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Abstract: The characterization of a four-stranded B-sheet
structure in a designed 26-residue peptide Beta-4 is described.
The sequence of Beta-4 (Arg-Gly-Thr-lle-Lys-"pro-Gly-lle-Thr-Phe-
Ala-PPro-Ala-Thr-Val-Leu-Phe-Ala-Val-PPro-Gly-Lys-Thr-Leu-Tyr-
Arg) was chosen such that three strategically positioned PPro-
Xxx segments nucleate type IlI' B-turns, which facilitate hairpin
extension. A four-stranded B-sheet structure is determined in
methanol from 500 MHz 'H NMR data using a total of 100
observed NOEs, 11 dihedral restraints obtained from vicinal Jc -
nH Values and 10 hydrogen bonding constraints obtained from
H/D exchange data. The observed NOEs provide strong evidence
for a stable four-stranded sheet and a nonpolar cluster involving
lle®, Phe', Val'® and Phe'’. Circular dichroism studies in water—
methanol mixtures provide evidence for melting of the B-sheet
structure at high water concentrations. NMR analysis establishes
that the four-stranded sheet in Beta-4 is appreciably populated
in 50% (v/v) aqueous methanol. In water, the peptide structure
is disorganized, although the three B-turn nuclei appear to be

maintained.

Abbreviations: CD, circular dichroism; Fmoc,
9-fluorenylmethyloxycarbonyl; HPLC, high-performance liquid
chromatography; TFA, trifkuoroacetic acid; TSP,
trimethylsilylpropionate.

The rational design of peptide sequences that fold into
predetermined secondary and super secondary structures
provides a critical test of our understanding of the stereo-
chemical principles that control polypeptide chain folding

and the interactions that determine the spatial arrangement
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of modules of secondary structures. Major targets of de novo
design of protein structures have been helical bundles (1,2)
and B-sheets (3-6). Although design strategies have been
pursued for over a decade there have been relatively few
successes in structurally characterizing synthetic mimics
for protein structures (7—9). The design of helical structures
(10) and their assembly into bundles (11-14) has progressed
considerably, while B-sheets have proved less amenable to
synthetic design.

Several recent reports have described the successful design
of stable B-hairpin structures (15-23) and three-stranded
B-sheets in synthetic peptides (24-28). A key element in the
design of B-hairpins is the nucleation of tight reverse turns of
the appropriate stereochemistry. A valuable analysis of
protein crystal structures in the mid-1980s by Thornton and
colleagues provided the important insight that hairpins in
proteins accommodate the ‘enantiomeric’ B-turns (type I
and ITI') as the pivotal central segment (29-31). The type I
and II' B-turn conformations [Ramachandran angles (¢, V) at
the ‘i+1’ and ‘i+2’ residues for these turn types are: type I
+60°, +30° and +90°, 0°; type II' +60°, —120° and —80°, 0°] (32)
require that the residue at the ‘i+1’ position must adopt
positive values of the dihedral angle ¢, a feature generally
inconsistent with the occurrence of 1-amino acids at this
position. In designed peptides, this is readily achieved by
incorporation of the PPro residue in which the constraint of
pyrrolidine ring formation restricts ¢p.p, t0 =+60+20°.
The use of PPro-Xxx segments positioned centrally in
synthetic peptide sequences to nucleate B-hairpin formation
has been demonstrated (15-19). 1-Asn residues have also
been used as potential turn nucleators (20,23) because of
their high propensity to form left-handed helical (o)
conformations (33,34) with ¢ =+60°, ¥ =+30°, which are
stereochemically acceptable at both positions in type I
B-turns. Comparitive studies establish that PPro-Gly seg-
ments are superior to Asn-Gly segments in hairpin nuclea-
tion (35). An important feature of hairpin design is the wide
tolerance of residues chosen for the strand segments.
Hairpins and sheets are primarily stabilized by cooperative
cross-strand hydrogen bonding, with facing residue interac-
tions appearing to be of only marginal importance (31,36).
Consequently, B-sheet design appears to have been facili-
tated by the recognition of the critical role of turn nucleation
of appropriate stereochemistry, although early attempts at
de novo design of B-sheets encountered seemingly intract-
able problems due to limited solubility and uncontrolled
aggregation of designed peptides (3). The use of multiple turn
segments, placed appropriately in synthetic sequences can
generate intramolecular multistranded sheets. Here, we
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Figure 1. Schematic representation of the proposed structure of Beta-4
with its amino acid sequence. Hydrogen-bonding interactions
expected for the antiparallel B-sheet structure are shown by dashed
lines connecting the donor and acceptor atoms.

analyze the solution conformations of a designed four-
stranded B-sheet structure in a synthetic 26 residue peptide
Beta-4  (Fig. 1) (37). Beta-4 contains three internally
positioned PPro-Xxx segments (6-7, 12-13 and 20-21). The
first and the third turn segments have Gly and the middle
turn has 1-Ala at the ‘i+2’ position of the B-turns. The
sequence is rich in the B-branched residues Ile, Val and Thr
which have a high propensity to adopt extended strand
structures (38—40), while the charged residues at the N- and
C-termini are selected to prevent aggregation (20). The
choice and positioning of the residues was also dictated by
the need to have easily detectable cross-strand NOEs
between side-chain protons, which could provide ready
diagnostics of B-sheet formation. Aromatic residues (Phe
and Tyr) have been paired with aliphatic residues across the
strands to enable easy identification of interside-chain
NOEs. The studies described in this report establish that a
stable four-stranded B-sheet is observed in methanol and
50% (v/v) methanol/water solutions. In water, solvent
invasion of the strands results in a loss of cross-strand
hydrogen bonds, thereby leading to disruption of strand



registry, although the nucleating turns, and hydrophobic
clusters expected in the B-sheet remain intact.

Experimental Procedures
Peptide synthesis and purification

Peptide Beta-4 was synthesized using standard solid-phase
peptide synthetic methods using Fmoc chemistry (41). The
resin assembled peptide was cleaved in 95% trifluoroacetic
acid (TFA) containing anisole (2.5%, v/v) and ethane dithiol
(2.5%, v/v) as cation scavengers. Purification of the peptide
was achieved by reverse phase HPLC on a C18 column
(s—10 W, 7.8X250 mm). A flow rate of 1.5 mL/min was used,
with a linear gradient of 5—55% buffer B over 50 min (buffer
A: water, 0.1% TFA; buffer B: water 20%, acetonitrile 80%,
0.1% TFA). The purified peptide was analyzed by electro-
spray mass spectrometry (Mgps 2775.1, Mcale 2775.3) on an
Hewlett Packard 1100 LCMSD mass spectrometer.

NMR spectroscopy

All '"H NMR experiments were performed at soo MHz on a
Bruker DRXs500 spectrometer. One-dimensional spectra
were acquired using 32 ooo data points and processed with
1 Hz line broadening. All chemical shifts in aqueous
solutions were referenced to the sodium salt of trimethylsi-
lylpropionate (TSP). The residual methyl resonance in
CD,0OH was used as the internal standard for chemical
shift referencing (42). All two-dimensional experiments
were carried out in the phase-sensitive mode using time
proportional phase incrementation. DQF-COSY (43),
TOCSY (44), NOESY (45) and ROESY (46,47) experiments
were performed collecting 1000 data points in f2 and 512
data points in f1 using a spectral width of 5500 Hz. Solvent
suppression was achieved using presaturation (using a 55-dB
pulse in a recycle delay of 1.5 s) and watergate sequences
with standard pulse sequences available in the Bruker
library. Data were processed on a Silicon Graphics Indy work
station using Bruker XWINNMR software. Typically, a shifted
(m/2) sine-squared window function was applied in both the
dimensions. Data in fi was zero-filled to 1000 points.
Mixing times of 200-300 ms were used in NOESY experi-
ments. A spin lock mixing time of 300 ms was used in
ROESY experiments. A 70-ms mixing time was used for
TOCSY experiments. The sample concentration was
~3 mm and the probe temperature was maintained at
300 K.
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Structure calculations

A total of 100 observed NOEs in methanol solution was used
to derive upper limit distance restraints. NOEs were
classified as strong (=2.5 A), medium (=3.5 A), weak
(=4.5 A) and very weak (=5.0A) according to their
intensities judged by visual inspection of contour levels.
The choice of distance limits was based on the expectation
that NOEs at distances >5.0 A are unlikely to be detected in
peptides of the size of Beta-4. In addition to NOEs, 11
dihedral restraints from J-values (3Jc,nu values = 8.5 Hz
were used to restrain ¢ to —9o0° to —-150°), and 10 hydrogen
bonding constraints from H/D exchange data (the hydrogen
bonding pairs, C=0....HN, identified are: T3-F10, K5-I8, I8—
Ks, To-L16, L16-T9, A11-T14, T14-A11, F17-La4, K22—
V19 and L24-F17) were also used as inputs for structure
calculations. Simulated annealing using DYANA 1.5 (48) was
performed with 30 random starting conformations for
30 0oo dynamic steps. Twelve of the resulting structures
with the lowest target function values were selected for
further analysis. None of these structures violated restraints
by >o0.2 A. These structures superpose with a mean RMSD
of 0.59 A, calculated using mormor (49), for all backbone
atoms in the well-ordered region of residues 3-25 and 1.32 A
for all heavy atoms in the same region of residues.

Circular dichroism

All CD spectra were recorded on a JASCO J-715 spectro-
polarimeter. The instrument was calibrated with d(+)-
10-camphor sulphonic acid. The path length used was
1 mm with a peptide concentration of =~ 100 um. The data
were acquired in the wavelength scan mode, using 1-nm
band width with a step size of 0.2 nm. Typically, eight scans
were acquired from 255 to 190 nm using 50 nm/min scan
speed. The resulting data were baseline corrected and
smoothed.

Results and Discussion
Molecular conformation in methanol

Beta-4 yields an extremely well-resolved soo MHz *H NMR
spectrum characterized by sharp resonances. The spectra
revealed no significant concentration dependence over the
range 0.1-3.2 mM suggesting absence of aggregation effects.
The sharp resonances are consistent with a major population

of monomeric structures for this 26-residue sequence.
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Complete sequence specific assignment of resonances was
achieved using a combination of TOCSY experiments to
identify individual spin systems and NOESY/ROESY
experiments to identify near neighbor connectivities (50).
Table 1 summarizes the chemical shifts of all the assigned
protons in Beta-4. Large values of coupling constants 3]y
~u=8.5 Hz are observed for several resonances [J(Hz): T3
(8.9),14 (4.9), K5 (6.8), F10 (4.9), A11 (9.0), T14 (9.0), A18 (5.8),
Vig (6.8), K22 (8.8), L24 (7.8), Y25 (5.8)] which could be
measured accurately from a resolution-enhanced one-
dimensional spectrum. These values are most consistent
with the dihedral angle ¢ occurring in the extended region of
the Ramachandran map (51).

An H/D exchange experiment, carried out by dissolving
Beta-4 in CD,0OD, revealed that as anticipated the NH
resonances of G7, A13 and Ga1, which are the ‘i+2’ residues
of the three turns, exchange very rapidly (data not shown).

Of the other resonances G2, T3, K22 and R26 exchanged

Table 1. 'TH NMR assignments for Beta-4 (CD3OH, 300 K)

Residue HN H, Hg Others

Arg’ - 4.04 1.97,1.76  H, 1.76; H; 3.27; NH; 7.64

Gly? 873  4.35,4.13

Thr® 862 4.63 4.18 H, 1.22

lle* 835 485 1.75 CHs-H, 0.93; H, 1.25; H; 0.93

Lys® 9.07 4.85 1.92,1.82  H, 1.46; H; 1.82; H, 2.95; NH, 7.80
PPro® 4.40 223,203  H,2.03; H; 3.77s

Gly’ 875 4.17,3.82

lle® 8.14 478 1.87 CHs-H, 0.42; Hy 0.96, 1.62; H; 0.82
Thr® 871 4.87 3.91 H, 1.05

Phe'® 9.03 5.04 3.14,3.05 H;7.23; H, Hz7.17-7.19

Ala" 878  5.00 1.22

Ppro'2 4.43 2.21,2.03  H, 1.98; H; 3.55, 3.78

Ala' 8.83 4.42 1.48

Thr'? 8.19  4.58 4.27 H, 1.23

val'® 8.13  4.65 1.87 H, 0.62, 0.82

Leu'® 875 5.09 1.54,1.45  H, 1.45; H; 0.80

Phe'’ 873 5.12 2.91,3.00 H;7.13; H, Hz 7.13-7.19

Ala'® 8.60  4.97 1.32

val'® 850 4.53 2.04 H, 0.96

Ppro2° 4.35 227,214 H,2.02; H;3.77

Gly?' 8.55 3.87

Lys?? 8.04 4.62 1.87,1.69  H, 1.50; Hs 1.69; H, 2.95; NH, 7.81
Thr?? 8.14 478 3.98 H, 1.08

Leu** 8.68 4.62 1.48 H, 1.48; H; 0.89

Tyr?® 827 5.18 2.96 Hs 7.03; H, 6.70

Arg®® 8.67 455 2.00, 1.79  H, 1.68; H;s 3.23; NH; 7.42
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relatively rapidly. Gz is exposed in the expected structure
while T3 and R26 groups are close to the termini. The
behavior of K22 was anomalous. All other NH groups which
are expected to be internally hydrogen bonded exchanged
relatively slowly and have exchange half-lives =4 h. The
exposed NH groups on the two outer strands of the B-sheet
(I4, T23 and Y25) exchanged relatively slowly. In attempting
to rationalize observed H/D exchange rates in terms of the
assumed B-sheet structure it is important to note two
complicating features: (i) Englander and co-workers clearly
established intrinsic variation of exchange rates depending
on residue type and mechanism of exchange (52); (ii) in the
extended strand conformation the ‘outward’ facing CO and
NH groups of the residues in the nonhydrogen bonding
positions are proximate, and the possibilities of C; interac-
tion (53) which retards H/D exchange cannot be excluded.
Notably, such exposed NH groups some times behave

anomalously in other experiments designed to delineate



solvent exposed NH groups, such as solvent-induced
perturbation of chemical shifts and radical-induced line
broadening (19). Slow exchange of apparently exposed NH
groups in B-strands is ascribed to hindrance to solvation due
to proximal CO groups. At this stage, the possibility that the
anomalous exchange rates in Beta-4 arise from alternative
folded conformations cannot be excluded.

Figures 2 and 3 show the NOESY spectra which illustrate
the observed d,n (C*H; NH,,,) and d,, (C*H; C°H;) con-
nectivities. In extended strands, intense d,n (C*H; NH;,)
are expected, while the intraresidue d,n (C*H; NH;) should
be weaker. This is indeed the case in Fig. 2. Cross-strand
NOEs between C*H groups distant in sequence are a clear
diagnostic of proper registry of strand segments as expected
in the antiparallel B-sheet shown in Fig. 1. Indeed, the
observation of four distinct d,, connectivities between 18—
F17, Vio-F15, A18-T23 and L16-Ya25 (Fig. 3) are a strong
indicator that the four-stranded B-sheet structure is formed,
as anticipated in Fig. 1. The observation of the d,, NOE
between I4 and T9 was obscured due to overlap of C*H
resonances belonging to these residues. In addition, all dny
(N;H N,,,H) NOEs, characteristic of turn conformations at
the three potential chain reversal sites, are observed. Strand
registry in the antiparallel sheet is expected to bring several
NH groups distant in the sequence to proximal distances
giving rise to observable NOEs. In the NOESY spectra of
Beta-4 several such NOEs (T3-F1o, K5-I8, A11-T14, V19—
K22 and V15-R26) could be observed lending strong evidence

K22

G7/18
A 621/

-4.50

F10

Y25/R26 Y25 5.25
ppm

ppm’ 9?0 BiB 8‘:6 8?4 Bi? 8}0
Figure 2. Portion of the NOESY spectra (C*H-NH region) for Beta-4 in
CD,OH at 300 K illustrating the observed d,n (C*H; NHj,, and
C”H; NH;) interactions. Cross-peaks are annotated with their
corresponding residue numbers using one letter code for amino acids.
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Figure 3. Portion of the NOESY spectra (C*H-C”H region) for Beta-4
(CD,OH) at 300 K showing d,, connectivities. The inset shows
portion of the ROESY spectrum of Beta-4 in CD,0D at 300 K,
highlighting interstrand d,,, cross-peaks.

for strand alignment in the B-sheet. Other expected dnn
NOEs (T9-L16 and F17-L24) could not be observed because
of accidental chemical shift degeneracy of these resonances.
NOEs between side-chain protons, indicative of their
proximity across antiparallel strands were also observed.
Most notably, NOEs could be detected between the side-
chain protons of T3-F10, I8-F17, Vi5-F1ioand L16-Y25. The
NOE between T3 and Fio side-chains is noteworthy since
these side-chains are expected to face outwards in a
hydrogen-bonded residue pair (Fig. 1). It should be noted
that although C* and CP bonds project outwards appropriate
values of ' and x> can bring the Fio ring protons and T3
C"H, protons to distances observable by NOE. Similar NOEs
have also been detected between the side-chains of hydro-
gen-bonded residue pairs in other B-hairpin and B-sheet
structures in designed sequences (20,26). The observed
NOEs provide conclusive evidence of extensive side-chain
interactions in the B-sheet. Using a total of 100 observed
NOEs, 11
restraints a family of four-stranded pB-sheet structures
compatible with the NMR data could be generated. Of
these, 12 structures with lowest energy values were selected

dihedral angles and 10 hydrogen-bonding

that did not violate the distance restraints beyond 0.2 A. The
RMSD between these structures is 0.59 A for the backbone
atoms in the region of residues 3-25 and 1.32 A for all heavy
atoms in the same region of residues [calculated using
MOLMOL (49)]. Figure 4 shows a superposition of 7 such
calculated structures represented as a ribbon drawing. The
nonpolar cluster formed by I8, F10, V15 and F17 in strands 2

J. Peptide Res. 56, 2000 [ 307-317 | 311
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and 3 is highlighted. Calculations carried out by increasing
the number of random starting conformations did not
change the nature of the calculated structures significantly.
Structure calculations were also carried out in the absence of
10 hydrogen-bonding restraints resulting in convergence to a
close-related family of four-stranded B-sheet structures,
albeit with larger deviations between the members of the
family and a poorly defined N-terminal strand (RMSD
between 10 best structures is 1.17 A for the backbone atoms
in the region of residues 3-25 and 1.85 A for all heavy atoms
in the same region). A notable feature is that the sequential
NH-NH NOEs which are indicative of a population of nonp-
sheet conformations are very weak or absent, suggesting
that Beta-4 folds predominantly into the four-stranded
structure. The quantitation of the extent of folded structure
in designed peptides is a difficult proposition at present (54).

Conformations in 50% methanol/water and water

The observation of a well-defined four-stranded B-sheet
structure in the peptide Beta-4 prompted us to investigate
the stability of this fold in water and mixed methanol/water
systems. Because the four-stranded B-sheet is stabilized
primarily by cooperative cross-strand hydrogen bonds it
might be expected that in a strongly hydrogen bonding
solvent, such as water, solvation forces may result in
disruption of strand registry. In both these solvent systems,
Beta-4 yielded well-resolved NMR spectra with sharp
resonances, as in the case of methanol. Complete assign-
ment of all proton resonances was accomplished in both
50% methanol/water and water (pH 3.7), as described earlier
for methanol. Figure 5 shows the chemical shifts of the C*H
protons of Beta-4 referenced to random coil chemical shifts
(s5). It is clearly seen that in methanol most of the C*H
resonances of the strand residues are significantly shifted to
lower field, a feature characteristic of a B-sheet conforma-
tion (56). Indeed, the four strands and three turn segments
can be clearly identified from the chemical shift values. In
50% methanol/water, delineation of the strand segments on
the basis of C*H chemical shifts is still possible, although
some resonances now move to higher field positions,
indicative of conformational changes and averaging. In
H,O at pH 3.7 there is a significant loss of dispersion of
C"H chemical shifts and appreciable upfield shift of C*H
protons. The low field positions of C*H groups belonging to
several residues immediately flanking the turn segments is
noteworthy, and may indicate the retention of well-defined
structures in these regions. A characteristic feature of the
Beta-4 conformation in methanol is the nonpolar cluster

312 | ] Peptide Res. 56, 2000 | 307-317

involving residues I8, F1o, V15 and F17. A consequence of
this structure is the high field position of the methyl
resonances of I8 and V15 due to the ring current of proximal
aromatic residues. Figure 6 shows the methyl resonances of
Beta-4 in three solvent systems. The effects of aromatic ring
currents appear to be retained, albeit to a lesser extent in
50% methanol/water and water (pH 3.7), suggesting that
that the nonpolar cluster is maintained even in a completely
aqueous medium. A crucial piece of evidence for the
stability of the cluster is obtained from the observation of
interresidue side-chain NOEs. The inset in Fig. 6 shows the
NOEs between methyl protons of I8 and Vis in 50%
methanol/water solutions. Figure 7 shows the interside-
chain NOEs observed for Beta-4 in the three solvent
systems. Inspection of the side-chain NOEs suggests that
almost all the NOEs observed in methanol are retained in
50% methanol/water. There is a clear loss of interstrand
tertiary NOEs in water. The four-stranded B-sheet structure
in methanol is characterized by observation of several cross-
strand NH-NH NOEs and sequential NH-NH NOEs at the
three turn segments as shown in Fig. 8. Once again the
NOEs are also largely retained in 50% methanol/water
solution. In water, almost all the cross-strand NH-NH NOEs
are lost but the sequential connectivities of the three turn
segments G7-I8, A13-T14 and G21-K22 are retained. NMR
studies suggest that the four-stranded B-sheet structure in
Beta-4 is largely retained in a 50% methanol/water mixture.
In water, the NMR evidence suggests that the turn segments
retain their structural integrity, but all the cross-strand
registry is lost, presumably due to solvent invasion of the

backbone.

Figure 4. Ribbon representation of seven superposed structures
[calculated using DYANA (48)] of Beta-4 derived from NMR restraints.
The nonpolar cluster involving I8, Fio, V15 and F17 side-chains is
highlighted. The figure was generated using MOLMOL (49).
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Figure 5. Conformational shifts for the peptide Beta-4 in the region
T3-R26. ASC*H (p.p.m.) is the deviation of chemical shifts of C*H
protons from their random coil values (observed 8¢,y — random coil
dcon) in (A) CD,0OH at 300 K; (B) 50% (v/v) aqueous methanol at
300 K; and (C) water (pH 3.7) at 300 K. For random coil values see
Ref. 55. No data are shown for Gly” because there are two C*H
resonances in most cases.

Circular dichroism

Figure 9 shows the CD spectra of Beta-4 in methanol, water
and methanol/water mixtures. In methanol, the peptide
shows a strong negative band at 215 nm and a positive band
at 198 nm, which resemble the CD spectra expected for
classical B-sheet structures (57). A negative long wavelength
shoulder at 225-227 nm is also observed. The CD spectra
arising from the electronic transition associated with the
peptide backbone (n-n*, n-n*) do not normally yield bands at
wavelengths >225 nm in large peptides. We assign this
longwave length shoulder to the contribution from two Phe
and one Tyr residues present in the sequence. Aromatic
contributions to the far-UV CD have been widely recognized
(58,59). Indeed, in short B-hairpin peptides containing Phe
residues which face each other across strands, we have
observed anomalous far-UV CD spectra in the region below

Das et al . Designed four-stranded B-sheet peptide
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Figure 6. Portions of one-dimensional spectra of Beta-4 in (A) CD;OH

(300 KJ; (B) 50% (v/v) aqueous methanol (300 K); and (C) water
(pH 3.7, 300 K). The inset illustrates NOE observed between the
methyl groups of I8 and V15 at the solvent composition of 50%
methanol/water (v/v).

230 nm (60). The alternate possibility that the long
wavelength shoulder may arise from a contribution due to
a population of helical structures has been excluded because
of the absence of a significant shoulder below 210 nm and
also because the NMR data do not show significant intensity
for sequential N;H-N;,H NOEs, which are generally
characteristic of helical structure. The presence of as
many as three PPro residues (positions 6, 12 and 20) in the
sequence also precludes the development of helical seg-
ments of any significant length. Addition of water results in
a steady loss of ellipticity of both the negative and positive
bands at 215 and 198 nm, respectively. Significant inten-
sities characteristic of B-sheet conformations are observed at
a 50% methanol/water composition. A noteworthy feature
of the CD studies is that even in a 70% water/methanol
mixture, the negative CD band at 215 nm and the positive
band at 198 nm are detectable, suggesting that a significant
population of B-sheet conformations is present under these
conditions.

Together with NMR studies, the CD results suggest that
the well-formed B-sheet structure in methanol melts to a
poorly organized, ‘unfolded’ state in water. The gradual loss
of ellipticity with increasing concentration of water (Fig. 9,
inset) suggests the absence of a well-defined cooperative
transition from a folded to an unfolded state. The lack of
well-defined structural transitions in designed peptides has
also been noted in other synthetic motifs (61,62). The
difficulties in using designed hairpins as models for studies
regarding folding and unfolding transitions has also been

discussed (54). It is particularly important to note that the
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quantitation of folded structures from CD band intensities is Effect of temperature on Beta-4 in water

an extremely risky proposition (54). In these studies the use

of NOE in conjunction with CD suggests that the peptide =~ We attempted to investigate whether the p-sheet conforma-

Beta-4 is indeed disorganized in water. tion could be populated in water by carrying out low-
temperature NMR and CD studies. Figure 10 shows the
effect of temperature on the high field methyl resonance of
Beta-4. At 350 K no anomalously shifted resonances due to

Q) ppm I8 and V15 are observed. Upon cooling, there is an upfield
10 B T .
8 movement of Vis and I8 methyl resonances, indicating an
0/ L 0.6 ordering of side-chains of the nonpolar cluster formed by
) 16/25 16/ 25 0.8 ®) ppn
2615 o
1.0 114 .
D 23/25 23/25 0 )
3/10 Y 1425 14]25 1.2 Vo
—1.4
(B) ppm
8/10 @3
10 -0.6
© 16125 16/25@ ®)
S —0.8
—17)19
© 23/25 23/25@ L1.0
3/10@E @ 14]25 1%4]25Q 1.2
Q —1.4
Q (< )
© ppm
) - ©
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Y
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8.4
—1.2
8.6
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; T ; 1.6 @ 9.0
7.2 7.0 6.8 ppm ®
Figure 7. Comparison of a portion of NOESY spectra of Beta-4 T T T T T T 9.2
relating aromatic ring protons of Fio, F17 and Y25 with those of 9.0 8.8 8.6 8.4 8.2 8.0 ppm
methyl groups from aliphatic residues in (A) CD;OH (300 K); (B) 50% Figure 8. Comparison of a portion of NOESY spectra (NH-NH region)
(v/v) aqueous methanol (300 K) and (C) water (pH 3.7, 300 K). of Beta-4 in (A) CD,0H (300 K); (B) 50% (v/v) aqueous methanol
Important long-range NOEs diagnostic of the B-sheet structure are (300 K) and (C) water (pH 3.7, 300 K). Important long-range NOEs are

annotated with their corresponding residue numbers. boxed.
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side-chains on strands 2 and 3. Interestingly, below 290 K
there appears to be no further change in the chemical shifts
of these resonances, the observed values being significantly
lower field than in pure methanol. Even at low temperature
(277 K) no significant change in the pattern of NOEs was
observed. These results suggest that while residual struc-
tures involving formation of a nonpolar cluster may be
stabilized at low temperature, there is no evidence for a well-
formed B-sheet in water.

Conclusions

These studies establish that peptide design strategies can be
extended to the construction of multistranded B-sheets
using internally positioned PPro-Xxx sequences for hairpin
nucleation. The peptide Beta-4 folds predominantly into the
expected four-stranded B-sheet conformation in methanol.
NOE data are consistent with a major population of
structures in which the three PPro-Xxx p-turns are
formed, resulting in appropriate strand registry. In peptide
Beta-4 most NH and CO groups are internally hydrogen

5.0

0 25 50 75 100

% H,0 (V/v)

[6] x 103 (degem?dmol?)

‘4—methanol

200 220 240 255

Wavelength(nm)
Figure 9. Far-UV CD spectra ([0] is the mean residue ellipticity) of
Beta-4 in various compositions of methanol and water at 300 K. The
spectra in water (pH 3.7) and methanol are marked. The 10
intermediate spectra correspond to solvent composition (% v/v) of
methanol/water 10:90, 20:80, 30:70, 40:60, 50:50, 60:40, 65:35,
75:25, 85:15 and 9o:10. The inset illustrates the variation of mean
residue ellipticity as a function of increasing amount of water content
in methanol.
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bonded resulting in excellent solubility in both water and
alcohols. Solvation of the edge strands and positioning of
charged residues at the N and C-termini limits aggregation
by preventing formation of ‘open’ sheet structures. The four-
stranded PB-sheet structure loses its integrity in aqueous
solution. The fragility of the intramolecular B-sheet in water
is undoubtedly a consequence of solvent competition for
interstrand hydrogen bonds, which appear to be the
dominant structure stabilizing interaction in the present
case. In proteins, most B-sheets are well shielded from the
aqueous environment. The stabilization of sheets in water
may be achieved by interstrand cross-linking using disulfide
bridges and possibly by increasing the number of strands and
their length. Although the principle thrust of attempts at de
novo designed B-sheet structures is directed towards
stabilizing the structures in aqueous solution, the signifi-
cance of the formation of well-characterized multistranded
sheets in methanol must be emphasized. Several membrane
proteins consist of B-sheet domains which span the low-
dielectric environment of phospholipid membranes. A
noteworthy feature of B-sheets is their tendency to curve
(63). Indeed, the growing family of transmembrane proteins
which adopt B-barrel structures, best exemplified by porins
(64), suggests that closed barrels may be one of the most
efficient ways to traverse the lipid bilayer (65). De novo
design of PB-barrel structures now appears to be a real
possibility because of the automatic curvature generated by

multistranded B-sheets, which should eventually induce the

W/L 350 K
J
»\MM” 330 K
310 K
0
290 K
"W
277 K

T T T T T T T
1.2 1.0 0.8 0.6 0.4 0.2 ppm

Figure 10. Variation of high field resonances of Beta-4 in water
(pH 3.7) with temperature.
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structure to fold upon itself. B-Sheets lend themselves to
ready synthetic construction because of the relatively

simple principle involved in the generation of the structural

motif.
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