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ABSTRACT: The aromatic amino acid residue 4-(2-aminoethyl)-6-dibenzofuranpropanoic acid (1) nucleates
antiparallel g-sheet folding in tridecapeptides which subsequently self-assemble into fibrils. Residue 1
functions as a folding nucleator by facilitating intramolecular hydrogen bonding between the flanking
o-amino acid residues and by favoring the formation of a hydrophobic cluster composed of the dibenzofuran
skeleton and the hydrophobic side chains of the flanking a-amino acids. The hydrogen bonded hydrophobic
cluster (i.e., —hydrophobic a-amino acid residue—1—hydrophobic o-amino acid residue—) nucleates -sheet
folding in relatively small peptides that have a propensity to fold. The o-amino acid sequence design
determines the self-association pathway and the resulting molecular architecture. The approach described
here takes advantage of template driven hydrophobic clusters and template derived conformational biases
to nucleate folding in small peptides, affording s-sheets which subsequently self-associate into well-defined
guaternary structures. This strategy allows significant a-amino acid sequence variations to be
accommodated in the resulting S-sheet-based macromolecular assembly without interfering with the

folding pathway.

Our understanding of 5-sheet structure lags signifi-
cantly behind our understanding of a-helical secondary
structure due, in part, to the lack of a well-defined
peptide model system for studies on S-sheet structure.?
Careful studies on peptide model systems have signifi-
cantly improved our mechanistic understanding of heli-
cal folding.2 However, it has proven much more difficult
to design a peptide that will fold into a monomeric
B-sheet in aqueous solution.® Small peptides having a
predominance of g-branched residues typically undergo
self-association in addition to intramolecular folding,
affording heterogeneous aggregated 3-sheet structures
characterized by a mixture of parallel and antiparallel
B-strand orientations, with a few exceptions.® High
molecular weight polypeptides composed of a single
residue or a repeating dipeptide sequence having a
propensity to adopt a fS-sheet structure also form
heterogeneous S-sheets.* In an effort to nucleate the
folding of a structurally well-defined S-sheet, we have
reported a dibenzofuran-based amino acid residue,
namely, 4-(2-aminoethyl)-6-dibenzofuranpropanoic acid
(1). This template reverses the polypeptide chain direc-
tion by replacing the i + 1 and i + 2 residues of a g-turn
and facilitates strand—strand interactions in appropri-
ate sequences resulting in 3-sheet formation.>

Variable temperature NMR analysis, FT-IR studies,
and X-ray crystallographic data demonstrate that resi-
due 1 promotes intramolecular hydrogen bonding be-
tween the flanking a-amino acid residues, which ap-
pears to be necessary but not sufficient for nucleating
B-sheet folding in the attached peptide strands.® Resi-
due 1 can adopt two different conformations in aqueous
solution, as discerned by X-ray crystallographic and 2D-
NMR studies, both having the attached a-amino acids
intramolecularly hydrogen bonded. The nucleation
competent conformation places the dibenzofuran ring
perpendicular to the plane of the amide—amide in-
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Figure 1. Molecular Graphics depiction?” of Ac-Leu-1-Val-
NH,, demonstrating the perpendicular conformation that
residue 1 can adopt in aqueous solution. Although residue 1
can also exist in a more extended conformation in nonpolar
solvents, it is the perpendicular conformation which supports
the hydrophobic cluster in agueous solution. The hydrophobic
cluster conformation is stabilized by hydrophobic interactions
between the dibenzofuran skeleton and the side chains of the
flanking a-amino acid residues, as established by NOESY-
NMR and near-UV CD studies.> The view shown positions
the dibenzofuran skeleton and the intramolecular hydrogen
bonds perpendicular to the plane of the page (H's have been
deleted from the o-amino acid side chains for clarity).

tramolecular hydrogen bonds defining the f-sheet,
Figure 1. The perpendicular conformation of 1 is
stabilized by hydrophobic interactions between the
dibenzofuran skeleton and the hydrophobic side chains
of the a-amino acid residues that flank 1, resulting in
the formation of a hydrophobic cluster.5@ Hence, it is
the hydrogen bonded hydrophobic cluster afforded by
the sequence —hydrophobic residue—1—hydrophobic
residue— that is responsible for g-sheet nucleation.
Sequences such as V-K-L-1-V-K-L-NH; adopt a mono-
meric -sheet-like structure in the portion of the mol-
ecule which is proximal to 1; however, heptapeptides
incorporating 1 do not fold cooperatively, nor do they
adopt a well-defined structure toward the N- and
C-termini.%2d In an effort to create cooperatively folded,
well-defined S-sheet structures, we used longer o-amino
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peptide R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11 R12 R13 R14
A Lys Val Lys Val Lys Val -1- Val Lys Val Lys Val Lys
B N-AcLys  Val Lys Val Lys Val -1- Val Lys Val Lys Val Lys
C Lys Val Lys-Tfa  Val Lys Val -1- Val Lys Val Lys Val Lys
D Lys Val Lys Val Lys-Tfa  Val -1- Val Lys Val Lys Val Lys
E Lys Val Lys Val Lys Val -1- Val Lys-Tfa  Val Lys Val Lys
F Lys Val Lys Val Lys Val -1- Val Lys Val Lys-Tfa  Val Lys
G Lys Val Lys-Tfa  Val Lys Val -1- Val Lys Val Lys-Tfa  Val Lys
H Lys Val Lys Val Lys-Tfa  Val -1- Val Lys-Tfa  Val Lys Val Lys
| Lys Val Lys-Tfa  Val Lys Val -1- Val Lys-Tfa  Val Lys Val Lys
J Lys Val Lys Val Lys-Tfa  Val -1- Val Lys Val Lys-Tfa  Val Lys
K Lys Val Lys Val Lys Val Gly-Gly Val Lys Val Lys Val Lys
L Lys Val Lys Val Lys Val D-Phe-Pro Val Lys Val Lys Val Lys
M Val Lys Val Lys Val Lys -1- Lys Val Lys Val Lys Val

acid sequences incorporating 1. We have recently
discovered tridecapeptide sequences that undergo in-
tramolecular folding affording monomeric well-defined
B-sheet model systems® and sequences that undergo
intramolecular folding and subsequently self-associate
into S-sheet quaternary structures. The work described
within focuses on tridecapeptides incorporating 1 which
undergo intramolecular antiparallel 5-sheet folding and
B-sheet mediated self-assembly, affording a soluble
p-sheet fibril. This study demonstrates the potential
of template-promoted folding in the preparation of
macromolecular architectures in aqueous solution.”
Tridecapeptides based on the sequence K-V-K-V-K-
V-1-V-K-V-K-V-K-NH; were prepared because sequen-
tial polypeptides of the type (Lys-Val),, where n is >
25, are known to undergo a coil to self-associated 3-sheet
transition upon titration from acidic pH to pH 8.8 in
the absence of added salt.®® A slow coil to S-sheet
transition was also observed in the case of poly(Lys-
Val), at pH 2.3 upon addition of 200 mM NaCl. In both
cases these f5-sheets form by extensive self-association
and are heterogeneous. The (Lys-Val), rich tridecapep-
tide A incorporating residue 1 has been designed such
that upon intramolecular folding a monomeric am-
phiphilic g-sheet structure is afforded. The exposed
hydrophobic surface of the amphiphilic sheet should
self-associate due to the hydrophobic effect producing
a dimeric face to face -sheet sandwich.® Under ap-
propriate conditions the dimeric -sheet sandwich was
expected to self-associate via intermolecular f-sheet
formation into a high-MW quaternary structure.
Naturally occurring fibrous proteins such as silks are
composed mainly of repetitive amino acid sequences
having a high degree of 5-sheet structure in addition to
amorphous domains.® It has been proposed that the
remarkable mechanical properties (i.e., high tensile
strength, excellent extensibility, and lateral resiliency)
of these fibrous proteins arise, at least in part, from the
tertiary and quaternary -sheet structure.® Because of

the potential applications of silk-like fibrils in materials
science, many researchers have strived to mimic their
physical properties.’® Silk mimics have been synthe-
sized either by chemical methods or employment of
bacterial overexpression systems.10 Difficulties encoun-
tered in the folding of these polypeptides has hampered
progress in the preparation of silk mimics. One poten-
tially reliable approach for obtaining predictable folding
is to incorporate templates into predominantly a-amino
acid sequences. The potential advantages of such an
approach are that substantial o-amino acid sequence
variation can be tolerated without interfering with the
folding pathway because the template is the major
folding influence. In addition, small sequences could
be utilized if the intramolecularly folded sequences are
designed to self-assemble via intermolecular -sheet
formation to make macromolecular assemblies. To
demonstrate the validity of this concept, the amino acid
residue 1 was incorporated into the K-V rich tride-
capeptide (peptide A) to nucleate intramolecular anti-
parallel 5-sheet folding. The folded -sheet structure
subsequently self-assembles into fibrils having a -sheet
quaternary structure.!l Extensions of this approach to
sheets that associate into lamellar architectures like
those found in silk are ongoing and will be reported in
due course.

Results and Discussion

Effect of Charge(s) on the Folding of Peptide A.
Several tridecapeptides composed of repeating -Lys-Val-
sequences and analogues thereof have been synthesized
using a standard Merrifield solid phase strategy. Tride-
capeptide A having the -Lys-Val- rich sequence shown
in Table 1 has an overall charge of +7 at low pH. In
acidic buffers the high positive charge density of the
sequence surrounding 1 prevents the strands from
interacting to form an intramolecular -sheet structure,
explaining the random coil behavior of peptide A at low
pH, Figure 2. Removal of charge(s) from peptide A by
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Figure 2. Far-UV CD spectra of 0.1 mM peptide A as a
function of pH.
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Figure 3. Far-UV CD spectra of 0.1 mM peptide B as a
function of pH.

increasing the pH to 8.5 appears to be sufficient to effect
a coil to g-sheet transition (Figure 2).

A series of peptides were prepared and studied to
identify the charges which require neutralization for
folding to occur in peptide A. Although the N-terminal
amino group is expected to have the lowest pK, (7.8) of
all the ammonium groups in peptide A, the N-terminally
acetylated analogue of peptide A, peptide B, exhibits a
pH dependent coil to g-sheet transition that is similar
to that of peptide A, indicating that the removal of this
charge is not sufficient for initiating the coil to sheet
transition observed in peptide A at pH 8.5 (Figure 3).
Therefore, it appears that one or more of the charges
on the Lys side chain e-ammonium groups is being
neutralized at pH 8.5 in peptide A, allowing S-sheet
folding to occur. Given the polycationic nature of
peptide A, it is reasonable to expect that the pK, values
of the side chain ammonium groups would be lowered
significantly from the normal value of 10.4. Peptides
C—F were prepared to determine whether the neutral-
ization of one e-ammonium group was sufficient to
achieve folding in peptide A (Table 1). The importance
of a given ammonium group(s) in the folding of peptide
A was probed by converting that group to a trifluoro-
acetamide, which is uncharged. The subset of peptides
that exhibit pH independent -sheet folding serve to
identify the specific Lys residue(s) whose neutralization
allows peptide A to fold into a fS-sheet structure.
Peptides C—F exhibit pH dependent coil to sheet folding
transitions, Figure 4, indicating that the neutralization
of one e-ammonium group was insufficient to allow
folding in peptide A at low pH.

The bis(trifluoroacetylated) peptides G—J were pre-
pared to determine if the removal of two charges in
peptide A would be sufficient to facilitate pH indepen-
dent -sheet folding (Table 1). Peptide G was prepared
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first because it was anticipated that the side chain
ammonium groups of Lys-3 and Lys-12 in peptide A
would have the lowest pK, values as these should
experience the highest charge repulsion in the folded
p-sheet. Peptide G, having both Lys-3 and Lys-12 N¢-
trifluoroacetylated, adopts a pH independent -sheet
structure over the pH range of 4—8.5 in 75 mM NacCl,
indicating that the removal of both of these charges in
peptide A is sufficient to allow folding (Figure 5) at low
pH.12 Bis(trifluoroacetylated) peptide H, having both
Lys-5 and Lys-10 Ne¢-trifluoroacetylated, exhibits an
analogous pH independent S-sheet structure, suggesting
that removal of this pair of charges is also sufficient to
allow for B-sheet folding in peptide A.13 The fact that
peptides G and H both fold in a pH independent fashion
suggests that the removal of two charges is sufficient
to initiate folding in peptide A. From these studies it
is not discernible which pair of charged Lys residues
are neutralized in peptide A at pH 8.5. In fact, it could
be that nonspecific removal of two Lys side chain
charges is sufficient to allow for folding in peptide A.
Bis(trifluoroacetylated) peptides | and J were prepared
to test this possibility (Table 1). Interestingly, as in the
case of peptides G and H, both peptides I and J adopt
a f-sheet conformation at pH 4 (75 mM NacCl) as
determined by far-UV CD studies.’® It appears that
removal of two of the Lys side chain charges from the
four possible Lys residues 3, 5, 10, and 12 in peptide A
is sufficient to allow for strand collapse, affording a
p-sheet structure nucleated by hydrophobic residue—
1—hydrophobic residue. It is not surprising that several
different pairwise deprotonations of the Lys side chains
would have similar effects on folding owing to the
flexibility of the Lys side chains and the ability of the
remaining ammonium groups to reorient themselves so
as to be as far apart as possible. These studies
conclusively demonstrate that removal of two charges
is necessary for folding to occur, however, it is not
possible to specify which two Lys side chain charges in
peptide A are neutralized at pH 8.5.

The S-sheet folding transition facilitated by neutral-
izing two of the Lys side chain charges in peptide A
should also be achievable at low pH if sufficient salt is
added to shield unfavorable charge—charge interac-
tions.1* The effectiveness of a series of monovalent salts
was measured by the minimal concentration required
to produce the coil to -sheet structural transition in
peptide A at pH 4.0, as discerned by far-UV CD. This
study indicates that NaClO, is more effective than
NacCl, which is more effective than NaF, at inducing
B-sheet formation, Figure 6. The order of effectiveness
of the anions (ClO4~ > ClI~ > F7) is consistent with the
electroselectivity series and can be interpreted as being
due to the electroselectivity of the anion for binding to
and neutralizing the positively charged ammonium
groups in peptide A.1> Multivalent anions such as PO43~
and SO4%~ were also evaluated for their ability to induce
a sheet structure in peptide A at pH 4.0. These anions
cause peptide A to precipitate from solution consistent
with very tight binding to the ammonium groups of Lys,
facilitating folding!*1® and self-association leading to an
insoluble 3-sheet quaternary structure due to the neu-
tralization of charge. The order of anion effectiveness
is opposite to that expected if a Hofmeister effect was
responsible for the coil to sheet transition (F~ > CI~ >
ClO47).%% The Hofmeister effect (solvent effect) gener-
ally requires high salt concentrations, well above those
used here.
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Figure 4. Far-UV CD spectra of 0.1 mM (a) peptide C, (b) peptide D, (c) peptide E, and (d) peptide F as a function of pH.
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Figure 5. Far-UV CD spectra of 0.1 mM peptide G in 75 mM
NaCl as a function of pH.

Importance of the Hydrophobic Cluster in Nucle-
ating fB-Sheet Structure. It is expected that the
sequence -Val-1-Val- adopts a hydrogen bonded hydro-
phobic cluster conformation which is poised and waiting
to nucleate folding once solution conditions permit
strand—strand interactions. Peptides K—M were syn-
thesized in order to evaluate the importance of residue
1 in the folding of peptide A (Table 1). Peptide K has
the same amphiphilic a-amino acid sequence as that of
peptide A, except that the nucleator 1 is replaced with
the dipeptide sequence Gly—Gly. Replacement of 1 with
the dipeptide Gly—Gly should allow this portion of
peptide K the flexibility to sample a number of possible
conformations, including a reverse turn conformation,
and to fold into a -sheet structure if the K-V-based
a-amino acid sequence has a propensity to do so.
Peptide K is not competent to fold into a S-sheet
structure at pH 8.5 (Figure 7a), suggesting that both
the nucleator 1 and the amphiphilic sequence are
required for g-sheet folding. In order to further dem-
onstrate the importance of residue 1 in the folding of
peptide A, a consensus i + 1, i + 2 type II' g-turn
sequence (D-Phe-Pro) was substituted for 1 in peptide
A to generate peptide L. The D-Phe-Pro sequence
optimizes the likelihood of chain reversal and folding if

the K-V sequence in peptide L has the propensity to do
so. Peptide L is not capable of folding at pH 8.5,
strongly suggesting that both 1 and the amphiphilic
sequence in peptide A together are responsible for its
folding at pH 8.5, Figure 7b.

Peptide M was synthesized to probe the importance
of the hydrophobic cluster, -Val-1-Val-, in the folding of
peptide A. Peptide M has the same amino acid com-
position as peptide A and maintains a hydrophobic
periodicity of 2, but differs in sequence. In peptide M,
Lys residues flank 1 instead of the Val residues which
surround 1 in peptide A. Peptide M appears to be
incapable of adopting a S-sheet structure at pH 8.5,
presumably because the Lys residues that flank 1
cannot support the formation of a hydrophobic cluster
which appears to be critical for (-sheet nucleation
(Figure 8).52 The aliphatic portion of the Lys side chain
does not appear to interact with the dibenzofuran
skeleton to form a stable hydrophobic cluster, probably
because the aliphatic chain is simply not bulky enough
to make sufficient van der Waals contact with the
dibenzofuran ring system (see below). Under more
alkaline conditions (>pH 8.5), this peptide is capable
of folding to afford a p-sheet structure whose CD
spectrum is very similar to that of peptide A at pH 8.5.
It could be that at pHs > 8.5 the Lys side chain is
sufficiently neutralized to better pack against the
dibenzofuran skeleton. Ongoing experiments may pro-
vide insight into the folding of peptide M at high pH.

A detailed study carried out previously employing a
series of related heptapeptides incorporating 1 suggests
that a hydrophobic cluster composed of the dibenzofuran
skeleton and the hydrophobic side chains of the flanking
amino acid residues is required for S-sheet nucleation.52
Further evidence for the presence and importance of the
hydrophobic cluster can be seen from the near-UV CD
analysis of peptides A and M. A comparison of the near-
UV CD spectra of these two peptides at pH 8.5 reveals
that peptide M does not exhibit a dibenzofuran derived
near-UV CD signal whereas peptide A does (Figure 9),
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Figure 6. Salt dependent far-UV CD spectra of 0.1 mM
peptide A at pH 4.0 in varying concentrations of (a) NaCl, (b)
NaClO,, and (c) NaF in 10 mM acetate buffer (pH 4.0).

suggesting that the lack of a hydrophobic cluster
explains peptide M'’s inability to fold. The near-UV CD
spectrum exhibited by peptide A at pH 8.5 dictates that
the dibenzofuran chromophore is in a rigid chiral
environment. On the basis of equilibrium ultracen-
trifugation data (vide infra), it is likely that the near-
UV CD signal at this pH results from intramolecular
hydrophobic cluster contributions as well as contribu-
tions from the f-sheet quaternary structure. Impor-
tantly, circular dichroism studies also reveal that
peptide A exhibits a near-UV CD spectrum at low pH
(4.0) where a random coil far-UV CD spectrum is
observed (Figure 10), implying that the hydrophobic
cluster can exist under conditions which do not favor
strand interactions. The near-UV CD spectrum ob-
tained at pH 4 is different from that obtained at pH 8.5
in that it is much less intense and has a different
wavelength dependence, supporting the idea that there
are both intra- and intermolecular contributions to the
near-UV CD spectra of peptide A at pH 8.5. Equilib-
rium ultracentrifugation experiments demonstrate that
peptides A and M are both monomeric at pH 4.0. These
results suggest that it is the hydrophobic cluster present
in peptide A that is poised to nucleate folding once the
charge density is diminished in the strands that must
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interact to form the intramolecularly folded 3-sheet. The
stability of the dibenzofuran mediated hydrophobic
cluster is similar to protein-based hydrophobic clusters
which remain intact even under conditions where the
protein is considered “unfolded”, i.e., at low pH or in
the presence of chaotropic agents, e.g., urea.l” In the
case of the amino-terminal 63-residue domain of the
434-repressor, a hydrophobic cluster consisting of resi-
dues 54—59 was found to be stable in a 7 M urea
solution as discerned by NOE experiments.”® Similarly,
peptide A exhibits a near-UV CD spectrum at pH 4.0
in 9.15 M urea, Figure 11, consistent with the proposal
that the hydrophobic cluster is poised and ready to
nucleate sheet folding once solution conditions facilitate
strand interactions. It is likely that these hydrophobic
clusters act as nucleation sites which guide the initial
steps of folding and constrain the chain topology so that
the polypeptide can fold properly into its prepro-
grammed native three dimensional structure.’

Comparative NMR studies were performed on pep-
tides A and M to provide further evidence for the
presence of the hydrophobic cluster under conditions
where strand collapse in peptide A is unfavorable. A
simple 1D NMR spectrum was recorded for peptide A
at pH 4.5 where the peptide lacks -sheet structure. The
NMR spectrum exhibited by peptide A shows that the
methyl proton signals from the valine residues flanking
1 are shifted upfield by ca. 0.3 ppm relative to the other
valine residues in the sequence, Figure 12a. A slightly
smaller upfield shift of the methyl protons in the
flanking Val residues in peptide A is also observed at
pH 4.5 in 9 M urea, Figure 12b. The upfield shift
observed for the diastereotopic methyl groups of the
flanking Val-6 and Val-9 residues appears to result from
hydrophobic cluster formation which places the side
chain methyl groups in the shielding cone of the
dibenzofuran skeleton. The NMR results confirm the
conclusions drawn from the near-UV CD results, indi-
cating that the hydrophobic cluster created by 1 and
the flanking a-amino acid residues is a relatively stable
structure and is necessary for -sheet folding. As a
control, peptide M was also analyzed by NMR at pH
4.5 (data not shown). The spectrum of peptide M does
not appear to exhibit any upfield shifted methylene
protons which would result if the aliphatic portion of
the Lys side chain was interacting with the face of the
dibenzofuran ring. The NMR data embrace the conclu-
sions drawn from the near-UV CD studies on peptide
M, which indicate that a hydrophobic cluster is not
formed in this peptide below pH 8.5. The inability of
peptide M to form a hydrophobic cluster appears to
explain why this peptide does not adopt a f-sheet
structure at pH 8.5.

Further characterization of the hydrophobic cluster
present in peptide A was accomplished by a 2D ROESY
NMR experiment at pH 4.5 which identified NOEs
characteristic of interactions between the dibenzofuran
skeleton and the methyl groups of the flanking Val
residues. The ROESY experiment identifies NOEs
between the dibenzofuran protons and the Val methyl
protons, indicating that the hydrophobic Val side chains
are in close proximity to the dibenzofuran ring consis-
tent with the hydrophobic cluster conformation. These
data support the existence and importance of the
hydrophobic cluster mediated by 1 in the folding of
peptide A. In other words the hydrophobic cluster is
always present and poised to nucleate folding in pep-
tide A.
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A pH dependent UV analysis was performed on
peptide A to determine if the formation of the hydro-
phobic cluster could be monitored through changes in
the electronic spectra of the dibenzofuran chromophore.
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Figure 11. Comparative near-UV CD spectra of 0.1 mM
peptide A (—) and 0.1 mM peptide M (- -) in 10 mM acetate
buffer, 9.15 M urea (pH 4.0).
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Figure 12. 1D NMR spectra of the Val aliphatic side chain
region of (a) peptide A in deuterated acetate buffer 90:10%
H,O: D,0 (pH 4.5) at 25 °C and (b) peptide A with 9 M urea
in deuterated acetate buffer 90:10% H,0O: DO (pH 4.5) at 25
°C. Note the significant upfield shift of the Val-6 and Val-9
methyl groups relative to those of the remaining Val residues
in peptide A. The upfield shift further supports the hydropho-
bic cluster conformation adopted by the Val-6-1-Val-9 tripep-
tide unit in peptide A.

The UV spectrum of this peptide exhibits hyperchro-
micity and a red shift in the dibenzofuran absorption
as the pH is increased from 4.0 to 8.5, Figure 13. All
these effects are indicative of a change in the environ-
ment around the aromatic ring system. However, it is
not likely that these effects are due entirely to the
formation of the hydrophobic cluster because it has been
determined that the cluster exists even in the “unfolded
state” of peptide A. On the basis of the equilibrium
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Figure 13. UV spectra of 0.1 mM peptide A as a function of
pH using 10 mM acetate buffer (pH 4.0) and 10 mM borate
buffer (pH 7.5, 8.0, and 8.5). The spectra were corrected for
buffer contributions.

ultracentrifugation results which indicate that peptide
A is associated at pH 8.5 (vide infra), it seems more
probable that the UV changes are largely a consequence
of the association process and do not report on the
presence of the hydrophobic cluster.

Quaternary Structure Determination of Struc-
tured Peptide A. It is apparent from the comparisons
between peptides A—M that intramolecular folding
mediated by residue -Val-1-Val- is important for 5-sheet
formation in peptide A. The question to be addressed
here is to what extent does the peptide self-associate
after folding occurs. On the basis of the amphiphilicity
of the folded 3-sheet structure of peptide A, it is expected
that the individual sheets would subsequently dimerize
through association of their hydrophobic faces to gener-
ate a dimeric S-sandwich structure which may laterally
associate via intermolecular -sheet formation to form
a high MW assembly (vide supra).

Analytical equilibrium ultracentrifugation was em-
ployed to reliably establish the quaternary structure
adopted by peptide A as a function of pH.182 Both
sedimentation equilibrium and sedimentation velocity
experiments prove useful for analyzing quaternary
structure in aqueous solution.8b The concentration of
a peptide at equilibrium under the influence of a
centrifugal field as a function of radial distance in the
centrifuge can be fit to a single exponential of the
following type: c(r) = c,eAN(?*—m?d), where r is a given
radial position, cy is the concentration (g/L) at a given
radial reference position (ry) in the cell, N is the
apparent molecular weight of the solute, and A is a
constant defined as A = 1 — ppw@?/(2RT), where 7 is the
partial specific volume, p is the solution density, @ is
the angular velocity (rad/s), R is the gas constant, and
T is absolute temperature. Peptide A was determined
to be monomeric at pH 4.0 from a fit to the experimental
data using an reasonable value for v of 0.82 which
affords a MW of 1605 (expected MW = 1645). Peptide
A does not behave as a simple dimeric system at pH
8.5. Rather, the soluble 3-sheet structure observed at
pH 8.5 presumably results from further association of
the putative dimeric -sheet sandwich into a high-
molecular weight g-sheet quaternary structure as de-
termined by the rapid sedimentation of this peptide to
the bottom of the ultracentrifuge cell in a relatively
short period of time (2—3 h) at a rotor speed of 26 000
rpm. Peptide A was subsequently analyzed by analyti-
cal equilibrium ultracentrifugation over a concentration
range of 8—25 uM. Even at low concentrations, peptide
A still has a tendency to form high-molecular weight
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assemblies, implying that the Ky, for self-association is
sub-micromolar.

In an effort to obtain a species which could be more
readily analyzed by analytical equilibrium ultracen-
trifugation, an attempt was made to control the degree
of association of peptide A. It was hoped that interme-
diate concentrations of urea would reduce some of the
intersheet mediated interactions while allowing the
intrasheet interactions to remain unperturbed (vide
infra). The results of these experiments fall into two
categories: either peptide A is observed to be highly
associated (low urea concentrations) or the peptide is
observed to be monomeric and denatured. On the basis
of these results, it appears that urea solutions are not
useful for affording a well-defined quaternary form of
peptide A. Since urea was not effective in controlling
the association of peptide A, we considered studying
peptide A under conditions where the pH mediated
conversion from a random coil to a $-sheet was only
partially complete. In this study three pH’'s were
considered, 8.0, 8.1, and 8.25. It was observed that as
the pH increased, less peptide was left in solution after
ultracentrifugation. In addition, the apparent molecu-
lar weight calculated for the peptide remaining in
solution specifies a monomer species at each pH. These
results are consistent with the idea that an equilibrium
exists between folded and unfolded states of peptide A
and that the folded state of peptide A self-associates into
a large p-sheet quaternary structure that sediments
from the ultracentrifugation cell at micromolar concen-
trations. The metastable folded state of peptide A is
likely to be a face to face dimeric S-sandwich, but this
cannot be demonstrated at the current time. Self-
association of the dimer most likely occurs through
extensive lateral hydrogen bonding between intramo-
lecularly folded 5-sheet sandwiches. In summary, the
folding and self-association equilibria are linked.

The ultracentrifugation studies suggest that urea
denatures the f-sheet assembly formed by peptide A.
In order to utilize urea denaturation as a means of
measuring the stability of the self-assembled form of
peptide A in solution, it is necessary to determine that
the unfolding of this peptide by urea is reversible. It
was demonstrated by far-UV CD that peptide A (0.1 mM
at pH 8.5) adopts a random coil conformation in 7 M
urea. Upon dilution of this 7 M solution to 1 M urea,
peptide A exhibited a -sheet signal which was identical
to that of a control peptide solution (0.1 mM peptide A
at pH 8.5) incubated exclusively in 1 M urea, establish-
ing reversiblility. The urea induced denaturation of
peptide A was monitored by measuring the ellipticity
at 220 nm as a function of urea concentration, Figure
14a.2> Determination of the K¢q between the associated
fB-sheet structure and the unfolded state as a function
of urea concentration affords AG as a function of urea
concentration. Linear extrapolation of the AG as a
function of urea concentration back to zero denaturant
concentration affords AGp,o(apparent), Figure 14b.25
The AGn,0o(apparent) for peptide A is equal to 3.25 kcal/
mol, which is less than the 5—15 kcal/mol exhibited by
most proteins;! however, it is critical to keep in mind
that this is the apparent stability of a soluble associated
pB-sheet. This result demonstrates that the linked
folding and self-association steps are reversible.

Structural Evaluation of Precipitates of Peptide
A. The above studies have been performed over a pH
range of 4.0—8.5 where peptide A and analogues thereof
are soluble. A light scattering analysis was employed
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Figure 14. (a) Urea denaturation curves for a 0.1 mM solution of peptide A at pH 8.5 in 150 mM NacCl. (b) AGn,o(apparent) plot

for peptide A5
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Figure 15. Schematic representation of the cross-f conforma-
tion. This assembly presumably forms by the self-association
of a dimeric face-to-face -sheet sandwich via intermolecular
p-sheet formation.

to identify the pH at which precipitation would occur
and to determine whether this aggregation/precipitation
process is reversible. Peptide A is completely insoluble
at pHs = 11.0 as discerned from analysis of the
supernatant after centrifugation of the precipitate
(minifuge). At pH 11 it is likely that most or all of the
charges on the Lys side chains have been neutralized,
since this pH exceeds the pK, expected for the e-am-
monium groups. Interestingly, when the pH 11 suspen-
sion of peptide A was treated with 6 M HCI to lower
the pH to approximately 3.0, peptide A was completely
resolublized as discerned by UV spectroscopy . The
reversibility of this assembly process indicates that the
titratible e-ammonium groups remain solvent exposed
and can be easily titrated even in the precipitated state.
The reversibility of the g-sheet quaternary structure
formation is in agreement with the proposal that peptide
A first folds intramolecularly, affording a -sheet struc-
ture which subsequently dimerizes as a result of hy-
drophobic surface interactions affording a -sheet sand-
wich having the Lys side chain bearing surfaces solvent
exposed.® The putative metastable dimeric S-sheet
apparently self-assembles via intermolecular -sheet
formation to form what may be a cross-g fibril structure,
Figure 15.11.19

X-ray Powder Diffraction and Electron Micros-
copy Analyses. X-ray powder diffraction and electron
microscopy experiments were employed to further un-
derstand the structure of peptide A and to provide
evidence for or against a -sheet-sandwich structural
motif. X-ray powder diffraction serves to identify the
distinctive spacings characteristic of the repeating
motifs in a structure. The putative cross-S-conformation
of amyloid exhibits an X-ray diffraction pattern having
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Figure 16. X-ray powder diffraction pattern of peptide A
precipitated from alkaline solution at pH 11.

two prevalent spacings at 4.7 A and ca. 9—10 A, which
correspond to the distance between two interacting
fB-strands and the perpendicular distance between two
face to face associated 3-pleated sheets, respectively.11.20
The precipitate of peptide A, generated under alkaline
conditions (pH 11), shows a prominent reflection at 4.77
A, indicative of the strand to strand distance within a
pB-sheet structure (Figure 16). The other major reflec-
tion observed at 7.05 A is consistent with the distance
between the 3-sheet planes which are separated by the
interacting Val side chains. These data imply that the
hydrophilic surfaces of the -pleated sheets do not pack
against one another, since we only observe one sheet to
sheet distance expected for interaction of the hydropho-
bic surfaces of identical g-sheets. These data and the
fact that the pH mediated precipitation of peptide A is
reversible argue in favor of a structure similar to that
presented in Figure 15, where the fibrils are two
p-sheets thick as a result of exposed hydrophilic Lys
residues.

Electron microscopy has been widely used to deter-
mine the overall structural morphology of amyloid
protein deposits which appear to have a cross-g-fibril
structure.120 Because peptide A and analogues thereof
form both soluble and insoluble high-molecular weight
fB-sheet structure(s), electron microscopy was employed
to compare its structural morphology to that exhibited
by amyloid. Peptide G, a trifluoroacetylated analogue
of peptide A, was selected for this experiment because
it can form a soluble -sheet structure in solution at pH
4.0 (150 mM NaCl). The putative soluble fibril was
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Figure 17. (a) Electron micrograph of negatively stained (1%
uranyl acetate) fibrils from a solution of 0.1 mM peptide G at
pH 4.0; magnification 10000x (reproduced at 65% of original
size); bar, 5000 A. (b) Electron micrograph of negatively
stained (1% uranyl acetate) fibrils from a solution of 0.0125
mM peptide G at pH 4.0; magnification 63000x (reproduced
at 65% of original size); bar, 1000 A.

absorbed onto a carbon coated copper grid and stained
with uranyl acetate at pH 4. Fibrillar structures were
observed when the negatively contrasted samples of
peptide G were examined, Figure 17a. Measurements
carried out on the smallest fibril structure exhibited by
peptide G yields a structure of ~30 A in width by several
hundred nanometers in length. A CPK model of peptide
G in a cross-f-sheet conformation analogous to that
shown in Figure 15 indicates that the width in the
B-strand direction is ~28 A, comparable to the width of
the fibrils of peptide G as discerned by electron micros-
copy. This measurement is consistent with fibrils
having a cross-$ conformation; however, the orientation
of the peptide strand relative to the fibril axis is still
under scrutiny. The electron micrographs also clearly
indicate the presence of higher ordered fibril assemblies
which are also under further study. The electron
microscopy data on peptide G suggest that peptide A
and its analogues also form a soluble g-fibril structure
in aqueous solution.
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Figure 18. UV spectra of 4.75 uM Congo red at pH 11 in the

absence (—) and presence of (- -) 5 uM peptide A. The spectra
were corrected for buffer contributions.
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Figure 19. pH dependent UV profile of 14.25 uM Congo red
in the presence of 5 uM peptide A using 10 mM acetate buffer
(pH 6.0), 10 mM Tris buffer (pH 7.5 and 8.0), and 10 mM
borate (pH 8.25 and 8.5). The spectra were corrected for buffer
contributions.

Congo Red Binding and Birefringence Analyses.
In order to compare the quaternary structure of peptide
A to the cross-g-structures formed from insulin and
amyloid proteins, Congo red binding and birefringence
studies were carried out on peptide A. Congo red is a
sulfonated azo dye which binds preferentially, but not
exclusively, to protein and polypeptide species adopting
a cross-f-structure (e.g., amyloid).?! Figure 18 demon-
strates that, at pH 11, a suspension containing precipi-
tates of peptide A is able to bind Congo red as evident
by the characteristic hyperchromicity and a red shift
in the UV spectrum of bound Congo red. A closer
examination reveals that the UV spectrum of Congo red
bound to peptide A is very similar to the spectrum
exhibited by Congo red bound to poly-L-lysine (3-pleated
sheet form). Both spectra exhibit double maxima at
approximately 512 and 536 nm.2%¢ The insoluble fibrils
of peptide A containing bound Congo red were subse-
guently subjected to analysis under a polarizing micro-
scope and were found to exhibit green birefringence
upon rotation of the plane of the polarized light by 90°.
This phenomenon, which is also seen in Congo red
stained amyloid fibrils, provides additional evidence for
the presence of a regular quaternary structure consis-
tent with a cross-f-sheet quaternary structure.?? In-
terestingly, even under conditions where peptide A is
soluble (pH 8.0—8.5), Congo red binds strongly to
peptide A, supporting the existence of a soluble amyloid-
like g-fibril structure in solution, Figure 19. The pH
dependent Congo red binding behavior exhibited by
peptide A from pH 8.0—8.5 is consistent with the linked
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folding and self-association equilibria which govern the
appearence of 3-sheet structure.

Summary

The aromatic amino acid residue 1 nucleates in-
tramolecular antiparallel g-sheet folding in tridecapep-
tides which subsequently self-assemble into f-sheet
fibrils, perhaps having a cross-g-conformation. Residue
1 functions as a folding nucleator by facilitating in-
tramolecular hydrogen bonding between the flanking
o-amino acid residues and by favoring the formation of
a hydrophobic cluster composed of the dibenzofuran
skeleton and hydrophobic side chains of the flanking
a-amino acids. The template facilitates intramolecular
folding in peptides such as peptide A, which subse-
quently undergo lateral self-assembly such that the
folding and self-association equilibria are linked. To-
gether, the X-ray diffraction data, the electron micros-
copy results, and the Congo red binding studies support
the existence of a 8-sandwich-type fibrillar structure in
peptide A and its analogues. The template strategy
described for producing fibrils allows significant a-ami-
no acid sequence variations to be accommodated in the
resulting 3-sheet-based macromolecular assembly with-
out interfering with the folding/assembly pathway, since
it is the template interacting with the flanking a-amino
acids which serves to nucleate folding. From this
preliminary study it appears that template directed
folding should be useful for the preparation of self-
assembling architectures or nanostructures.

Experimental Section

Details regarding peptide synthesis and purification can be
found in the supplemental material and in refs 5a, 23, and
28.

Summary of Purification and Characterization of
Peptides A—M. Peptide A (CgzH144N20014). Purified using
a 20 min gradient from 20 to 50% B; 230 mg (27% yield).
MALDI-TOFMS m/z (MH™): calcd, 1646.1; obsd, 1646.6.

Peptide B (CgsH146N20015). Purified using a 20 min
gradient from 20 to 50% B; 550 mg (39% yield). MALDI-
TOFMS m/z (MH): calcd, 1688.1; obsd, 1688.1.

Peptide C (CgsH143N20015F3). Purified using a 20 min
gradient from 25 to 45% B; 120 mg (14% yield). MALDI-
TOFMS m/z (MH™): calcd, 1742.1; obsd, 1742.4.

Peptide D (CgsH143N20015F3). Purified using a 20 min
gradient from 25 to 45% B; 113 mg (13% yield). MALDI-
TOFMS m/z (MH™): calcd, 1742.1; obsd, 1742.1.

Peptide E (CgsH143sN20O1sF3). Purified using a 20 min
gradient from 25 to 45% B; 130 mg (15% yield). MALDI-
TOFMS m/z (MH™): calcd, 1742.1; obsd, 1742.6.

Peptide F (CgsH143N20015F3). Purified using a 20 min
gradient from 25 to 45% B; 228 mg (27% yield). MALDI-
TOFMS m/z (MHY): calcd, 1742.1; obsd, 1741.9.

Peptide G (Cs7H142N20016F6). Purified using a 20 min
gradient from 30 to 55% B; 129 mg (15% yield). MALDI-
TOFMS m/z (MH™): calcd, 1838.1; obsd, 1837.9.

Peptide H (Cs7H142N20016Fs). Purified using a 25 min
gradient from 20 to 50% B; 260 mg (31% yield). MALDI-
TOFMS m/z (MH™): calcd, 1838.1; obsd, 1838.5.

Peptide | (Cg7H142N20016F6). Purified using a 25 min
gradient from 20 to 50% B; 181 mg (21% yield). MALDI-
TOFMS m/z (MH™): calcd, 1838.1; obsd, 1838.0.

Peptide J (C87H142N20016F6). Purified using a 25 min
gradient from 20 to 50% B; 140 mg (17% yield). MALDI-
TOFMS m/z (MHY): calcd, 1838.1; obsd, 1838.1.

Peptide K (C7oHi13sN2:1014). Purified using a 20 min
gradient from O to 45% B; 180 mg (27% yield). MALDI-
TOFMS m/z (MH™): calcd, 1495.1; obsd, 1495.1.

Peptide L (CgoH145N2:014). Purified using a 20 min
gradient from 0 to 30% B; 83 mg (16% yield). FABMS m/z
(MH"): calcd, 1625.7; obsd, 1626.0.
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Peptide M (CgsH144sN20014). Purified using a 20 min
gradient from 20 to 50% B; 160 mg (22% yield). MALDI-
TOFMS m/z (MH™): calcd, 1646.1; obsd, 1647.1.

UV Analysis. All UV analyses were carried out on a Milton
Roy Spectronic 3000 diode array spectrophotometer. UV
spectra were recorded prior to CD studies in order to determine
the concentration of peptide stock solutions using the diben-
zofuran chromophore (e2gonm = 17 797 cm™t M™1).

Circular Dichroism Studies. All circular dichroism
experiments were performed on a Jasco J-600 spectropolarim-
eter at 25 °C. A weighed amount of peptide was diluted with
doubly distilled water to afford a peptide stock solution at pH
4—6. Peptide samples were then prepared by diluting the
peptide stock solution with the appropriate buffer to afford
the desired peptide concentration as determined by UV
analysis. The pH of each sample solution was remeasured and
adjusted if necessary. The samples were subsequently de-
gassed by sonication under a water aspirator vacuum and then
incubated for 24 h at 25 °C in a water bath. After incubation,
the samples were centrifuged to remove any particulates and
the buffer pH rechecked prior to recording the CD spectra. CD
data were acquired at a band width of 1.0 nm, a time constant
of 0.5 s, and a scan speed of 20 nm/min. The resulting CD
spectrum is an average of six scans. The data from the Jasco
spectrometer were imported into the Macintosh version of
KaleidaGraph, processed, and reported in units of mean
residue ellipticity.?

pH Dependent CD Studies. All peptide samples were
prepared as 0.1-0.35 mM solutions at a specified pH by
dilution of a peptide stock solution with 10 mM acetate (for
pHs 4—6), 10 mM Tris (where specified), or 10 mM borate
buffer (for pHs 7.5—8.5). Corresponding samples were also
made in which NaCl was added to afford a salt concentration
of 75 mM. The far-UV CD spectrum for each sample was
recorded in a 1.0 mm quartz cell from 240 to 190 nm or from
240 to 195 nm when high absorbances prevented collection of
data to 190 nm. The spectra were corrected for buffer
contributions and are reported in units of mean residue
ellipticity.?*

Urea Denaturation Studies. Each sample was prepared
by dilution of the peptide stock solution into a buffered solution
at the appropriate urea concentration. All samples were 0.1
mM in peptide, 0.15 M in NaCl, and 50 mM in borate buffer
at pH 8.5. Each buffered urea solution was prepared from a
urea stock solution whose concentration was determined by
weight fraction analysis and refractive index measurements.?®
Buffered urea solutions contained 0.15 M NaCl and 50 mM
borate buffer at pH 8.5. The ellipticity value at 220 nm was
recorded for each peptide sample as a function of urea
concentration in a 1.0 mm quartz cell. The dependence of the
ellipticity value on urea concentration was plotted and AGn,o0
determined as described previously by Pace and Shirley.?

Near-UV CD Studies. All samples at pH 4.0 were pre-
pared as 0.3 mM peptide solutions by dilution of a peptide
stock solution with 10 mM acetate buffer (pH 4.0). Samples
at pH 8.5 were prepared as 0.1 mM peptide solutions by
dilution of a peptide stock with 10 mM borate buffer (pH 8.5).
The CD spectrum for each sample was recorded in a 1.0 or
5.0 mm quartz cell from 300 to 240 nm.

NMR Studies. The 1D NMR spectra were recorded on a
Varian XL 400 spectrometer at 25 °C. All samples were
prepared as 5 mM solutions in deuterated 10 mM acetate
buffer (pH 4.5). The samples were degassed prior to NMR
analysis by sonication under a water aspirator vacuum. The
2D NMR spectra were recorded on a Unity Plus 500 MHz
spectrometer. ROESY and NOESY data were recorded as a
function of mixing times. A mixing time of 150 ms proved
optimal.

Equilibrium Ultracentrifugation Studies. Molecular
weight determinations were made on a Beckman XL-A ana-
lytical equilibrium ultracentrifuge equipped with absorption
optics. A double sector cell equipped with a 12 mm Epon
centerpiece and sapphire windows was used for the experi-
ments described within. Samples were loaded into the cell
using a blunt end microsyringe, resulting in a column height
of approximately 3 mm. Samples were prepared from a
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peptide stock solution in water by dilution of an aliquot to the
specified concentration utilizing the appropriate buffer solu-
tion. The samples were then dialyzed against the same buffer
system for 12—24 h at room temperature. The concentration
of each dialyzed sample is remeasured by UV spectroscopy and
subsequently diluted to its final concentration with the dialy-
sate. In a typical experiment, an initial absorbance scan is
performed at a rotor speed of 3000 rpm. The rotor speed is
then increased to 42 000 rpm, where sedimentation equilib-
rium is established. All experiments are run at 23.0 °C. A
complete loss of the initial absorbance is indicative of a highly
associated system.

Congo Red Binding Studies. A Congo red stock solution
was prepared by dissolving the dye in distilled water and
filtering the solution three times through a Magna nylon
membrane (0.45 um).?*¢ The concentration of the Congo red
stock was determined by measuring the absorbance of a
diluted aliquot at 477 nm (e477nm = 34 722 cm~* M%), Buffered
Congo red solutions at specified concentrations were prepared
by dilution of an aliquot of the stock solution with the
appropriate buffer solution. Peptide samples for binding
studies were prepared from a peptide stock diluted with the
appropriate buffer. The peptide samples were then incubated
for 24 h at 25 °C. Binding studies were carried out by diluting
100 uL of a peptide solution to 2.0 mL with the appropriate
Congo red solution. The resulting solution was then mixed
and allowed to incubate at room temperature for 0.5 h. An
ultraviolet spectrum was then recorded for the sample mixture
from 300 to 700 nm in which a blank containing the appropri-
ate buffer solution with no Congo red was subtracted. Cor-
responding solutions consisting of buffered Congo red solution
were also recorded to serve as control solutions.

Electron Microscopy Studies. A peptide sample was
prepared at pH 4 from a stock solution in H,O at pH 5—6 by
dilution with the appropriate buffer. The peptide sample was
incubated for 24 h at 25 °C. The sample was then applied to
a carbon-coated copper grid for 1—2 min. Excess solution was
removed by filter paper blotting. The sample on the grid was
then stained with a fresh solution of 1% (w/v) uranyl acetate
(pH 4.0) for 1—2 min and the excess staining solution removed.
The sample was subsequently visualized with a Zeiss 10C
electron microscope operating at 60 kV. With utilization of a
slide guide ultrastructure calculator which takes into account
the magnification factor at which the electron microscope was
set when the electron micrograph was photographed, the fibril
dimensions (width and length) are first measured in mil-
limeters and then converted to angstroms. Any enlargement
that occurred upon photographic developing of the negative
was also taken into account.

X-ray Diffraction Studies. A concentrated solution of
peptide A in water was adjusted to pH 11 with a concentrated
NaOH solution and then allowed to incubate for 24 h at 25
°C. The solution was subsequently lyophilized to afford a
white powder. X-ray diffraction patterns were recorded on a
Scintag PAD V computer controlled diffractometer. The X-ray
source which utilized Cu Ka radiation was operating at 45
kV and 30 mA.
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