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Abstract: An evaluation of [3′-(2-aminoethyl)-2-biphenyl]propionic acid (1) and 2-amino-3′-biphenylcarboxylic acid
(2) asâ-sheet nucleators was accomplished by incorporating these residues into water soluble peptides. Residue1
was designed to replace the backbone of thei + 1 andi + 2 residues of aâ-turn and reverse the polypeptide chain
direction via a hydrogen-bonded hydrophobic cluster to initiateâ-hairpin folding. An NMR structural evaluation of
heptapeptides incorporating1 revealed the presence of a hydrophobic cluster involving an aromatic ring of1 and a
side chain of one of the flanking hydrophobicR-amino acids, even though the peptides lack sufficient length to
adopt aâ-sheet structure. The flankingR-amino acid residues in these peptides exhibit significantly slower amide
proton/deuterium exchange rates, indicating that they are intramolecularly hydrogen bonded in aqueous solution. In
appropriate tridecapeptides, the hydrogen-bonded hydrophobic cluster nucleates the formation of aâ-hairpin structure
which subsequently self-associates. Unlinking the intramolecular folding and self-association equilibria was
accomplished by strategically replacing two of the exterior amide protons in the tridecapeptide with methyl groups.
These tertiary amide groups cannot act as hydrogen bond donors and sterically block the intermolecularâ-sheet
interactions between exteriorâ-strands, preventing self-assembly. The N-methylated tridecapeptide incorporating1
has been characterized by analytical equilibrium ultracentrifugation, far-UV CD, FT-IR, and a variety of NMR
experiments which support aâ-hairpin-like structure. Interestingly, these peptides exhibit an increase inâ-sheet
structure with increasing temperature which may prove to be general forâ-sheets stabilized by hydrophobic interactions.
The incorporation of residue2 into an identicalR-amino acid sequence does not result in folding under the same
conditions, implying that the hydrogen-bonded hydrophobic cluster promoted by1 is required forâ-hairpin folding.

The mechanisms ofâ-sheet folding and the basis for sheet
stability are under investigation in several laboratories using a
variety of creative approaches.1 While â-sheet structure is com-
monly observed in proteins, our understanding of this structural
motif is poor relative to what is known aboutR-helical secon-
dary structure. This is due, in part, to the difficulties inherent
in creating a well-defined peptide model system for the detailed
study of â-sheet formation in aqueous solution.2 Although
studies on the conformational propensities of peptides, amino
acid homopolymers, and sequential copolymers has enhanced
our understanding ofâ-sheet structure, the approach is limited

because of competitive intra- and intermolecular folding which
leads to heterogeneous aggregatedâ-sheet structures.1q,3

Biophysical studies regarding the folding mechanism(s) of
â-sheet proteins suggest that the rate of refolding of a
predominantlyR-helical protein is roughly an order of magnitude
faster than that of mostlyâ-sheet proteins, implying that the
folding mechanisms may be quite different.1a-d Slow folding
for â-sheets is consistent with the tertiary (nonlocal) nature of
â-sheet structure.4 The residue-residue interactions (hydro-
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phobic and electrostatic) that facilitate strand-strand recognition
and lead to a stableâ-sheet motif in proteins generally involve
residues that are far apart in sequence, unlike the situation in
an R-helical secondary structure where localizedi and i + 4
residue interactions facilitate rapid folding. An evaluation of
the thermodynamicâ-sheet propensities of theR-amino acids
reveals a definite context dependence, implying that the
contribution of a given residue to the stability of aâ-sheet
depends on both local and nonlocal residue-residue inter-
actions.1f-j It follows that the more complex the topology of a
given â-sheet, the more tertiary-like the structure is, making
the design of such a sheet quite complicated.
One goal of the study presented within is to develop a reliable

strategy to prepare monomericâ-hairpin structures that can
accommodate considerableR-amino acid sequence variation.
In principle, this could also be accomplished using a consensus
â-turn sequence. However, the conformational propensities
of known â-turn sequences do not appear to be sufficient to
effect â-hairpin folding, given what is currently known about
the process.1c,5 Therefore, unnatural amino acid templates
designed to initiateâ-sheet folding are being developed by
several laboratories, taking advantage of the template concept
first reported by Hirschmann and co-workers in their work
on cyclic somatostatin analogues.1m,3ns,6 Here we outline the
utility of template1 (Figure 1a) which was designed to replace
the backbone of thei + 1 andi + 2 residues of aâ-turn and
reverse the polypeptide chain direction via a hydrogen-
bonded hydrophobic cluster conformation to initiateâ-hairpin
folding.

The previously reported solid and solution state (FT-IR and
variable temperature1H NMR) structures of a diamide derivative
of 1 in CH2Cl2 suggest that peptides composed of residue1
will most likely adopt a conformation where theR-amino acid
residues flanking1 are intramolecularly hydrogen bonded,
leaving the carbonyl and NH derived from1 to hydrogen bond
with water (Figure 1b).7 The -CH2CH2- linker connecting
the biphenyl substructure to the peptides in1 prefers to adopt
a low energy perpendicular conformation where the aliphatic
carbon-carbon bond in the phenethyl fragment is oriented
perpendicular to the plane of the aromatic ring.7,8 Molecular
dynamics/mechanics studies on peptides incorporating1 indicate
that this conformational preference makes it feasible for one of
the hydrophobic side chains of the flankingR-amino acids to
interact with the biphenyl substructure of1 while maintaining
idealized intramolecular hydrogen bonding between the flanking
R-amino acids, leading to a hydrogen-bonded hydrophobic
cluster (Figure 2). Hydrophobic clusters are evolving as
important intermediates in the folding of both peptides and
proteins and appear to reduce the local entropy penalty for
folding by preorganizing the “unfolded state”.1m,9 The FT-IR
and1H NMR studies on a diamide derivative of2 in CH2Cl2
suggest that intramolecular hydrogen bonding between the
flanking amino acids in peptides containing2 (Figure 1c) will
not be appreciably stabilized relative to the non-hydrogen-
bonded state in aqueous solution.7 The absence of the-CH2-
CH2- linker in residue2 significantly restricts the flexibility
of the attached strands, interfering with the ability of the
molecule to form a hydrophobic cluster. Therefore, the
expectation is that residue1 will be able to nucleate sheet
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G.; Wüthrich, K.Science1992, 257, 1559-1563. (e) Topping, K. D.; Evans,
P. A.; Dobson, C. M.Proteins: Struct., Funct. Genet.1991, 9, 246. (f)
Garvey, E. P.; Swank, J.; Matthews, C. R.Proteins: Struct., Funct. Genet.
1989, 6, 259-266.

Figure 1. (a) Structures of biphenyl-based amino acids 3′-(2-
aminoethyl)-2-biphenylpropionic acid (1) and 2-amino-3′-biphenylcar-
boxylic acid (2). (b) For peptides containing1, both the 13- and 15-
membered hydrogen-bonded ring conformations are possible, with the
15-membered ring being favored. (c) For peptides containing2, the
11-membered hydrogen-bonded ring conformation is favored.
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formation by facilitating the formation of a hydrogen-bonded
hydrophobic cluster, whereas residue2 will not.
Generally, theR-amino acid sequences in this study were

chosen by considering theâ-sheet forming propensity of each
residue, the long-range residue-residue interactions which hold
the hairpin together, the amphiphilicity of the sequence, and
the overall charge of each peptide to ensure solubility.1f-j,10

Sequences incorporating templates1 and 2 were usually
designed such that the strand-reversing residues are flanked by
hydrophobicR-amino acids to facilitate hydrophobic cluster
formation (Table 1).
We and others have found that successfulâ-hairpin designs

self-associate into cross-â-structures, as a result of the thermo-
dynamic stability of this quaternary structure.3n,11 This un-
wanted self-assembly of an intramolecularly foldedâ-sheet
(hairpin) structure has proven to be a common problem in
attempts to prepare monomeric or well-definedâ-sheet model
systems.1q,3d-e,n-o,12 The same side chain-side chain interac-
tions and hydrogen bonds that facilitate intramolecularâ-sheet
folding also favor intermolecularâ-sheet-mediated self-as-
sembly. One strategy to avoidâ-hairpin-mediated self-associa-

tion is to eliminate the potential for hydrogen bonding and to
sterically prevent the strand-strand interactions required for
intermolecularâ-sheet formation by replacing the exterior amide
protons with methyl groups. The resulting tertiary amide bonds
strongly prefer thetrans conformation required forâ-sheet
formation.13 The concept of replacing an amide proton with a
methyl group in order to prevent lateralâ-sheet-mediated self-
association has been successfully demonstrated in preventing
the dimerization of interleukin-8 (IL-8) and in preventing the
self-assembly of nanotubes formed via intermolecular sheet
formation.3t,14 Solid state or NMR structures on IL-8, a
nanotube dimer, and an N-methylated derivative of Gramicidin
S indicate that the incorporation of an N-methylated amino acid
into anR-amino acid sequence which favorsâ-sheet formation
does not significantly perturb the resultingâ-sheet structure.14b,15

Residues1 and2were incorporated into severalR-amino acid
sequences, some containing N-methylatedR-amino acids, to
compare their ability to nucleateâ-sheet formation and to
understand their mechanism of function where appropriate. Here,
we present evidence that a new biphenyl-based amino acid
template (1) promotesâ-hairpin folding, affording either mon-
omeric or self-assembledâ-sheet structures.

Results

Synthesis of Peptides A-G. Details regarding the prepara-
tion of the 2,3′-substituted biphenyl-based amino acids1 and2
are published elsewhere.7 PeptidesA-G were synthesized on
benzhydrylamine resin employing standardt-Boc synthesis
procedures (with BOP activation) to incorporate theR-amino
acids and thet-Boc derivative of1 into the growing peptide
chain.1m Due to the poor reactivity of the aniline functionality
of 2, residue2 was incorporated into peptides as a dipeptide
(t-Boc-Leu-2-CO2H) prepared in solution and coupled to the
resin bound peptide by BOP activation. The peptides were
deprotected and cleaved from the resin using high-HF16 and
purified by reversed phase C18 HPLC. The primary structures
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Table 1. Primary Sequences of PeptidesA-H

peptidea R1 R2 R3 R4 R5 R6 R7

A Val Orn Leu 1 Val Orn Leu
B Val Orn Phe 1 Val Orn Leu
C Val Glu Leu 1 Val Orn Leu

peptidea R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13

D Lys Val Lys Val Lys Leu 1 Val Lys Val Lys Val Lys
E Lys Val Lys Val Lys Leu 2 Val Lys Val Lys Val Lys
F Val Lys Val Lys Val Lys 1 Lys Val Lys Val Lys Val
G Lys Val N-Me-Leu Val Lys Leu 1 Val Lys Val N-Me-Leu Val Lys
H Lys Val Lys Val Lys Val GG Val Lys Val Lys Val Lys

a Sequences are written from the N-terminus to the C-terminus which in all cases is a primary amide (C(O)NH2).

(a)

(b)

Figure 2. Molecular Graphics representation28 of -Leu-1-Val- dem-
onstrating the hydrophobic cluster conformation in which the ethyl side
chains of1 are perpendicular to the aromatic rings and hydrophobic
interactions between one ring and the leucine side chain are present.
The structure represents the lowest energy conformation predicted by
molecular mechanics/molecular dynamics of the peptide H3N-VOL-
1-VOL-C(O)NH2 in aqueous solution: (a) side view; (b) top view.
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of peptidesA-G were confirmed by nominal resolution matrix-
assisted laser desorption mass spectrometry.17

Circular Dichroism Studies of Peptides A-F. Residue1
was incorporated into three heptapeptide sequences based on
the cyclic peptide Gramicidin S. One of the twoD-Phe-Pro
dipeptide units (thei + 1 and i + 2 dipeptides of the two
â-turns) of Gramicidin S was replaced by residue1 while the
other was omitted from the sequence, affording an acyclic
peptide. HeptapeptideA has an R-amino acid sequence
homologous to a 4-(2-aminoethyl)-6-dibenzofuranpropionic
acid-based heptapeptide studied previously by our laboratory,1m,6c,d

allowing us to compare the efficacy of the biphenyl- and
dibenzofuran-based amino acids as nucleators in a homologous
R-amino acid sequence. PeptideB, having a Phe in place of
Leu-3, was prepared to test the feasibility of using an aromatic-
aromatic interaction to stabilize the hydrophobic cluster and
facilitate â-sheet folding.18 In peptide C, ornithine-2 was
replaced with Glu to probe the effect of an additional long-
range residue-residue electrostatic interaction (salt bridge) on
â-sheet stability in the context of a heptapeptide. Evaluation
of peptidesA andB by far-UV circular dichroism (CD) reveals
that these peptides exist as a random coil in aqueous solution
over a pH range of 4-9. The CD spectra exhibit minima at
200 nm, consistent with a rapidly interconverting ensemble of
conformations (Figure 3). The analogous 4-(2-aminoethyl)-6-
dibenzofuranpropionic acid-based heptapeptides exhibit fluctuat-
ing â-sheet structures under these conditions.1m PeptideC
adopts a random coil structure at pH 5 (minimum 201 nm).
However, at pH 7, a coil to soluble associatedâ-sheet transition
is observed as discerned from a CD maximum at 193 nm and
a minimum at 214 nm (Figure 3). Most likely deprotonation
of Glu-2 allows the formation of both intramolecular and
intermolecular salt bridges which contribute to the added
stability of thisâ-sheet quaternary structure (Vide infra). As
expected, the intramolecular folding and the self-association
equilibria are linked as discerned from the observation of an
insoluble â-sheet structure at pH values> 7.5 (peptide
concentration of 0.25 mM).
The tridecameric peptidesD-F (Table 1) were studied by

far-UV CD to determine whether the incorporation of1 and2
into longer amphiphilic peptides would result inâ-sheet folding.
These sequences are similar to the repeating (Val-Lys)n sequen-

tial polypeptides (n > 25) which are known to undergo a coil
to self-associatedâ-sheet transition at pH 8.9.3d,n,12 The high
charge density on peptidesD andE should prevent the favorable
strand-strand interactions required for sheet formation at low
pH. The removal of two or more of the charges on the Lys
ε-ammonium groups effected by increasing the pH is expected
to facilitate intramolecular folding followed by self-assembly.3n

A leucine was employed as one of the flanking residues in these
peptides instead of valine because the increased side chain
flexibility should maximize packing interactions required for
hydrophobic cluster formation. Interestingly, peptideD under-
goes a marked transition from a random coil (minimum at 203
nm) to aâ-sheet (maximum at 201 nm, minimum at 214 nm)
from pH 8.6 to pH 9.0 (Figure 4). The folding transition from
a random coil to aâ-sheet exhibited by peptideD appears to
be a simple two-state transition, as implied by the isodichroic
point at 207 nm in the pH dependent far-UV CD spectra.
However, the linear concentration dependence of the far-UV
CD spectra of peptideD suggests that it is undergoing self-
association subsequent to intramolecular folding (Figure 5).
PeptideD exists as a mixture of random coil andâ-sheet
structures at concentrations below 0.075 mM and as a self-
associatedâ-sheet over the concentration range of 0.075-0.15
mM (pH 9.3). These results and those for peptideC imply
that self-assembly significantly stabilizes the metastable in-
tramolecularly foldedâ-sheet state (Vide infra), implying that
1 is capable of nucleating intramolecularâ-sheet folding in
appropriate sequences. PeptideE is identical to peptideD
except that it incorporates residue2 in place of residue1.
PeptideE exists as a random coil (minimum at 204 nm) over
a pH range of 4-9.8 at a peptide concentration of 0.20 mM

(17) (a) Chait, B. T.; Kent, S. B. H.Science1992, 257, 1885. (b) Kinsel,
G. R.; Preston, L. M.; Russell, D. H.Biol. Mass Spectrom.1994, 23, 205-
211.

(18) Paliwal, S.; Geib, S.; Wilcox, C. S.J. Am. Chem. Soc.1994, 116,
4497-4498.

Figure 3. Circular dichroism spectra of 0.17 mM peptideA, pH 6.8;
0.26 mM peptideB, pH 7.2; and 0.26 mM peptideC, pH 6.8. Spectra
were obtained at 25°C in 10 mM Tris buffer. Spectra were corrected
for buffer contributions and are reported in units of mean residue
ellipticity.

Figure 4. Circular dichroism study of the pH dependence of 0.15 mM
peptideD. Spectra were obtained at 25°C in 10 mM borate buffer.
Spectra were corrected for buffer contributions and are reported in units
of mean residue ellipticity.

Figure 5. Concentration dependence of peptideD (pH 9.1, 214 nm),
peptideE (pH 10.6, 215 nm), and peptideG (pH 7.0, 224 nm).
Concentration versus the mean residue ellipticity is plotted.
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(Figure 6a), suggesting that2 is not capable of forming the
hydrogen-bonded hydrophobic cluster necessary for initiating
â-sheet structure under conditions where peptideD adopts a
â-sheet structure. Aâ-sheet structure is observed in peptideE
at pH values> 10. However, the lack of an isodichroic point
suggests that the coil to aggregated sheet structure is not well
defined; i.e., intramolecular folding does not precede self-
assembly.19 The concentration dependence of the CD spectra
of peptideE (Figure 5) suggests a self-associatingâ-sheet at
concentrations above 0.20 mM at pH 10.6. PeptideF was
prepared to probe the importance of hydrophobic cluster
formation in â-sheet folding mediated by residue1. The
flanking hydrophobic residues in peptideD were replaced with
hydrophilic lysine residues in peptideF while maintaining a
highly homologous amino acid composition and an amphiphilic
periodicity of 2. A 0.25 mM solution of peptideF is incapable
of folding at pH 8.9, whereas 0.15 mM samples of peptideD
adopt aâ-sheet structure at this pH, implying that hydrophobic
cluster interactions are critical for the function of1. PeptideF
will adopt aâ-sheet structure above pH 9 (Figure 6b), which
may be explained by deprotonation of one of the twoε-am-
monium groups of the flanking Lys residues, allowing packing
against one of the phenyl rings in1. More likely, intermolecular
sheet formation is occurring as observed in (Val-Lys)n se-
quences. A self-association mechanism is supported by pre-
cipitation of insoluble aggregates above pH 9.8.

1H NMR Studies of Peptides A and D-F. Classical
NOESY and TOCSY experiments have been utilized to make
sequence-specific resonance assignments for peptideA. The

flanking residues of peptidesD-F were similarly assigned. The
remaining valine and lysine spin systems in peptidesD-F were
identified but not sequence specifically assigned due to reso-
nance overlap.
Strong NOEs between the aromatic protons of residue1 and

the flanking Leu-3δ- andδ′-methyl groups and the Val-5γ-
andγ′-methyl groups of peptideA were observed. NOEs were
also evident between the aromatic protons of1 and the
γ-methylene proton of Leu-3 in this peptide. PeptideD exhibits
analogous NOEs between the aromatic protons of residue1 and
the methyl groups of the flanking Val and Leu residues.
Additional NOEs were seen between the aromatic protons and
the Leu-6â-, â′-, andγ-protons in peptideD. The observed
NOEs support the existence of a hydrophobic cluster composed
of the aromatic skeleton of residue1 and the hydrophobic
residues flanking1 in both peptidesA andD.9d Importantly,
the NMR data were collected under conditions where these
peptides are “unstructured” by far-UV CD. Hence, the hydro-
phobic cluster appears to be structurally organized and poised
to nucleateâ-sheet formation once solution conditions permit
strand-strand interactions. This is consistent with other studies
on peptides and proteins where hydrophobic clusters are
observed to be stable under “denaturing” conditions and in the
absence of a regular protein structure as discerned by far-UV
CD.9 NOEs between the aromatic protons of residue1 and the
methylene groups of the flanking hydrophilic lysine side chains
were not observed in peptideF. The inability of the lysine side
chains to facilitate the formation of a hydrophobic cluster at
pH values below the pKa of theε-ammonium group (pH> 8.9)
has also been observed in 4-(2-aminoethyl)-6-dibenzofuranpro-
pionic acid-based heptapeptides, implying that alkyl side chains
with an ammonium group at the terminus cannot pack efficiently
against an aromatic ring.1m The methylene protons in the lysine
side chains of peptideF exhibit no discernible upfield shift
consistent with the lack of cluster formation at pH values<
8.9.
The lack of observed NOEs between the aromatic protons of

residue2 and the methyl groups of the flanking valine and
leucine residues in peptideE suggest that residue2 cannot
promote hydrophobic cluster formation consistent with the
decreased flexibility of this residue. The methyl groups of the
flanking Leu and Val residues in peptidesA, D, andE exhibit
upfield shifts of 0.1-0.2 ppm relative to those of the other valine
residues in these sequences. The upfield shifts suggest that these
peptides sample conformations where the methyl groups are in
the diamagnetic shielding cones of the biphenyl ring systems
of 1 and2. However, the observation of an upfield shift alone
is not an indication of hydrophobic cluster formation since2
cannot promote hydrophobic cluster formation.20

Information concerning the hydrogen-bonding network within
a peptide containing residue1 in aqueous solution was obtained
from amide exchange studies of peptideA (3.0-3.3 mM, pH
3.4-3.6) and peptideD (2.5-2.9 mM, pH 4.1-5.1) where
peptidesA andD appear to be unstructured by far-UV CD. In
both peptides, the rates of amide proton/deuterium exchange
for the Leu and Val residues flanking1 were at least an order
of magnitude slower than the measurable rates for the remaining
residues (Table 2). This suggests that the amide protons of the
R-amino acid residues flanking1 are being protected from amide

(19) The higher concentration of peptideE (0.20 mM) versus peptideD
(0.15 mM) in these studies increases the likelihood of stabilizing an
intramolecular sheet by self-assembly. However, no structure is observed
over the pH range of 4-9.8, providing strong evidence that peptideE does
not form intramolecularâ-sheet structure under these conditions.

(20) An additional conformation for peptidesA andE is suggested by
their 1-D NMR spectra. A small triplet corresponding to theδ′-CH3 group
of Leu-3 in peptideA and Leu-6 in peptideE was also observed. The
significant increase in upfield shifting (0.3 ppm relative to that of the
remaining valine methyl groups) suggests the presence of a closer interaction
between the leucineδ′-methyl group and one of the aromatic rings of the
biphenyl system.

Figure 6. Circular dichroism study of the pH dependence of (a) 0.20
mM peptideE and (b) 0.25 mM peptideF. Spectra were obtained at
25 °C in 10 mM acetate buffer (pH 5.1), 10 mM Tris buffer (pH 6.9),
and 10 mM borate buffer (pH 8.0-10.3). Spectra were corrected for
buffer contributions and are reported in units of mean residue ellipticity.
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exchange by intramolecular hydrogen bonding. The residue
specific amide NH assignments in combination with the amide
exchange data strongly suggest that residue1 promotes a 15-
membered hydrogen-bonded ring conformation in aqueous
solution; i.e., theR-amino acid residues flanking1 hydrogen
bond with each other. In both peptidesA andD, the amide
proton of residue1 exchanged too quickly to be observed within
the time required to obtain the first NMR spectrum, suggesting
that this amide proton is solvent exposed.
On the basis of the NMR and CD data, it appears that peptides

incorporating the subsequence-hydrophobicR-amino acid-
1-hydrophobic R-amino acid- adopt a hydrogen-bonded
hydrophobic cluster conformation which can nucleate antipar-
allel â-sheet structure provided that the remainingR-amino acid
sequence is appropriate to support aâ-sheet structure. Con-
versely, peptides incorporating residue2 are incapable of
forming an intramolecularâ-sheet structure presumably due to
the inability of residue2 to form a hydrogen-bonded hydro-
phobic cluster.
Determination of the Quaternary Structure of Peptide D.

An associated, but soluble,â-sheet structure appears to form
for peptidesC andD as discerned from the pH and concentration
dependent far-UV CD spectra. Insoluble aggregates were also
observed for peptideC at higher concentrations (e.g., 0.25 mM)
and/or pH values> 7.5. Insoluble aggregates were observed
for peptideD under highly alkaline conditions (pH> 10, 0.15
mM). The implication behind these observations is that the
intramolecular folding and self-association equilibria are linked.
The solution molecular weight of peptideD was evaluated by
analytical equilibrium ultracentrifugation under conditions where
â-sheet structure is observed by far-UV CD (e.g., 0.15 mmol,
pH 9.1). The sedimentation of peptideD to the bottom of the
ultracentrifugation cell was observed even at low rotor speeds,
indicating that this peptide adopts a highly associated soluble
â-sheet structure.
The soluble high molecular weight assemblies of peptideD

were absorbed onto a carbon-coated copper grid from a 0.041
mM solution at pH 10.2 (10 mM borate buffer) and visualized
with Ruthenium Red stain21 at a magnification of 80000× by
electron microscopy. The observed fibrils typically had dimen-
sions of ∼30 Å by 500-1000 Å. These dimensions are
consistent with a cross-â-like structure in which the peptide has
undergone intramolecular folding followed by self-assembly via
intermolecularâ-sheet formation. Fibril-fibril assemblies with
widths of greater that 50 Å were also observed presumably as
a result of protofilament assembly. It appears from these studies
that peptideD undergoes intramolecular folding followed by
self-association to afford a cross-â-sheet structure.
Characterization of Peptide G. The CD studies of peptide

D suggest that the biphenyl-based amino acid1 nucleates
intramolecular antiparallelâ-sheet folding, leading to a preor-
ganized monomericâ-sheet structure which spontaneously self-

associates into a high molecular weight, cross-â-sheet structure.
It seems reasonable that the incorporation of N-methylated
amino acid residues into peptideD would unlink the folding
and assembly equilibria, allowing a monomeric or dimeric
â-sheet to be observed. Hence, peptideG (Table 1) was
prepared to demonstrate that peptideD adopts aâ-hairpin
conformation prior to self-assembly. The sequence of peptide
G is identical to that of peptideD except that the Lys-3 and
Lys-11 residues have been replaced with N-methylated Leu
residues. The far-UV CD spectra of peptideG at 25°C exhibit
little dependence on pH (Figure 7a), demonstrating that the
replacement of two of the six Lys residues with noncharged
residues affords a sheet structure which folds in a pH indepen-
dent manner.3n The CD spectra exhibit minima at 198 and 223
nm, indicating that peptideG adopts both random coil and
â-sheet structure (Figure 7a). This observation is consistent
with the peptide being structured in the region close to theâ-turn
and less structured at the termini of the strands due to fraying
(Vide infra). Also of interest is the shift of theâ-sheet minimum
to longer wavelengths relative to that of peptideD (223 nm
versus 214 nm). Upon heating, peptideG exhibits an increase
in â-sheet structure with a corresponding decrease in the random
coil CD signal, but does not aggregate (Figure 7b). This
temperature sensitive increase inâ-sheet structure is in accord
with the anticipated importance of the hydrophobic effect toward
the stability of theâ-sheet structure in peptideG.22 The
concentration dependent far-UV CD study of peptideG indicates
that the peptide is monomeric as the mean residue ellipticity
(225 nm) remains constant over a concentration range of 0.015-
0.4 mM (pH 7) (Figure 5). Additionally, this peptide is
monomeric within the concentration and pH ranges studied as

(21) Kobayasi, T.; Asboe-Hansen, G.J. Microsc.1971, 93, 55-60.
(22) Urry, D. W.; Luan, C.-H.; Parker, T. M.; Gowda, D. C.; Prasad, K.

U.; Reid, M. C.; Safavy, A.J. Am. Chem. Soc.1991, 113, 4346-4348.

Table 2. Amide Proton Exchange Rates for PeptidesA andDa

peptideA NHs kex (min-1) peptideD NHs kex (min-1)

Orn-6 0.21 Val 0.25
Orn-2, Leu-7 0.18 Val, Lys 0.31
Leu-3b 0.019 Val, Leu-6b 0.041
Val-5b 0.034 Val-8b 0.042
ArCH2CH2NH ArCH2CH2NH
Val-1 Val, 5 Lys

a PeptideA was 3.0-3.3 mM at pH 3.4-3.6. PeptideD was 2.2-
2.4 mM at pH 4.1-5.1. The rates were determined at 25°C for at
least three experiments, and the averaged values are reported.b Amino
acids which flank residue1.

Figure 7. Circular dichroism study of the (a) pH dependence at 25
°C and (b) temperature dependence at pH 7.9 of 0.15 mM peptideG.
Spectra were obtained in 10 mM acetate buffer (pH 4.1-5.3) and 10
mM borate buffer (pH 7.9-10.1). Spectra were corrected for buffer
contributions and are reported in units of mean residue ellipticity.

Formation of aâ-Hairpin-like Structure J. Am. Chem. Soc., Vol. 118, No. 25, 19965841



shown by analytical equilibrium ultracentrifugation. The ob-
served molecular weight of 1600( 80 (0.11 mM, pH 6.8)
compares well to the expected weight (1644) of the monomeric
species (Figure 8).
The existence of extended structure within peptideG was

also supported by FT-IR data. The amide I band which
corresponds primarily to the CdO stretching vibration of the
peptide bond is very sensitive to the peptide backbone confor-
mation.23 An absorption between 1620 and 1640 cm-1 is
indicative of â-sheet structure. An additional weak band at
1670-1695 cm-1 is specific to antiparallelâ-sheet structure.
Unordered peptides generally exhibit a carbonyl stretch at 1644
cm-1 and may exhibit an absorption between 1657 and 1663
cm-1.23j The FT-IR spectrum of a film of peptideG (formed
from a 5.3 mM D2O solution, pH 6.8) revealed a major band at
1631 cm-1 consistent withâ-sheet structure. Weak absorptions
at 1657 and 1687 cm-1 were also observed. The latter
absorption is consistent with antiparallel structure, and the
absorption at 1657 cm-1 indicates random structure consistent
with structural fraying at the termini. The FT-IR spectrum of
the D2O solution of peptideG exhibited absorptions at 1635
and 1684 cm-1, again consistent withâ-sheet structure. Ab-
sorptions at 1647, 1653, and 1662 cm-1 which may arise from
unstructured regions of the peptide were also observed. These
data suggest a fluctuatingâ-sheet structure, consistent with the
CD data.
Classical NOESY and TOCSY experiments were utilized to

make sequence specific resonance assignments for peptideG.
NOEs between the aromatic protons of residue1 and the

flanking Leu-6R- andâ-protons and the Val-8γ- andγ′-methyl
groups of peptideG were observed (Figure 9). NOEs were
also evident between the aromatic protons of1 and the protons
of the ethylene spacer between1 and Val-8. As was seen in
peptidesA andD, the observed NOEs for peptideG support
the existence of a hydrophobic cluster composed of the aromatic
skeleton of residue1 and the hydrophobic residues flanking1.
Strong interstrand NOEs of the type expected for aâ-sheet in
a protein are not observed in peptideG by 2D NOESY
spectroscopy. Difference NOE methods which are currently
in progress may reveal weak NOEs. Further evidence that
peptideG is structured near the biphenyl template was provided
by the observed3JRNH coupling constants ofg7.5 Hz for the
six residues nearest to1. Coupling constants in the range of
7.5-10 Hz are expected for aâ-sheet or an extended structure.24

Amide exchange studies at pH 3.2 were used to examine the
hydrogen-bonding properties of peptideG which is expected
to be partially folded on the basis of the studies discussed above.
The rates of amide proton exchange for Leu-6 and Val-8 (the
residues flanking1) as well as Val-4 and Val-10 (the next pair
of intramolecular hydrogen-bonded residues in theâ-sheet
structure) were significantly slower than the measurable rates
for the remaining residues (Figure 9). As would be expected
for a â-sheet conformation, the solvent-exposed lysine amide
NHs exhibited the fastest amide exchange rates. The amide
proton/deuterium exchange rates were studied in the random
coil peptideH (having Gly-Gly in place of1, Table 1) to
demonstrate that the faster Lys amide exchange relative to the
Val exchange was not simply a result of the nature of the side
chain. The range of amide exchange rates was very narrow in
peptideH compared to that of peptideG, suggesting that all of
the amide protons in peptideH are in a nearly equivalent
environment as would be expected for an unordered structure.
Interestingly, both the slowest and fastest observed rates were
for protons corresponding to valine residues in the unordered
peptides while the lysine residues generally exhibited intermedi-
ate exchange rates. These data support the interpretation that
the rate differences observed in peptideG are a result of
differences in the amide proton environments rather than
inherent differences between the valine and lysine amino acids.
The CD and FT-IR data in conjunction with the NMR data

support a well-defined structure in the vicinity of1with fraying
of theâ-sheet-like structure near the N- and C-termini. These
results confirm that biphenyl-based residue1 promotes intramo-

(23) (a) Haris, P. I.; Chapman, D.Biopolymers1995, 37, 251-263. (b)
Byler, D. M.; Susi, H.Biopolymers1986, 25, 469-487. (c) Byler, D. M.;
van Gusteren, W. F.FEBS Lett.1993, 323, 215-217. (d) Surewicz, W.
K.; Mantsch, H. H.Biochim. Biophys. Acta1988, 952, 115-130. (e)
Surewicz, W. K.; Mantsch, H. H.; Chapman, D.Biochemistry1993, 32,
389-394. (f) Dong, A.; Caughey, W. S.Biochemistry1990, 29, 3303-
3308. (g) Krimm, S.; Bandekar, J.AdV. Protein Chem.1986, 38, 181-
364. (h) Takeda, N.; Kato, M.; Taniguchi, Y.Biochemistry1995, 34, 5980-
5987. (i) Arrondo, J. L. J.; Young, N. M.; Mantsch, H. H.Biochim. Biophys.
Acta1988, 952, 261-268. (j) Oberg, K.; Chrunyk, B. A.; Wetzel, R.; Fink,
A. L. Biochemistry1994, 33, 2628-2634.

(24) Pardi, A.; Billeter, M.; Wu¨thrich, K.J. Mol. Biol.1984, 180, 741-
751.

Figure 8. First pass analysis of the equilibrium ultracentrifugation data
(60 000 rpm) plotted as absorbance versus the square of the radial
position as measured from the sample meniscus. The curve fit to the
data represents a single exponential fit to the sedimentation equilibrium
equationCir ) CirmeAMi(ri2-rm2) which affords an apparent MW of 1600
(monomer) at 23°C (0.11 mM, pH 6.8). A partial specific volume for
the peptide of 0.84 cm3/g and a solvent density of 0.998 g/cm3 were
used.

Figure 9. Proposed structure of peptideG which is ordered in the
vicinity of 1 and less structured at the termini of the strands. Amide
proton exchange rates for peptideG were obtained from samples which
were 2.8-2.9 mM at pH 3.2. The rates (min-1) were determined at 25
°C and averaged over a minimum of three experiments. The NOE data
were obtained on a 2.1 mM sample at pH 3.5.
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lecular folding to afford a monomericâ-hairpin-like structure.
In peptides which are capable of lateral association (such as
peptideD), the monomericâ-sheets then undergo rapid self-
association to form aâ-sheet fibril.

Discussion

It is currently possible to induce bothR-helical andâ-sheet
conformations in small peptides by the strategic incorporation
of templates into theR-amino acid sequence.4c Biphenyl-based
amino acid1 can now be added to the short list of templates
useful for nucleatingâ-sheet structure.
FT-IR and variable temperature NMR studies on diamide

derivatives of1 and2 have shown that both residues1 and2
are capable of promoting hydrogen-bonded conformations which
should facilitateâ-sheet structure formation in CH2Cl2.7 Amide
H-D exchange data suggest that residue1 can promote a 15-
membered ring hydrogen bond between the flankingR-amino
acid residues in heptapeptides and tridecameric peptides in
aqueous solution. Nuclear overhauser enhancement data on
peptides incorporating residues1 and2 demonstrate that only
residue 1 is capable of promoting a hydrophobic cluster
conformation in aqueous solution when flanked in sequence by
hydrophobicR-amino acid residues. The hydrogen-bonded
hydrophobic cluster conformation is formed even under condi-
tions whereâ-sheet structure is not observed by far-UV CD
(e.g., peptideD at low pH). The hydrogen-bonded hydrophobic
cluster is apparently poised to nucleateâ-sheet folding once
solution conditions permit as is seen in peptideD whereâ-sheet
folding occurs after the charge density in the strands is reduced
by an increase in pH. The importance of the hydrophobic cluster
is best illustrated by peptideF which can accomplish intramo-
lecular hydrogen bonding but cannot fold under conditions
suitable for folding of peptideD. The inability of peptideF to
adopt a folded structure can be explained by the absence of a
hydrophobic cluster, owing to the hydrophilic lysine residues
flanking 1. Modeling suggests that one phenyl ring in1 and
one flankingR-amino acid side chain are interacting at a time
to form the hydrophobic cluster, in contrast to the planar
dibenzofuran-based template which is capable of interacting
simultaneously with both of the flanking hydrophobicR-amino
acid side chains.1m Hence, the stabilization resulting from the
hydrophobic cluster appears to be attenuated in the case of1
relative to that of the dibenzofuran-based template as is evident
from the lack of structure in heptapeptides containing1 and
the higher pH required to induce the coil to sheet transition in
tridecapeptides containing1. However, caution must be exer-
cised when potential nucleators are compared on the basis of
pH dependent coil to sheet transitions. A comparison of
peptides having identicalR-amino acid sequences, but differing
in the nucleating residue incorporated (1 or 2), strongly suggests
that residue2 is incapable of promoting intramolecular folding,
most likely as a consequence of its inability to promote
hydrophobic cluster formation.
Since peptideD forms a high molecular weightâ-sheet fibril,

it was necessary to demonstrate that intramolecular folding
precedes self-assembly to be confident that1 was functioning
as a folding nucleator. The strategic replacement of two Lys
residues in peptideD with N-methyl-Leu residues proved to be
a useful strategy to prevent unwantedâ-sheet-mediated self-
assembly subsequent toâ-hairpin formation. The di-N-methy-
lated sequence (peptideG) adopts a monomericâ-sheet-like
structure in aqueous solution as discerned by analytical equi-
librium ultracentrifugation, far-UV CD, FT-IR, and NMR
evidence, substantiating the claim that residue1 is capable of
nucleating an intramolecularâ-hairpin structure. Interestingly,

the â-hairpin structure in peptideG becomes more highly
structured with increased temperature as a likely consequence
of the temperature dependence of the hydrophobic effect.9a

Long-range hydrophobic interactions between side chains in the
â-sheet portion and the localized hydrophobic interactions in
the cluster promoted by1 likely contribute to the temperature
dependent increase inâ-hairpin stability in peptideG. A
temperature dependent increase in structure is rare, but has been
observed previously by Urry and seems to be general for the
related â-hairpin structures we have examined which are
stabilized by hydrophobic interactions.22,25 The fact that the
â-hairpins templated by1 become more structured at 37°C
could prove to be very important in medicinal chemistry
applications.

Conclusion

Residue1 promotes a hydrogen-bonded, hydrophobic cluster
conformation in aqueous solution which induces intramolecular
â-hairpin folding. Subsequent self-assembly of theâ-hairpin
is normally observed, but can be prevented by the strategic
incorporation of N-methylated amino acids into peptides
containing residue1. Importantly, residue1 is effective in
nucleating a well-defined, pH independent, monomericâ-sheet-
like structure in peptideG in aqueous solution, extending the
availability of known compounds that function as sheet nuclea-
tors. To the best of our knowledge, peptideG represents the
first example of a peptidomimetic that adopts a monomeric
â-hairpin-like structure in aqueous buffers.

Experimental Section

General Methods. Unless otherwise noted, materials were obtained
from commercial suppliers and were used without further purification.
Analytical thin layer chromatography was performed on E. Merck silica
gel 60 F254plates. Column chromatography was performed as described
by Still26 using forced flow (flash) chromatography with the indicated
solvents on Baxter SIP silica gel, 60 Å (230-400 mesh). High-
resolution mass spectra were obtained on a VG-70S double-focusing
high-resolution mass spectrometer. Ultraviolet spectra were obtained
on a Milton Roy Spectronic 3000 diode array spectrophotometer.
Analytical and preparative HPLC was carried out on a dual pump
system equipped with Altex 110A pumps and a 420-gradient program-
mer or a Waters 600 preparative HPLC. Waters RCM Delta Pak C18

and C4 (15 µm, 300 Å, 25× 100 mm) columns and a Knauer 86
variable-wavelength detector were used. Solvent A was composed of
95% water, 5% acetonitrile, and 0.2% TFA. Solvent B was composed
of 5% water, 95% acetonitrile, and 0.2% TFA.
Preparation of Boc-Leu-2-CO2H (3) for Incorporation into

Peptide E. Methyl 2-amino-3′-biphenylcarboxylate7 (176.7 mg, 0.78
mmol) was dissolved in CH2Cl2/DMF (20 mL of a 9:1 mixture) in a
50 mL round-bottomed flask. To the dark yellow solution were added
Boc-Leu‚H2O (1.94 g, 7.78 mmol), DIEA (1.70 mL, 9.76 mmol), and
BOP reagent (3.51 g, 7.94 mmol). The reaction mixture was stirred at
room temperature under N2 for 42 h. N,N ′-Dimethylethylenediamine
(1.7 mL, 16 mmol) was added, and the mixture was stirred for 2 h to
destroy the excess HOBt active ester. The reaction mixture was
transferred to a separatory funnel and washed with 1 M citric acid (3
× 25 mL), 5% NaHCO3 (2× 35 mL), and H2O (50 mL). The organic
layer was dried (MgSO4), concentrated in vacuo, and further dried under
high vacuum to afford a beige solid. The crude material was dissolved
in anhydrous MeOH (50 mL), and NaOH was added (13.0 mL of a
0.59 M solution in MeOH, 7.7 mmol). The clear yellow solution was
heated at reflux for 72 h. The reaction mixture was concentrated, and
the yellow residue was partitioned between CH2Cl2 and H2O (100 mL
each). The aqueous layer was washed with CH2Cl2 (3 × 100 mL).
The combined organic layers were washed with H2O (100 mL), dried

(25) Choo, D. W.; Fiori, W. R.; Kelly, J. W. Unpublished results.
(26) Still, W. C.; Kahn, M.; Maitra, A.J. Org. Chem.1978, 43, 2923-

2925.
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(MgSO4), concentrated in vacuo, and further dried under high vacuum
to afford 1.37 g of a light yellow residue. The material was purified
by flash chromatography (70:30 to 50:50 hexanes/ethyl acetate) to afford
0.302 g (89%) of a white solid: MALDI-TOFMS (MH+) m/z calcd
427.2, obsd 427.7; MS (+FAB, NBA/PEGH)m/z427.2237, [M+ H]+

calcd for C24H30O5N2, 427.2233.
Synthesis of Peptides A-G. Manual solid phase peptide synthesis

was carried out using the benzhydrylamine resin available from
Advanced Chemtech. The resins used had a loading of 0.70 or 0.55
mequiv/g. Reagent grade dichloromethane, isopropyl alcohol (IPA),
andN,N-dimethylformamide (DMF) were used. DMF was stored over
4 Å molecular sieves. Side chain protected Boc-amino acids were
purchased from Advanced Chemtech. Trifluoroacetic acid (TFA) was
purchased from Solvay Performance Chemicals and was used as a 35%
solution in CH2Cl2 containing 1% thioanisole as a scavenger.N,N-
Diisopropylethylamine (DIEA) was refluxed over ninhydrin, distilled,
and then distilled from calcium hydride. The first amino acid was
loaded onto the resin by shaking 1.6 equiv of the diisopropylcarbodi-
imide-activated amino acid with the resin for 24 h. The resin was
washed with DMF (2× 1 min), IPA (1× 1 min), CH2Cl2 (1 × 1
min), IPA (1× 1 min), CH2Cl2 (1 × 1 min), IPA (1× 1 min), and
CH2Cl2 (4 × 1 min). The Kaiser ninhydrin test was used to monitor
completion of all couplings. If the test was slightly positive, the
unreacted amino groups were acetylated with acetic anhydride or the
peptide was recoupled. Standard couplings were performed in the
following manner: TFA prewash (35% TFA× 1 min), TFA depro-
tection (35% TFA× 50 min), CH2Cl2 (2 × 1 min), IPA (1× 1 min),
CH2Cl2 (1 × 1 min), IPA (1 × 1 min), CH2Cl2 (4 × 1 min),
preneutralization (12% DIEA× 1 min), neutralization (12% DIEA×
9 min), CH2Cl2 (4× 1 min), coupling (3 equiv of amino acid, 3 equiv
of BOP, 4 equiv of DIEA in CH2Cl2 containing 10-15% DMF for
2-8 h), DMF (2× 1 min), IPA (1× 1 min), CH2Cl2 (1 × 1 min),
IPA (1× 1 min), CH2Cl2 (1× 1 min), IPA (1× 1 min), CH2Cl2 (4×
1 min). The dipeptide Boc-Leu-2-CO2H (3) was incorporated into
peptideE by shaking the preneutralized resin with 1.8 equiv of3, 2
equiv of BOP, and 3.2 equiv of DIEA in CH2Cl2 containing 10-15%
DMF for 15 h. The Boc-protected analogue of amino acid1 (3′-[2-
[N-(tert-butyloxycarbonyl)amino]ethyl]-2-biphenylpropionic acid, com-
pound4)7 was incorporated into peptidesA-D, F, andG by shaking
0.6-3.0 equiv of preneutralized resin with 1.0 equiv of4, 1.1 equiv of
BOP, and 1.4 equiv of DIEA in CH2Cl2 containing 10-15% DMF for
40-66 h. PeptideG was subjected to three valine couplings (6 equiv
of valine, 6 equiv of BOP, 8 equiv of DIEA) after incorporation of
each of theN-methylleucine residues. The resin was then capped with
acetic anhydride, and subsequent couplings were performed as described
above. Upon completion, the resin-bound peptides were treated with
TFA to remove the Boc group, dried under high vacuum, and treated
with HF16 to deprotect the side chains and cleave the peptide from the
resin. The crude peptides were purified by preparative C18 HPLC. All
peptides were characterized by matrix-assisted laser desorption ioniza-
tion time-of-flight mass spectrometry (MALDI-TOFMS).17a

Summary of Purification and Characterization of Peptides A-G.
Peptide A (C49H80N10O7). +H3N-VOL-1-VOL-C(O)NH2. Purification
by preparative C18 HPLC employing a linear gradient from 20% to
60% solvent B over 20 min: overall yield 47%; MALDI-TOFMS [M
+ H]+ m/z obsd 922.3, calcd 922.3.
Peptide B (C52H78N10O7). +H3N-VOF-1-VOL-C(O)NH2. Purifica-

tion by preparative C18 HPLC employing a linear gradient from 30%
to 60% solvent B over 20 min: overall yield 32%; MALDI-TOFMS
[M + H]+ m/z obsd 956.4, calcd 956.3.
Peptide C (C80H77N9O9). +H3N-VEL-1-VOL-C(O)NH2. Purifica-

tion by preparative C18 HPLC employing a linear gradient from 30%
to 60% solvent B over 20 min: overall yield 41%; MALDI-TOFMS
[M + H]+ m/z obsd 937.5, calcd 937.2.
Peptide D (C84H148N20O13). +H3N-(KV)2KL-1-(VK)3-C(O)NH2.

Purification by preparative C18HPLC employing a linear gradient from
10% to 60% solvent B over 20 min: overall yield 64%; MALDI-
TOFMS [M + H]+ m/z obsd 1647.3, calcd 1647.3.
Peptide E (C80H140N20O13). +H3N-(KV)2KL-2-(VK)3-C(O)NH2.

Purification by preparative C18HPLC employing a linear gradient from
10% to 40% solvent B over 20 min: overall yield 17%; MALDI-
TOFMS [M + H]+ m/z obsd 1591.1, calcd 1591.1.

Peptide F (C83H146N20O13). +H3N-(VK)3-1-(KV)3-C(O)NH2. Pu-
rification by preparative C18 HPLC employing a linear gradient from
20% to 60% solvent B over 20 min: overall yield 23%; MALDI-
TOFMS [M + H]+ m/z obsd 1632.9, calcd 1633.2.

Peptide G (C86H150N18O13). +H3N-KV-(NMe)L-VKL- 1-VKV-
(NMe)L-VK-C(O)NH2. Purification by preparative C18 HPLC employ-
ing a linear gradient from 20% to 60% solvent B over 25 min: MALDI-
TOFMS [M + H]+ m/z obsd 1644.8, calcd 1645.2.

Circular Dichroism Studies of Peptides A-G. CD spectra were
obtained on a Jasco J-600, an Aviv 62DS, or an Aviv 62ADS
spectropolarimeter. The data were imported into the Macintosh version
of KaleidaGraph and processed. The samples were prepared as stock
solutions in water and diluted to the desired concentration in 10 mM
buffer. The concentrations of peptidesA-G were calculated on the
basis of mass. The samples were allowed to equilibrate at 25°C for
18-24 h prior to the CD experiments. Data were collected at 25°C
using a scan speed of 20 nm/min (Jasco spectropolarimeter), a time
constant of 0.5 s, and a band width of 1 nm. Spectra were corrected
for buffer contributions and are reported in mean residue ellipticity.27

1H NMR Studies of Peptides A and D-G. All 1H NMR studies
of peptidesA andD-G were performed on a Varian UnityPlus 500
NMR spectrometer. Data from the 500 MHz NMR were processed
using Varian VNMR version 5.1 software. Samples used for 1-D, 2-D,
and variable temperature studies were prepared in 10 mM borate buffer,
90:10 H2O/D2O, and contained 0.02% sodium azide. All samples were
referenced to DSS (0 ppm). In the cases of peptidesA andD, the
TOCSY and ROESY experiments were obtained at 25 and 5°C as it
was possible to observe several amide protons at 5°C which were not
observed at 25°C due to exchange with the D2O. TOCSY spectra of
peptidesE-G were obtained at 25°C. ROESY experiments were
obtained with a mixing time of 300 ms for peptideA and 150 ms for
peptidesD-G.
Proton 1- and 2-D experiments were obtained for peptideA on a

2.4 mM sample at pH 7.3, for peptideD on a 5.0 mM sample at pH
6.3, for peptideE on a 2.4 mM sample at pH 7.0, for peptideF on a
2.1 mM sample at pH 7.9, for peptideG on a 2.9 mM sample at pH
3.5 (10 mM acetate buffer, 90:10 H2O/D2O), and for peptideH on a
1.9 mM sample at pH 3.5.

Amide exchange experiments for peptidesA,D, andG were repeated
3-4 times, and the averaged results were reported. PeptideD was
2.5-2.9 mM, pH 4.1-5.1. PeptideA was 3.0-3.3 mM, pH 3.4-3.6.
PeptideG was 2.8-2.9 mM, pH 3.2. PeptideH was 1.9 mM, pH 4.0.
The studies were done by dissolving the peptide in D2O and obtaining
the first spectrum as quickly as possible. Generally, the time from
mixing to completion of data collection for the first spectrum was 5
min (time 0). Subsequent spectra were obtained every 3.4 min for the
first 60 min and then every 6.3 min for the next 60 min. The amide
peak heights were normalized using the aromatic triplet at 7.45 ppm
as a standard for each spectrum. The exchange rates were then obtained
from a plot of ln(Ho/Ht) versus time, whereHo is the amide peak height
at time 0 andHt is the amide peak height at timet.

It should be noted that NMR samples of peptidesA andD-F were
prepared at pH values which are well below those at whichâ-sheet
structure is observed by CD. This was due to the fact that, at
concentrations relevant for the NMR studies, peptides samples which
were prepared at higher pH values gelled and were thus unsuitable for
the NMR studies.

Electron Microscopy of Peptide D. Electron micrographs of
peptideD were obtained from samples prepared with 10 mM borate
buffer at pH 10.2. The peptide sample was incubated for 24 h at 25
°C. Samples were applied to a carbon-coated copper grid for 1-2
min. Excess solution was removed by blotting with filter paper. The
sample was then stained with Ruthenium Red stain (1.5% in 0.1 M
ammonium hydroxide) for 10 min, and the excess staining solution
was removed. The fibrils were examined on a Zeiss 10C electron
microscope operating at 60 kV. Concentrations of 20, 100, and 200

(27)Protein Structure: A Practical Approach; Creighton, T. E., Ed.;
IRL Press: Oxford, 1989; pp 251-285.

(28) This figure was prepared with MolScript; see: Kraulis, P. T.J. Appl.
Crystallogr.1991, 24, 946-950.
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µg/mL afforded fibrils which were typically of dimensions∼30 Å by
500-1000 Å. Associated fibrils had widths which were greater than
50 Å.
Sedimentation Equilibrium Analytical Ultracentrifugation Stud-

ies of Peptides D and G.The apparent molecular weights of peptides
D and G were obtained from data collected on a Beckman XL-A
analytical ultracentrifuge equipped with absorption optics. A double-
sector cell equipped with a 12 mm Epon centerpiece and sapphire
windows was used. Samples were loaded into the cell using a blunt
end microsyringe, resulting in a column height of approximately 3 mm.
The samples were prepared from stock solutions in water and diluted
to the appropriate concentration in 10 mM borate buffer. PeptideD
was 0.15 mM at pH 9.1, and samples of peptideG were 0.11 mM at
pH 6.8, 0.25 mM at pH 7.3, and 0.41 mM at pH 6.9. In a typical
experiment, an initial absorbance scan was performed at 23°C with a
rotor speed of 3000 rpm. The rotor speed was then increased to 60 000
rpm where sedimentation was established. A complete loss of the initial
absorbance is indicative of a highly associated system.
FT-IR Studies of Peptide G. A 5.3 mM D2O solution (pH 6.8) of

the chloride salt of peptideG was prepared and incubated at 25°C for
12 h. The IR spectra were collected on a Galaxy 6021 spectrometer
equipped with an MCT detetctor. The film was cast on a ZnSe plate,
and the D2O solution spectrum was obtained using a CaF2 solution

cell with an optical path length of 0.02 mm. In both cases, 2048 scans
were obtained for the sample and background.
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