (c) Dyson, H. J.; Wright, P. Eurr. Opin. Struct. Biol1993 3, 1996 1, 133-144.
60—65. (9) Ranirez-Alvarado, M.; Blanco, F. J.; Serrano,Nature Struct. Biol.
(2) (a) Scholtz, 3. M.; Baldwin, R. LAnnu. Re. Biophys. Biomol. Struct. 1996 3, 604612 (appeared during the reviewing of this paper).
1992 21, 95-118. (b) Baldwin, R. LBiophys. Cheml995 55, 127-135. (10) de Alba, E.; Blanco, F. J.; Jimez, M. A.; Rico, M.; Nieto, J. L.
(c) Lyu, P. C.; Wemmer, D. E.; Zhou, H. X.; Pinker, R. J.; Kallenbach, N.  Eur. J. Biochem1995 233 283-292.
R. Biochemistryl993 32, 421-425. (d) Zhou, H. X.; Lyu, P.; Wemmer, (11) (a) The different types of3-hairpin conformations and turns
D. E.; Kallenbach, N. RProteins1994 18, 1-7. (e) Mutoz, V.; Serrano, connecting the two strands in eathairpin were named according to the
L. Nature Struct. Biol.1994 1, 399-409. (f) Zhou, N. E.; Kay, C. M.; classification proposed by: Sibanda, B. L.; Thornton, J. Methods
Sykes, B. D.; Hodges, R. 8iochemistryl993 32, 6190-6197. (g) Forood, Enzymol.1991 202 59-82. Sibanda, B. L.; Blundell, T. L.; Thornton, J.
B.; Feliciano. E. J.; Nambiar, K. FProc. Nat. Acad. Scil993 90, 838— M. J. Mol. Biol. 1989 206, 759-777. TheS-hairpin shown in Figure 2a is
842. af-hairpin 2:2 because it contains two residues at the loop region, and the

(3) (a) Haque, T. S.; Little, J. C.; Gellman, S. Bl. Am. Chem. Soc. distal strand residues, S17 and Y20, have two hydrogen bonds, while the
1996 118 6975-6985. (b) Haque, T. S.; Little, J. C.; Gellman, S. H. B-hairpin shown in Figure 2b is/ahairpin 3:5 because it has three residues

Am. Chem. Sod 994 116, 4105-4106. at the loop region and the distal strand residues, N17 and S21, have only
(4) (@) Nesloney, C. L.; Kelly, J. W1. Am. Chem. So@996 118 5836~ one hydrogen bond, and thehairpin shown in Figure 2c is A-hairpin

5845. (b) LaBrenz, S. R.; Kelly, J. W. Am. Chem. S04995 117, 1655~ 4:4 since it contains four residues at the loop region and the distal strand

1656. (c) Nowick, J. S.; Mahrus, S.; Smith, E. M.; Ziller, J. W.Am. residues, S3 and X8, have two hydrogen bonds. (b) Classificatiériuoh

Chem. Soc1996 118 1066-1072. (d) Nowick, J. S.; Holmes, D. L.; conformations according to the backbone dihedral angles is given in
Mackin, G.; Noronha, G.; Shaka, A. J.; Smith, E. .Am. Chem. Soc. Richardson, J. SAdv. Protein Chem1981, 34, 167—339. Wilmot, C. M,;
1996 118 2764-2765. Thornton, J. M.J. Mol. Biol. 1988 203 221-232.
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Figure 1. Peptide sequences. Turn residues are shown in bold. The ’ PoH r‘f\ H o H f‘\; H ﬁ\ % X6
segment 1523 of Tendamistat is A-hairpin 2:2 with a type pB-turn o 2, 5 Ny X6 ‘ 1‘4 ﬁ 3 1 H o
in the native protein. Peptides-B were reported to adogi-hairpin | " I i(\z \];7
conformations in aqueous soluti®f!°Peptides 4 and 5 present point © | f i ) Lo g
mutations relative to peptides 3 and 2, respectively. The compieten I G7 T10 8

|
H
" . . TI0 W9 X8
sequence was substituted by a natural tyfdurn sequence in peptide . L
6 and by a sequence designed to form a tyg&turn in peptide 7. <) p-hairpin 4:4 d) B-hairpin 3:5

Peptide 6 I Y S A K A G T w T Il
H

w9

Y2 Y4 N5

The first reportegs-hairpin-forming peptide'® (peptide 1 in . " H TSJ T‘: : l—‘lYZO S: i H OH
Figure 1) conserves thistrand residues of the natigehairpin “*ijt%’“ AN NS )IWTM ‘ G6
formed by the 1523 segment of the protein Tendamistat, ' y @/wzo e Hou o oW )>o
while the chain-bend residues, NPDG, were selected to have Y R | 5\H ﬁ \H ““
maximum probability of being in each one of the four positions »OW \:f“ )Lﬁ N K7
of a type 13-turn314which is the one adopted in the native oyl Lok ol bl
structure. By analysis of NMR data we were able to show that TIoO Wo T8 K7 TIo w9 T8
peptide 1 forms g-hairpin 3:5 containing a five-residue type

-

| + G1 bulge turn (Figure 2B} instead of the nativg-hairpin ©) P-hairpin 2:2 type I' f-turn D f-hairpin 2:2, type IT' §-turn
2:2 with a type I5-turn (Figure 2a). As a consequence, the Peptide X4 X5 X6 X8
pattern of facing residues in the designgdhairpin does not 2 N P D G T
coincide with the one in the native structure (Figure 2a and b). : : : g g 3
Peptide 1 has been used by other authors as a test peptide to s AP DG T
develop methods of analyzing dynamically averaged structures 6 A KAG T

by using ensemble-averaged constralhfs. Similar shiftings . . . )
in the $-strand register arising from changes in the turn type Figure 2. Schematic representation of the peptide backbone
have been observed in other designed peptide, a 16-residu§0nf°rmat'°n5: (a) thg-hairpin 2:2 with a type B-turn corresponding

) . L - to region 15-23 of native Tendamistat.(b) 5-hairpin 3:5 with a type
fragment of the N-terminal sequence of ubiquitin, in which the | B-turn + G1 bulge adopted by peptide 1 in agueous soluie).

native five-residue turn, being a type4 G1 bulge, was -hairpin 4:4 formed by peptides®38 4, 5, and 6. (d)3-hairpin 3:5
substituted by the sequence NPDG with the aim of obtaining a gdoptgd by peptides 82);/:)5 4? and 852.3(e)8-hairpin 2:(2 fvith aptype'l

type | p-turn conformatiorl. The NMR data revealed that @s  g.tum adopted by peptide 7. (f-hairpin 2:2 with a type II3-turn
occurred in peptide 1 the chain-bend region adopts a new typeformed by peptide 7. The amino acids corresponding to X in peptides
| + G1 bulge turn, which leads to/asheet registration different  2—6 are given in the inset. The dotted lines indicate fhsheet
from the native oné. We had also shown that the fully designed hydrogen bonds and the black arrows the normally observed long-range
peptides 2 and®Figure 1), differing only in the residue at the NOEs. Note that in the top frame the sequences of peptides in the left
second position of the turn, folded as ty¥ehairpin structures ~ and right side are different.

co-existing in fast equilibrium, with the fraction of tifiehairpin o o o
3:511 predominating over thg-hairpin 4:4 in peptide 2 and the ~ Of the hairpin, overriding even the eventual stabilization
two f-hairpin structures being equally populated in peptide 3 prOVIded b_y favorable |nt_erstrand_3|de-chf_;un interactions present
(Table 1). As seen in Figure 2c and gthairpin 4:4 and 3:5 in alternqtlye conformations. With the aim of checking if this
differ in both the turn conformation and tjgesheet registration. ~ hypothesis is well-founded and of establishing the effect of turn
The P5S substitution appears to provide sufficient conforma- residue sequence on the fingthairpin conformation, we
tional freedom to the chain-bend region to stabilize two turn describe in thisH NMR study the conformational properties
conformations, a four-residue typgiturn in ap-hairpin 4:4 of a series of peptides (peptides 4 to 7 in Figure 1), having the
and a five-residue type + G1 bulge turn in -hairpin 3:5. samef-strand residues as peptides 2 and 3, but with partial or

These results suggest that the turn amino acid sequence affect€OMPpletely different residue sequences in the turn region. Our
the turn conformation and consequently fheheet registration ~ 'eSults underline the importance of turn residue sequence in
defining the-hairpin conformation and provide the basis to
(12) Pflugrath, J. W.; Wiegand, G.; Huber, R.}isy, L.J. Mol. Biol. identify key structural factors leading to the differghbhairpin

1986 189, 383-386. conformations.
(13) Wilmot, C. M.; Thornton, J. MJ. Mol. Biol. 1988 203 221-232.
14) Hutchi , E. G.; Thornton, J. NProtein Sci.1994 3, 2207— .
22&6.) utchinson ornton rotein Sci 4 Materials and Methods

(15) Constantine, K. L.; Mueller, L.; Andersen, N. H.; Tong, H.; Wandler, . . I . .
C. .- Friedrichs, M. S.. Bruccoleri. R. B. Am. Chem. Sod 995 117 Peptide Synthesis and Purification. Peptides were chemically

1084110854, synthesized by stepwise solid-phase procedures using pentafluorophenyl
(16) Friedrichs, M. S.; Stouch, T. R.; Bruccoleri, R. E.; Mueller, L.;  esters of fluorenylmethoxycarbonyl amino acids and 1-hydroxybenzo-
Constantine, K. LJ. Am. Chem. S0d.995 117, 10855-10864. triazole as catalyst for the coupling reactidnPeptides were purified
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Table 1. Populations of the 8-Hairpin Conformations Formed by Peptides2in D,O Samples at pH 6.3 and°Z and Intensitiesfor the
Backbone NOEs Characteristic gfhairpin 3:5,5-Hairpin 4:4, ands-Hairpin 2:2 Conformations Observed in® Samples at pH 6.3 and°Z
and in Aqueous Solution at pH 4.3 and6 for NOEs Involving Amide Protons

peptide

estimated populatién 2 3

4 5

moderate
barely detected

% f-hairpin 3:5
% [-hairpin 4:4
% f3-hairpin 2:2 typelturn
% [-hairpin 2:2 type I1turn

NOEs characteristic of

B-hairpin 3:5 (Figure 2d)
NH2—NH 10
CoH3—CaH 9
NH4—NH 8

B-hairpin 4:4 (Figure 2c)
CoH2—CoH 9
NH3—NH 8

f-hairpin 2:2 typelturn (Figure 2e)
CaH1—-CoH 10
NH2—NH 9
CaH3—CoH 8
NH4—NH 7

p-hairpin 2:2 type I1turn (Figure 2f)
NH3—NH 10
CaH4—CoH 9

333

g3

moderate
moderate

moderate —
relatively high
relatively high

low
low

low
moderate

aThe populations were estimated as explained intéxnd classified into the following qualitative ranges: barely deteste®h; low, 5-20%;
moderate, 26-35%; relatively high, 3550%. Nondetected-hairpins are indicated by a barNOE intensities are classified as strong, s; medium,
m; intermediate between weak and medium, w-m; weak, w; and very weak, vw. A bar indicates an unobserve®at®Eaken from de Alba

et al® 9Overlaps with other signals.

by reverse phase fast protein liquid chromatography (FPLC) with
gradients of acetonitrile containing 0.1% trifluoroacetic acid. Peptide
purity and identity were checked by FPLC and by the complete
assignment of théH NMR spectra, respectively.

Sedimentation Equilibrium. Sedimentation equilibrium experi-

spectroscopd?2* (ROESY) spectra were recorded by standard tech-

nigues using presaturation of the water signal and the time-proportional
phase incrementation mode. A mixing time of 200 ms was used for
NOESY and ROESY spectra. TOCSY spectra were recorded using
an 80-ms MLEV 17 spin-lock sequent®e.Additional NOESY and

ments were performed to obtain the average molecular weight of peptideROESY spectra were recorded on peptide samples in pu@ tb
samples at the concentrations used in the NMR experiments apart fromfacilitate the observation of thedEi—CoaH NOE crosspeaks close to

peptide 7 for whib a 5 mMsample was used. Peptide samples (30
uL) were centrifuged at 40 000 rpm at 278 K in 4-mm double-sector
Epon charcoal centerpieces, using a Beckman Optima XL-A ultra-
centrifuge with a Ti60 rotor. Radial scans were taken at different
wavelengths evgr2 h until equilibrium conditions were reached. The
data were analyzed using the program XLAEQ from Beckman. The
partial specific volumes of the peptides at@ were calculated on the
basis of their amino acid composition and corrected for temperéture.
They were 0.714 mL/g for peptide 4, 0.719 mL/g for peptide 5, 0.741
mL/g for peptide 6, and 0.722 mL/g for peptide 7.

'H NMR Spectra. Peptide concentrations for NMR experiments
were 2 mM for peptide 4, 5 mM for peptides 5 and 6, and 15 mM for
peptide 7 in 0.5 mL of HO/D,O (9:1 ratio by volume). pH values

were measured with a glass microelectrode and were not corrected for

isotope effects. The temperature of the NMR probe was calibrated
using a methanol sample. Sodium [3-trimethylsiy®,3,32H]propi-
onate (TSP) was used as an internal reference. *FIHdMR 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

the water signal. Acquisition data matrices were defined by 2018
512 points int; andt;, respectively. Data were processed using the
standard UXNMR Bruker programs on a Silicon Graphics computer.
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 4Kx 2K complex matrix prior to Fourier transformation.
Base-line correction was applied in both dimensions.

Estimation off-hairpin population was performed from the intensity
of the GaH—CaH NOE characteristic of eacB-hairpin, taking as
reference the intensity of an intraresiduelt-Ca'H Gly NOE as
previously describeé:® NOE intensities were measured by integration
in ROESY spectra (100-ms mixing time) recorded in pug®Bamples.

In peptides 4 and 6 where integration of thels-Co'H Gly NOE
crosspeak was hindered by its closeness to the diagonal, the intraresidue
CaH—CpBH NOE crosspeak of Trp9 was used instead. Its intensity
was calibrated according to the population obtained for peptide 3 using
the intraresidue @H—Ca'H Gly NOE.

Structure Calculations. Because of the presence of conformational
averaging in linear peptides, the use of intraresidue and sequential NOEs
can complicate the calculation of singular structures existing in the

points before performing the Fourier transformation. Phase-sensitive €nsémble. For this reason, only medium- and long-range NOE

two-dimensional correlated spectrosctpyCOSY), total correlated
spectroscop¥ (TOCSY), nuclear Overhauser enhancement spectros-
copy?>?? (NOESY), and rotating frame nuclear Overhauser effect

(17) Atherton, E.; Sheppard, R. Golid Phase Peptide Synthesis: A
Practical Approach IRL Press: Oxford, 1989.

(18) Laue, T. M.; Shak, B. D.; Ridgeway, T. M.; Pelletier, SAnalytical
Ultracentrifugation in Biochemistry and Polymer Scientfarding, S. E.,
Rowe, A. J., Horton, J. L., Eds.; Royal Society of Chemistry: Cambridge,
1992; pp 96-125.

(19) Aue, W. P.; Bertholdi, E.; Ernst, R. R. Chem. Phys1976 64,
2229-2246.

(20) Rance, MJ. Magn. Resonl987, 74, 557-564.

(21) Jeener, J.; Meier, B. H.; Bachmann, P.; Ernst, R1.AChem. Phys.
1979 71, 4546-4553.

crosspeaks were considered in the calculatiof-bhirpin conforma-
tions. Their intensities were evaluated in a qualitative way as strong,
medium, weak, and very weak, and used to obtain upper limit distance
constraints. Pseudoatom corrections were added where necefssary.
angles were constrained to the range®—180 except for Gly and
Asn. For those residues witic,n—nn cOupling constants greater than

8 Hz, ¢ angles were further restricted to the rang&60 to —80.

(22) Kumar, A.; Ernst, R. R.; Whrich, K. Biochem. Biophys. Res.
Commun.198Q 95, 1-6.

(23) Bothner-By, A. A.; Stephens, R. L.; Lee, J. M.; Warren, C. D.;
Jeanloz, R. WJ. Am. Chem. S0d.984 106, 811—813.

(24) Braunschweiler, L.; Ernst, R. R. Magn. Reson1983 53, 521—
528.

(25) Bax, A.; Davies, D. GJ. Magn. Reson1985 65, 355-360.
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Structures were calculated on a Silicon Graphics Indigo computer using
the program DIANAZ®

Results

Peptide Design. The sequences of peptides 4, shown in
Figure 1, were designed to investigate the effect of turn residue
sequence on th@-hairpin forming properties of peptides. The
general design criterion was that of changing the turn residues
while retaining theS-strand residues of the already reported
peptides 2 and 8.

The change of T8 to V in peptide 4 relative to peptide 3 was
performed to destabilize thghairpin 3:5. Peptide 3 forms two
different, nearly equally populatefi-hairpin structures, one
having a five-residue type + G1 bulge turn g-hairpin 3:5,
Figure 2d) and the other having a four-residue type | ty@n (
hairpin 4:4, Figure 2c¢). One factor responsible for the stabiliza-
tion of the type I+ G1 bulge turn may be a hydrogen bond
between the side chains of residues N4 and T8, which are in
close proximity in the calculated model structures of peptide
28 Furthermore, statistical data indicate that such an interaction
is very favorable in an antiparallgtshee” Removal of this
interaction by a T8 to V substitution would be expected to
destabilize the type # G1 bulge turn and consequently the
B-hairpin 3:5. We chose Val because of its higkstrand
propensity®31 and because it lacks any hydrogen bond forming
group in its side chain, while retaining the size and topology of
Thr.

The substitution of N4 to A in peptide 5 relative to peptide
2 was selected to stabilize tfiehairpin 4:4 structure. According
to Sibanda and Thorntd2 the first residue in a type + G1
bulge turn of apg-hairpin 3:5 is in thef region of the
Ramachandran map, whereas the same residue in a type | tur
of aB-hairpin 4:4 is in theog region. Thus, a residue withig
propensity, such as AR, should favor g3-hairpin 4:4. This
N4 to A change also eliminates the N48 interaction which
could stabilize the type + G1 bulge turn (see above). Thus,
the sequence of peptide 5 contains two features potentially
destabilizing the type+ G1 bulge turn and one that may favor
the type I turn required fqB-hairpin 4:4. Peptide 2 was selected

as the reference basis for the N4 to A substitution because this

peptide is the one forming the lowest populationgefiairpin
4:48 (Table 1), so that a better control of the population change

of that species could be performed, should our hypothesis prove

correct.

The chain-bend region in peptide 6 is taken from the type |
p-turn formed in the 1835 fragment of Bovine Pancreatic
Trypsin Inhibitor (BPTI), a four-residue tugthairpin (3-hairpin
4:4), while the previously-strand residues are retained. The
purpose of this substitution is to get a peptide that adopts
uniquely a8-hairpin 4:4 conformation (Figure 2c). This native
turn was selected because the correspong@ihgirpin of BPTI
is the only secondary structure that persists in all the inter-
converting molten globule states formed by a variant of B¥®TI.
Furthermore, the NT interaction is no longer possible in this
peptide, and Ala, the residue in the first position of the turn,

(26) Gintert, P.; Braun, W.; Walrrich, K. J. Mol. Biol. 1991, 217, 517—
530.

(27) Wouters, M. A.; Curmi, P. MProteins1995 22, 119-131.

(28) Kim, C. A.; Berg, J. MNature 1993 362 267—-270.

(29) Minor, D. E., Jr.; Kim, P. SNature 1994 367, 660-663.

(30) Minor, D. E., Jr.; Kim, P. SNature 1994 371, 264—267.

(31) Smith, C. K.; Withka, J. M.; Regan, Biochemistry1994 33,
5510-5517.

(32) Swindells, M.; MacArthur, M. W.; Thornton, Blature Struct. Biol.
1995 2, 596-603.

(33) Barbar, E.; Barany, G.; Woodward, Biochemistry1995 34,
11423-11434.
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has a high tendency to populate thg region of the Ram-
achandran map, factors that may destabilizegt®irpin 3:5

and stabilize the3-hairpin 4:4, respectively. In addition, it
contains a Gly in the position+ 3, which is present in most
B-hairpin 4:4 conformations with a typestturn!! The strand
sequences of peptide 6 are compatible with various patterns of
interstrand side-chain interactions, and so they can accommodate
different types of turn conformatior¥s.Thus, if we find that
peptide 6 folds into a unigyé-hairpin 4:4 conformation (Figure

2c), we could plausibly conclude that one unig@iaairpin
conformation is formed owing to the preference of the chain-
bend sequence.

With the objective of obtaining a typé furn (the one most
commonly found in3-hairpin 2:2 structures in proteit§), the
amino acids in the chain-bend sequence of peptide 7 were
selected according to the simplest approach: that of having the
highest individual probability for being in each position of a
type I turn structuré? It is to be noted that the four selected
amino acids have high statistically significant probabilitifrhe
B-hairpin 2:2 structure (Figure 2e) differs in side-chain interac-
tion pattern and backbone hydrogen bond register feemirpin
3:5, and has a similar interstrand side-chaide-chain interac-
tion pattern but a totally different hydrogen bond register from
that in5-hairpin 4:4 (Figure 2c). Therefore, if peptide 7 forms
the expecteg@-hairpin 2:2 conformation, it will provide us the
clearest evidence showing the importance of the turn conforma-
tion in dictatingB-hairpin structure and that the interstrand side-
chain—side-chain interactions do not have a major influence in
B-hairpin backbone conformation.

Aggregation Test. One-dimensionalH NMR spectra were
recorded for a very dilute sample (about 0.1 mM peptide
concentration) and at the peptide concentration used for the

'Lubsequent NMR analysis{45 mM depending on the peptide

solubility). The absence of any appreciable change in either
line widths or chemical shifts implies the absence of aggregation
in peptides 4-7.

To further ensure that monomeric states of the peptides were
being examined, sedimentation equilibrium experiments were
performed at the peptide concentration used for the NMR study,
except for peptide 7 for which sedimentation equilibrium
samples were 5 mM and NMR samples 15 mM. The average
molecular weight obtained for peptides-4 correspond to
monomeric peptide¥'

IH NMR Analysis. TheH NMR spectra of peptides47
in aqueous solution at various pH values were assigned using
the standard sequential assignment proceth#feThe chemical
shifts of the proton resonances for the four peptides in aqueous
solution at pH 4.3 and 5C are available as Supporting
Information (Tables SM%4).

Evidence for theg-hairpin structures adopted by each peptide
was provided by several NMR parameters, such as long-range
nuclear Overhauser effects (NOE) andiH conformational
shifts (deviation of the chemical shift values with respect to
those in random coil peptides). NOE data, which greatly depend
on interproton distances, give the most sound and straight-
forward structural information. Since the different classes of
B-hairpin differ in the type of loop and in th&sheet registration,
and the changes jfrsheet registration lead to different patterns
of main-chain NOE connectivities, the NOE pattern allows the

(34) The ratios of the observed molecular weight to that calculated from
the amino acid sequence for the monomeric peptide were4£.008 for
peptide4, 1.03+ 0.09 for peptides, 1.01+ 0.09 for peptides, and 0.95
+ 0.08 for peptider.

(35) Withrich, K.; Billeter, M.; Braun, WJ. Mol. Biol. 1984 180, 715~
740.

(36) Withrich, K. NMR of Proteins and Nucleic AcidSphn Wiley &
Sons: New York, 1986.
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discrimination among the various classegdfairpin. The most CoHY2 CoHS3 CaHY2 CoHS3
characteristic main-chain NOEs for egéthairpin conformation | [ | 17

are shown in Figure 2. Thug;hairpin 4:4 (Figure 2c) is the

only one that has andH2—CaH9 NOE, -hairpin 3:5 (Figure H W
2d) the only one with an €H3—CaH9, S-hairpin 2:2 (Figure

2e) the only one with @H1—-CoaH10 and @H3—CaH8 NOEs, P 0 35 o ) 35
and $-hairpin 2:2 (Figure 2f) the only one with ano®&l4—

CoH9 NOE. The NH—NHj NOE connectivities also discrimi- Peptide 2 Peptide 5

nate among the differefthairpins (Figure 2 and Table 1). Once
the class of-hairpin conformation is identified, only a limited

number of turn conformations is possible. The differences on CoHY2 CoaHS3 CoHY2 CoHS3

the pattern of NOE restrictions that allow discrimination between | ( | T

different types ofs-turn are quite subtle. So it is not surprising ’\m("‘\r’“’“““"“‘\ r\'\ r~

that the experimental NOE restrictions in the turn region are \} ! V
not enough to unambiguously define {hwurn type, a problem

which is also found in structures of proteins in solution. == n 35 . m 5 v
Therefore, the assignment to a given turn type is based on the

class ofB-hairpin, which limits the number of possible turn Peptide 3 Peptide 4
conformations, and on the most probable turn sequétidée Figure 3. ROESY rows at the) corresponding to the H proton of

backbone conformation also influences the chemical shift value, residue W9 where the relative intensities of their NOEs with th&lC
in particular, the @H conformational shifts which are negative proton of residues Y2 and S3 can be observed for peptides 2, 3, 4, and
for residues adopting angles characteristic oftheonforma- 5 (100-ms mixing time; BO samples at pH 6.3 and°Z).
tion (turns and helices) and positive for those located in
B-strands’’38 Nevertheless, the interpretation of conformational more, the NOE between the amide protons of residues Y2-T10
shifts in terms of secondary structure must be considered with (characteristic of thgs-hairpin 3:5) of medium intensity in
caution since ring current effects from aromatic residues can peptide 8 is not detected for peptide 4 (Table 1). The intense
mask the conformational shifts. NOEs between the side chains of residues 11 and W9 observed

Once the existence of a givefrhairpin conformation is in peptide 3, a consequence of the proximity of these side chains
demonstrated, the population of su@khairpin structure is in the 8-hairpin 3:5, are extremely weak in the NMR spectra of
estimated from the NOE intensities of the interstrarud K- peptide 4 (Table SM5, Supporting Information). In brief, the
CajH NOEs, using the @H—Co'H NOE of Gly as a set of NOE data observed for peptide 4 clearly indicates a loss
reference® Although these estimates are approximate becauseof population of the3-hairpin 3:5 relative to peptide 3. The
they involve several assumptions, such as equal correlation timesprofile of CaH conformational shifts of peptide 4 (data not
for the peptide in any conformational state and equal interstrandshown) is similar to that of peptide 3, but with smaller absolute
proton distances for the differefithairpins, we have used that  values as expected for a less populated structure. The presence
approach since there is no other well-established method. Inof a very weak NOE between then€ of residues S3 and V8
spite of the many caveats of this method, we think that the use (data not shown) may indicate the existence of a very minor
of these estimates for the comparison of the populations of third $-hairpin conformation which could correspond to a
fB-hairpins formed by a series of peptides of the same size andg-hairpin 2:2, probably with a type | turn formed by residues
differing in a maximum of four residues is reasonable, at least NSDG, (similar to the one represented in Figure 2a), but we
from a qualitative point of view. _ have no other evidence for it.

Conformatlonal_ B_ehawor of Peptide 4 Pept|de_ 4_forms Conformational Behavior of Peptide 5. Both peptides 2
Fhe same tweB-hairpin structures as peptide 3, as |nd|cated_by and 5 have similar sets of NOE connectivities, except for the
its NOE pattern (Table 1 and Table SM5 as Supporting lower intensities of many medium- and long-range NOE

Information), which is similar to the one observed in peptide connectivities and the absence of some of them in peptide 5

38 except for differences in the intensities of crucial NOE . .
- (Table 1 and Table SM6, Supporting Information). All the NOE
crosspeaks. One of thex®l—CaH NOE crosspeaks observed connectivities characteristic of thg-hairpin 3:5, i.e., the

could not be unambiguously assigned because of the coincidenc -
in the d-values of the @H of residues Y2 and N4 under all the EN.HYZ NHT10 and the @HS}COLHWQ.NOE _crosspeaks (see_
Figures 2, c and d) as well as those involving the side-chain

experimental conditions tested (various temperatures and pHprotons of residues 11 and W9, decrease in intensity or disappear
| [ f trifl hanol 5M . . . ! ;
values, various percentages of trifluoroethanol, and 0.5 M urea) completely in peptide 5 (Table 1, Figure 3, and Table SM,

Therefore, the assignment ta®Y2~CaHW9 NOE, charac- Supporting Information). This indicates a loss in fhaairpin

teristic of the S-hairpin 4:4 (Figure 2c), was based on the 35 lation i ide 5 relati ide 2. On the oth
equivalent unambiguously assigned NOE in peptides 2, 3, and™ popu atloq n peptide 5 re fat'V? to peptide 2. n the Ot. er
hand, thes-hairpin 4:4 population increases greatly in peptide

5. Even if this assumption were not correct, our conclusions h h . f f
would remain valid since they are based on the fact that 5 as shown by the observation of al8Y2—CaHW9 NOE o

p-hairpin 3:5 is destabilized by the T8V mutation, and there is medium intensity, characteristic for this conformation, which
no ambiguity on the assignment of thaxEtS3—’CaHW9 is nearly at the noise level for peptidg(Eigure 3). The profile

characteristic of thg-hairpin 3:5 (Figure 2d). In peptide 4 the ~Of CaH conformational shifts (data not shown) is very similar
CaHS3-CaHW9 is significantly weaker than the o®Y2— to that of peptide 2, but those residues with positiveHC
CaHW9 NOE, whereas these two NOE crosspeaks have nea”yconformational shifts values, in particular Trp 9 which shows

equal intensities in peptide 3 (Table 1 and Figure 3). Further- the largest @H conformational shif¢, decrease significantly,
which again indicates a lower global population®hairpin

39%37) Wishart, D. S.; Sykes, B. Methods Enzymoll994 239, 363~ conformations. The fact that the substitution of N4 to A
(ég) Case, D. A.; Dyson, H. J.; Wright, P. Hlethods EnzymolL994 involves the disappearance of the stabilizing hydrogen bonding

239, 392-416. interaction between the side chains of N4 and D6, identified in
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Figure 4. Selected regions of ROESY spectra of peptide 6. Experimental conditions were 5 saNDB 9:1, pH 4.3 and 5C, and 200-ms
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Figure 5. Selected regions of ROESY spectra of peptide 7. Experimental conditions were 15 s@kD-B 9:1, pH 4.3 and 12C, and 200-ms
mixing time for the amide proton region and 5 mM,@ pH 6.3 and 2C and 100-ms mixing time for thed®—CaH region.

peptides 10 2, and 3 may account for the general loss of
B-hairpin population found in peptide 5.

Conformational Behavior of Peptide 6. The presence of a
single GxHi—CaHj NOE crosspeak, the @@3Y2—CaHW9
(Figure 4), and the NHS3NHT8 NOE connectivity clearly
reveal the existence of a unigykehairpin conformation, the
pB-hairpin 4:4 (Figure 2c). In addition, NOE connectivities
involving the side chains of residues facing each other in the
p-hairpin 4:4 are also observed (Table SM7, Supporting
Information). A weak @HK5—NHG7 NOE is indicative of
the formation of the chain bend (Table SM7, Supporting
Information), probably a typef-turn. The absence of medium-
or long-range range NOEs characteristic @hairpin 3:5
confirms that it is not formed (Table 1 and Figure 4).

Conformational Behavior of Peptide 7. The NOE con-
nectivities most characteristic for tiehairpin 2:2 with a type
I" turn formed by residues YNGK (Figure 2e) for which peptide
7 was designed includes the long-range NOEs betweendhk C
protons of residues HT10 and S3-T8 and between the amide
protons of residues Y2W9 and Y4-K7. Such long-range
NOE connectivities are shown in the ROESY spectrum of
peptide 7 (Figure 5). Other NOE correlations compatible with
the pattern of facing residues in thfishairpin 2:2 with YNGK

residues are also observed (Table SM8, Supporting Information).
These include, for example, NOE correlations between side-
chain protons of residues S38, Y2—W9, and I£-T10. A
CoHN5—NHK7 NOE of medium intensity and a wealo€Y4—
NHK7 one together with the one between NHNSHK7
(Figure 5) evidence the formation of tjfeturn3® The YNGK
residues are probably forming a tygesHurn.

The NMR spectra of peptide 7 show some additional NOE
connectivities which are not compatible with thehairpin 2:2
with residues YNGK forming thes-turn, as deduced from
B-hairpin structure calculations (see below). These NOE
connectivities involve the @H protons of residues Y4W9,
the NH protons of residues S310, and the NH protons of
residues N5 T8 (Table 1 and Figure 5), which are the most
characteristic NOE correlations that should be expected for the
B-hairpin 2:2 with NGKT as the turn residue sequence (Figure
2f). Most likely these residues will form a typé -turn since
the sequence NGKT favors this turn type, specially residues G
and T which have the highest probabilities of being at positions
i + 1 andi + 3in atype Il turn, respectively* The sequence
of peptide 7 can support two different turn conformations, one
being a type'lf-turn formed by residues YNGK, and the other
a type Il g-turn (residues NGKT). Each gives rise to a different
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Figure 6. Stereoscopic view of the superposition of the backbone atoms
of 5 calculated structures for peptide 6.

fS-hairpin 2:2 conformation (Figure 2, e and f). The presence
of a very weak @HY2—CaHW9 NOE, which is not compat-
ible with eitherS-hairpin 2:2 form, may correspond to a very
minor third 3-hairpin conformation, but we lack other evidence
for it.

The p-hairpin 2:2 with YNGK turn residues formed by
peptide 7 contains two @Hi—CaHj NOE connectivities, the
CoHS3—CaHT8 and the @HI1—CaHT10 NOE connectivity
(Figure 2e), which can in principle be used for estimating the

J. Am. Chem. Soc., Vol. 119, No. 1, 19981

NOEs involving backbone protons were easily classified as
belonging tg5-hairpin 2:2 with YNGK turn or tg3-hairpin 2:2
with NGKT turn on the basis of the schematic representations
shown in Figure 2, e and f, respectively. For the side-chain
side-chain NOEs, the fact that they are more probable between
residues facing each other in thehairpin was taken into
account. Thus, NOEs involving side-chain protons of the
residue pairs 1£T10, Y2—W9, and S3-T8 were included in
the structure calculation fg#-hairpin 2:2 with YNGK turn, and
those involving side-chain protons of the residue pairs-S3
T10 and Y4-WO9 in the structure calculation fgi-hairpin 2:2
with NGKT (Figure 2, e and f). NOEs between residues I1
T8 were assigned t6-hairpin 2:2 with YNGK turn where they
are on the same side, but notArhairpin 2:2 with NGKT turn
(Figure 2, e and f). In addition, the NOEs characteristic of the
YNGK turn were excluded from the structure calculation for
the B-hairpin 2:2 with NGKT turn. The remaining NOE
restraints were initially introduced in bothairpin structure
calculations, and the systematically violated NOE restraints in
the calculation of one of thg-hairpin 2:2 structures were
excluded from that one and included in the other and vice verse.
Through an iterative procedure, we were able to obtain NOE
sets compatible with eagfrhairpin structure which accounted
for all the experimental NOE restraints. This classification is
available as Supporting Information (Table SM8). The final

hairpin population as described above. The population estimatedyy, .1 res calculated from these two groups of NOE constraints

from the intensity of the @HS3-CaHT8 and G@xHI1—

are well-defined for both main-chain and side-chain atoms

CoHT10 NOE crosspeaks differs notably, the former being three (Figure 7). RMSDs for the best 10 calculated structures for
times greater than the one calculated from the latter. Such aﬂ-hairpin 2:2 with YNGK turn are 0.8 0.2 A and 1.7+ 0.3

discrepancy, large even considering the error sources con-

comitant to the method, probably arises from the dynamic
behavior of the peptide which involves a larger flexibility of
their chain termini, thus giving rise to an average interstrand
CoHI1-CaHT10 distance larger than the inner one. This
behavior of thgs-strand ends would be analogous to the fraying
observed inu-helical conformationg?

Calculation of p-Hairpin Structures. Although the con-

A for the backbone and for all heavy atoms, respectively.
RMSDs for the best 10 calculated structures fenairpin 2:2
with NGKT turn obtained considering only residues are
0.3+ 0.1 A and 1.1+ 0.2 A for the backbone and for all heavy
atoms, respectively. The first two residues were not considered
for obtaining the RMSDs fop-hairpin 2:2 with NGKT turn
because they were not ordered in it.

formational averaging that usually occurs in peptides hinders a piscyssion

rigorous interpretation of NOE intensities in terms of a unique
structure, it is useful to calculate a limited number of structures
compatible with NOE constraints, which helps to visualize the
conformational properties of the ensemble.

The aim of this work was to investigate the role of turn
residue sequence in determinifighairpin structure. With this
purpose we have analyzed By NMR the structure of four

Structure calculations were not performed for peptides 4 and Peptides designed to fold into differgBrhairpin conformations

5 because they fold into a mixture of tw#hairpins which
makes still more difficult the structure calculation, and there
exist available model structures for the types @hairpin

in aqueous solution. We show that the conformational behavior
of the peptides greatly depends on the sequence of the chain-
bend region. Thg-strand interresidue interactions seem to be

adopted by these peptides. Thus, the structures calculated fof less importance in determining-hairpin structure relative

peptide 2 where the major population corresponds to the
fS-hairpin 3:5, and those calculated for peptide 6, which folds
uniquely intoS-hairpin 4:4, can be models for th&hairpin

3:5 andg-hairpin 4:4, respectively. The structures calculated
from the complete set of nonsequential NOE constraints

to the g-turn type preference, but a role of the side-chain
interactions on the stability of-hairpin structures is not
discarded® We address in this work the relative importance
of factors such as interactions between turn residues, statistical
preferences toward a particulg-turn type, and intrinsic

observed for peptide 6 are not well-defined, as seen in the tendencies of particular residues in the turn to be in different

superposition of the five best calculated structures (Figure 6).

regions of the Ramachandran plot in determining the stability

The pairwise root mean square deviations for the backbone Of different types of turns anf-hairpins.

atoms, RMSDs, are 1.2 0.3 A.

A structure calculation performed with the complete set of
experimental NOE constraints found for peptide 7 evidenced
their incompatibility with a single structure. This was the

The decrease in the population of théairpin 3:5 (Figure
2d) in peptide 4 (with turn residues NSDGV) relative to peptide
3 (with turn residues NSDGT) evidences that the-N
interaction involving the first and the last residues of the type

expected result since the observed NOE connectivities can arisd + G1 bulge turn is responsible, at least partially, for the

from either of the twq3-hairpin structures adopted by peptide

stability of this five-residue turn (Table 1). Furthermore, this

7 in aqueous solution or from both. Nevertheless, the absencesuggests that the stability of the turn and not the pattern of

of model S-hairpin 2:2 structures in peptides prompted us to
try the calculation of the structures for the tygehairpin 2:2

formed by peptide 7. A classification of the NOE constraints
into two groups is required prior to the structure calculations.

interstrand side-chainside-chain interactions or the backbone

(39) Conformational properties of peptides with strand mutations is now
in progress to better determine the importancg-strand residues on the
stability of -hairpin structures.
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Figure 7. Stereoscopic view of the superposition of side-chain and backbone atoms of the best 10 calculated structureS-fai{popR:2 with
YNGK turn and (bottom)3-hairpin 2:2 with NGKT turn in peptide 7. The backbone atoms of the best structure are shown in bold.

hydrogen bonding register determines the formation of the the turn to populate different regions of the Ramachandran map
pB-hairpin 3:5 structure. In contrast, the population of the greatly influences the conformation adopted by the bend region
alternative conformation formed by this peptigieiairpin 4:4) and, thus, the nature of tifehairpin. Summarizing, a residue-
is not affected by the mutation T8V (Table 1), in agreement with tendency to populate thes region of the Ramachandran

with statistical data that consider the interstrand-$8 and map favors the four residue type | turn in tBdhairpin 4:4 over
S3-V8 interactions to be equally probable in a hydrogen bonded the five residue type # G1 bulge turn present in th&hairpin
site of an antiparallgB-sheeg’4° 3:5.

Relative to peptide 2, the population gf-hairpin 3:5 Peptide 6 is the only peptide that forms a unigfsbairpin

decreases in peptide 5 and thapefairpin 4:4 increases (Table  conformation,-hairpin 4:4 (Figure 2c). The turn region of

1). The substitution of N4 in peptide 2 by Ala in peptide 5 this peptide is the native typef-turn present in the 1835

involves the loss of the NT interaction, which accounts for  g_hairpin of BPTI. A mutant of BPTI lacking two of the three

the decrease ¢f-hairpin 3:5 population, as well as a change in  disulfide bridges was shown to form a highly ordefdgheet

the propensity of the first residue of the turn to populate angles moiten globule that interconverts with other conformations all

from the 3 region to theor region of the Ramachandran map.  haying the native 1835 -hairpin 4:4 structure on the basis of

If only the loss of the N-T interaction was responsible for the  NMR data3® Thus, even though th@-strand residues are

conformational change in peptide 5 relative to peptide 2, we completely different in BPTI and in peptide 6, the type of

would expect a decrease in the population ofAHeairpin 3:5, g nhajrpin formed is the same. This observation again underlines

as is indeed observed (Table 1), without changing the populationine relevance of the turn conformation in determinfiairpin

of the-hairpin 4:4. However, the population of tffehairpin structure, more so than the type of interstrand side-chsite-

4:4 adopted by peptide 5 increases even with the presence ofnain interactions. The evidence is stronger when considering

Pro which is unfavorable for the four-residue turn responsible 51 theB-strand residues of peptide 6 (identical with those of

for this type off-hairpin® Therefore, Ala in the first position peptides 2, 3, 4, and 5) can adopt at least two diffefesheet

of a turn remarkably stabilizes th_e four-residue type | tum, and rggistrations corresponding to differghhairpin conformations.

so the population of th@-hairpin 4:4 increases. This evidences The residue Ala located in the first position of the turn and the

that the intrinsic tendency of the residue in the first position of jpcance of the NT interaction (as in peptide 5) contribute to
(40) In antiparalle|-sheets, a hydrogen bonded site corresponds to a the stabilization of thgg-hairpin 4:4 and the destabilization of

pair of residues with their backbone atoms hydrogen bonded to each otherthe -hairpin 3:5, respectively. It thus appears that the turn

and a non-hydrogen-bonded site to the pair where the backbone atoms of, i i
the residues are not hydrogen bondé8or example, in theg-hairpin 3:5 sequence AKAG (peptide 6) has a marked propensity to

shown in Figure 2d, the pair ¥2T10 is in a hydrogen-bonded site and the  POPUlate 9“'y one tumn type and so a unique typﬂ@hirpin
pair S3-W9 in a non-hydrogen-bonded site. conformation, while the sequence NSDG (peptide 3) can
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populate at least two turn types and therefore leads to two than one possiblg-hairpin conformation, and the flexibility
different 8-hairpin conformations. Additional work is needed derived from it, is convenient for the folding of most proteins
to clarify why no S-hairpin 3:5 population was detected in in order to attain the most favorable conformation compatible
peptide 6. with stabilizing tertiary contacts.
Peptide 7, which has a chain-bend sequence (YNGK) with
maximum statistical preference to adopt a typiiin * adopts Conclusion
the expected3-hairpin 2:2 conformation with turn residues
YNGK, likely forming the type 1 turn for which they were
designed, and anothgrhairpin 2:2 with turn residues NGKT,
probably forming a type 1lturn. In spite of the intrinsic
tendencies of residues G and T to be located in posiiiang
andi + 3, respectively? of a type Il turn, the simultaneous
formation of thef-hairpin 2:2 with NGKT turn residues by
eptide 7 was unexpected because it implies the loss of a . :
&tgrstrand side-cha’rrgde-chain interaction (F?gure 2f) and also bulge turn and thus thﬁ-.halrpln 3:5 conformat.lon anq th?
because the typé turn (YNGK) is statistically favored over presence in the first position (_)f the t_urn of a residue W|th_ high
the type Il turn (NGKT) in f-hairpin 2:2 structuredt A tendency to populate thes region which favors the formation

plausible explanation is that the N8 interaction, which can of B-hairpin 4:4 conforma’uons with a four-residue type | tun.
occur inf-hairpin 2:2 with the NGKT turn, but not in the one Our results also evidence that a turn sequence favorable to adopt

with YNGK turn, and the high propensity of G6 and T8 for a -turn with the appropriate geometry for the formation of a

being in the adopted positions of the typé tlirn appear to B-hairpin, such as _at_ypé or II' 5-turn, increases the stability
compensate for the loss of the interstrand side-chsite-chain of the adoptedB-hairpin.

interaction, so that the two differeifi-hairpin 2:2 structures
have similar stabilities. Botfi-hairpin 2:2 conformations have Acknowledgment. We are gra_lteful to Pro_fessor Rol_)t_art L.
the same number of interstrand backbone hydrogen bondsBaIdW'n for the use of the peptide synthesis and purification
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Thus, the turn sequence may determine both the type of the
B-hairpin conformation and its stability.

The results presented here have important implications in
protein folding because different types @hairpin structures
may form in the initial stages of the folding pathway, and the
selection of a final uniqug-hairpin may depend on either local
and/or nonlocal interactions. Probably, the coexistence of more JA962325E

We have shown the key role played by the sequence of the
turn region in determining the pattern of backbone hydrogen
bonding and side-chairside-chain interactions infahairpin.

In addition, we have identified some factors affecting the
formation of3-hairpin conformations, such as the polar interac-
tion between the side chains of Asn at positioand Thr at
positioni + 4 which stabilizes the five-residue typeH G1

Supporting Information Available: Four tables listing the
o0 values of peptides 4, 5, 6, and 7 in aqueous solution°a 5
and pH 4.3, and four tables listing the medium- and long-range
NOEs observed for peptides 4, 5, 6, and 7 in aqueous solution
(10 pages). See any current masthead page for ordering and
Internet access instructions.



