BIOCHEMISTRY

including biophysical chemistry & molecular biology

DOI: 10.1021/bi1002713

Article

Specific Mutations Alter Fibrillation Kinetics, Fiber Morphologies, and Membrane

Interactions of Pentapeptides Derived from Human Calcitonin

Amit Shtainfeld, Tania Sheynis, and Raz Jelinek*
Department of Chemistry, Ben Gurion University of the Negev, Beer Sheva 84105, Israel
Received February 23, 2010; Revised Manuscript Received May 18, 2010

ABSTRACT: Protein misfolding and fibrillation are fundamental facets underlying a diverse group of amyloid
disorders and diseases. The molecular factors responsible for amyloid protein toxicity and pathological
consequences, however, are still not fully understood. The involvement of specific residues or sequence
elements in fibril formation and the interactions of amyloid protein aggregates with membranes are believed
to constitute two critical parameters contributing to amyloidogenesis and amyloid pathologies. This work
aims to elucidate sequence determinants and membrane—protein interactions of five-residue peptide
fragments derived from a core amyloidogenic sequence of human calcitonin. We show that single-residue
mutations within the native pentapeptide sequence significantly modulate the kinetics of peptide self-
assembly, alter fS-sheet organization between parallel and antiparallel arrangements, and modify fibrillar
morphologies. We further demonstrate that hydrophobic or aromatic interactions are not prerequisites for
peptide fiber formation. The experiments also disclose pronounced effects of lipid vesicles comprising
cholesterol and negatively charged phospholipids on the rate of fibrillation and fiber structures formed by the
short peptides. This work indicates that the structural and kinetic properties of peptide fibrils as well as lipid
interactions of fibrillar species are interrelated and are significantly affected by specific residues within
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amyloid peptide sequences.

The transformation of soluble proteins into amyloid fibrils
deposited in different organs and tissues is a hallmark of varied
medical disorders, including Alzheimer’s disease, Parkinson’s
disease, type 11 diabetes, and others. While many amyloid-for-
ming proteins do not share sequence homologies, the deposits
that are being formed exhibit similar structural characteristics,
including an unbranched filamentous appearance and cross-f3-
sheet motifs (/, 2). General physicochemical properties associated
with the polypeptide sequence, such as hydrophobicity, net charge,
and propensity to form a f-sheet are believed, to significantly
affect kinetics of amyloidogenesis and fibril structures (3—6). In
particular, the alternating organization of hydrophobic and
hydrophilic amino acids was found to be a primary structural
element contributing to acceleration of the peptide fibrilla-
tion (5, 7). Such patterns facilitate protein self-assembly by pre-
serving the amphipathic topology of parallel f-sheet arrange-
ments (8). In addition, the abundance of aromatic residues within
the peptide sequence was predicted theoretically (9) and shown
experimentally (/0) to increase the rate of fibril formation.

Aggregation of amyloid proteins frequently results in fibrils
bearing distinct shapes and structural modes, even for deposits
consisting of the same molecule (//—13). External conditions,
including agitation, pH, and traces of fluorinated solvent, can
affect structural features of the resulting filaments (/4, 15). Intri-
guingly, f-amyloid fibrils displaying specific morphologies were
shown to exhibit toxic properties (/4). Certain chemical com-
pounds were also shown to modify the morphological properties
and toxicity of amyloid aggregates (/6—18). A very limited
number of reports, however, link specific mutations within
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protein sequences to the formation of distinct fibrillar structures
and their biological significance. Naturally occurring mutations
in the a-synuclein sequence (/9) and substitution of aromatic
amino acids in the islet amyloid polypeptide (/0) were shown to
induce only mild morphological changes in fibrils of the respec-
tive proteins.

Beside the contribution of specific structure elements and
residues to amyloidogenesis, there is growing evidence that lipid
and membrane interactions play significant roles in the progres-
sion and toxicity of amyloid diseases (20—22). Investigations of
amyloid protein systems have determined that specific lipid
components such as “lipid rafts” promote amyloid fibril forma-
tion and the deposition of plaques on membrane surfaces (23—25).
A growing body of experimental evidence appears to indicate that
oligomeric species formed in early stages of aggregation, rather
than mature full-length fibrils, are responsible for amyloid-in-
duced cytotoxicity (26—30). Nevertheless, there have been intri-
guing reports about amyloidogenic peptides such as SEVI for
which the aggregated amyloid assembly was membrane active (37).
Other peptides, such as IAPP1—19, were shown not to form fibrils
but were still toxic (32).

Human calcitonin (hCT) is a 32-residue peptide hormone that
plays an important role in calcium metabolism and, further,
possesses a number of other biological activities (33). Calcitonin
exhibits a marked tendency to form amyloid fibrils, which have
been identified both in vivo (34) and in vitro (35). Previous studies
have revealed prominent contributions of membrane interactions
toward calcitonin fibrillation (36) and indicated formation of
calcitonin-induced oligomeric pores in lipid bilayers (37). More-
over, it was shown that incubation of calcitonin with ganglioside-
and cholesterol-rich membranes resulted in pronounced amyloi-
dogenic structures (38). Previous investigations demonstrated
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that very a short peptide fragment of hCT, comprising five amino
acids, could assemble into amyloid fibril structures that were
highly similar to the parent hCT protein (39). In general,
characterizing the fibrillation properties of short peptides or frag-
ments of larger amyloidogenic proteins is important since such
studies illuminate the contributions and significance of specific
residues (or short sequence elements) to the fibrillation phenom-
ena (40, 41).

This study aims to investigate the impact of specific mutations
on fibrillar morphology, aggregation rate, and membrane inter-
actions of DFNKF, a peptide fragment spanning residues 15—19
of hCT. Two substituted analogues of this pentapeptide were
studied: DANKA (the phenylalanines substituted with alanines)
and DFNMF (lysine substituted with methionine). Via a com-
parative analysis of the native sequence and the two mutants, the
roles of the aromatic phenylalanine residues and the positively
charged lysine in fibrillation and membrane interactions were
elucidated. The experiments were also designed to evaluate the
contribution of specific lipid bilayer constituents to fibrillation of
the short peptides. The experimental results point to remarkable
effects of the mutations upon the fibrillar structures and rate of
fibril formation and highlight the close relationships among
amino acid sequence, lipid interactions, and fibrillation phen-
omena.

MATERIALS AND METHODS

Materials. 1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DM-
PC); 1,2-dimyristoyl-sn-glycero-3{phospho-rac-(1-glycerol)] (DM-
PG); cholesterol; 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine
N-(7-nitro-2—1,3-benzoxadiazol-4-yl), ammonium salt (NBD-PE);
and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine N-(lissamine
rhodamine B sulfonyl), ammonium salt (rhodamine-PE), were
purchased from Avanti Polar Lipids (Alabaster, AL). Peptide
synthesis was performed by Peptron, Inc. (Tagjeon, Korea). The
integrity of the peptides was confirmed by ion spray mass
spectrometry, and their purity (at least 90%) was determined
by reverse phase high-pressure liquid chromatography.

Vesicle Preparation. We prepared small unilamellar vesicles
(SUVs) consisting of DMPC and cholesterol (7:3 molar ratio) or
DMPC, DMPG, and cholesterol (7:2:3 molar ratio) by dissolving
all lipid components in chloroform/ethanol mixtures (1:1, v/v)
and drying them together in vacuo to a constant weight. Dry lipid
films were suspended in 10 mM Tris base (pH 7.2), 10 mM NaCl,
and 0.02% NaNj3 by probe sonication at room temperature for 10
min, yielding a total lipid concentration of 1 mM. Vesicle sus-
pensions were allowed to anneal for 1 h prior to use.

Peptide Samples. Stock solutions of the peptides were pre-
pared by dissolving lyophilized samples in DMSO at a concen-
tration of 100 mg/mL. The stock solutions were diluted with
10 mM Tris base (pH 7.2), 10 mM NaCl, and 0.02% NaN3, mixed
with vesicles (final lipid concentration of 0.5 mM) or with an equal
volume of the aforementioned Tris buffer, and incubated at 26 °C
without agitation. Final peptide concentrations of DFNKF and
DANKA were 4 mg/mL, and that of DFNMF was 0.5 mg/mL.
For control samples, pure DMSO was used instead of peptide
stocks. Aliquots were withdrawn from the samples at the indicated
time points and used for all experiments. Blocked Eppendorf tubes
were used for incubation of the peptide solutions. The blocking was
performed by shaking the tubes in a 3% skim milk powder
dissolved in PBS (10 mM, pH 7.4) for 3 h at 37 °C. Subsequently,
the tubes were washed under running distilled water and dried.

Shtainfeld et al.

Transmission Electron Microscopy (TEM). Fibril forma-
tion was assessed using 5 uL of the peptide samples placed on 400
mesh copper grids covered with a carbon-stabilized Formvar
film. Following a 2 min incubation, excess solutions were
removed and the grids were negatively stained for 1 min with a
1% uranyl acetate solution. Samples were viewed with a JEOL
1200EX electron microscope operating at 120 kV.

Congo Red (CR) Staining and Birefringence. Aliquots
(10 uL) of peptide solutions in buffer or peptide/vesicle suspen-
sions incubated for 6 h were allowed to dry on a glass microscope
slide. Staining was performed by the addition of 80% ethanol
saturated with Congo Red and NaCl. Birefringence was deter-
mined with a SZX-12 Stereoscope (Olympus, Hamburg,
Germany) equipped with a polarizing stage.

Fourier Transform Infrared Spectroscopy (FTIR). Peptide
solutions in buffer and peptide/vesicle suspensions were com-
pletely dried under vacuum for several days. KBr pellets were
prepared from 2.0 mg of a well-dried sample mixture and 120.0
mg of dried KBr. FTIR was conducted using a FTIR 460
Plus spectrophotometer (Jasco, Tokyo, Japan). IR spectra were
recorded at a resolution of 2 ecm™' in the range of 400—
4000 cm ™.

Fluorescence Resonance Energy Transfer (FRET). Lipid
vesicles were prepared by the procedure described above. Prior to
being dried, the lipids were additionally supplemented with
NBD-PE and rhodamine-PE at a 100:1:1 molar ratio. At selected
time points, 15 uL aliquots were withdrawn from the peptide/
vesicle mixtures and diluted with deionized water to 0.5 mL, and
fluorescence emission spectra were recorded on a FL920 spectro-
fluorimeter, applying an excitation wavelength of 469 nm. The
percentage of FRET efficiency was determined by the equation

% FRET efﬁciency = 100% X (R1 - RO%)/(RIOO% — Ro%)

where R is a ratio of fluorescence emission of rhodamine-PE
(590 nm) to that of NBD-PE (536 nm), R; indicates the ratio for
peptide/vesicle mixtures, Ryo, was measured following the addi-
tion of 10% Triton X-100 to the vesicles (Triton X-100 is a deter-
gent causing complete dissociation of the vesicles), and Rjgge,
corresponds to vesicles without any additives. The percent FRET
efficiency of control samples prepared by addition of only DMSO
to vesicles was subtracted from the corresponding values re-
corded for the peptide/vesicle solutions.

RESULTS

Previous studies have shown that very short peptides corres-
ponding to sequence elements within human calcitonin (hCT)
form fibrillar structures. The three peptides studied here are
derived from residues 15—19 of hCT, a short fragment believed to
play a primary role in aggregation of the protein (39). DFNKF is
the native sequence, containing two phenylalanine residues
thought to be intimately involved in the fibrillation of the full-
length peptide (39). The two phenylalanines were substituted with
alanines in DANKA, while lysine was substituted for methionine
in DFNMF, designed to evaluate the significance of the posi-
tively charged lysine in fibrillation and membrane interactions.

Figure 1 depicts transmission electron microscopy (TEM)
images that illuminate the kinetics and morphologies of fibril
aggregates formed by the three peptides, and the relationship
between peptide fibrillation and the presence in the incubation
solution of lipid bilayers comprising dimyristoylphosphatidyl-
choline (DMPC), dimyristoylphosphatidylglycerol (DMPG),
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FiGure 1: Fibrillation of pentapeptides in buffer and in lipid vesicle solutions. TEM images showing the structures of peptide aggregates formed.
DFNKF (4 mg/mL) (A) in buffer (6 h incubation) and (B) ina DMPC/DMPG/cholesterol vesicle solution (1 h) (arrows point to fibrils). DANKA
(4mg/mL) (C) in buffer (1 h) (arrows point to hollow fibrils) and (D) ina DMPC/DMPG/cholesterol vesicle solution (1 h). DFNMF (0.5 mg/mL)
(E) in buffer (3 h) and (F) in a DMPC/DMPG/cholesterol vesicle solution (1 h). The bars correspond to 100 nm.

and cholesterol. This vesicle composition is designed to mimic
physiological membranes; thus, the vesicles comprise representa-
tive phospholipids displaying zwitterionic (PC) and anionic (PG)
headgroups, as well as cholesterol, which is abundant in the
plasma membrane of human cells (42, 43).

The TEM data in Figure 1 demonstrate that all three peptides
form fibrillar structures, albeit exhibiting significantly different
structures. Furthermore, the TEM experiments reveal that the

DMPC/DMPG/cholesterol vesicles modulated both the aggre-
gation kinetics of the peptides and the structural features of the
fibril assemblies formed. However, different effects of the vesicles
were apparent among the peptides. Interestingly, even though clear
fibril structures were observed in the TEM experiments summar-
ized in Figure 1, no thioflavin-T (ThT) fluorescence signals were
observed when this fibril marker dye was added to the peptide
solutions (data not shown), possibly due to the short sequences.
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The native sequence DFNKF formed elongated thin fibrils in
buffer which exhibit morphologies comparable to the fibrillar
structures of full-length calcitonin (35) (Figure 1A). The DFNKF
fibrils appeared in buffer solutions only after approximately
6 h (Figure 1A), while abundant fibrillation occurred less than
1 h after dissolution of the peptide in lipid vesicle solutions
(Figure 1B). Structurally, the DFNKF fibrils formed in the
presence of vesicles (Figure 1B, fibrils indicated by the arrows)
appear to be similar to those formed in the lipid-free buffer solu-
tion (Figure 1A).

DANKA, in which the phenylalanine residues were substituted
with alanines, also formed elongated aggregates (Figure 1C,D).
However, the morphologies and kinetics of the DANKA fibers
were different from those of the native sequence. Specifically,
fibrillar structures of DANKA were clearly apparent after 1 h,
both in the buffer solution (Figure 1C) and in the presence of
DMPC/DMPG/cholesterol vesicles (Figure 1D). The lipid vesicles
seem to have induced thicker “bundles” of DANKA fibers
(Figure 1D), although the individual fiber morphologies seem to
be similar to those observed in the vesicle-free buffer solutions
(Figure 1C). The apparent hollow and semifragmented tubular
structures of the DANKA fibers were markedly different from the
long and thin fibrillar assemblies of the native fragment DFNKF
(Figure 1A,B).

Distinct fibrillation profiles are apparent in the case of the
lysine-to-methionine substituted sequence DFNMF (Figure 1E.F).
In buffer, DFNMF assembled into fibrillar structures only
after at least 3 h (Figure 1E). The DFNMF fibers formed in
the vesicle-free solution were thicker than the native sequence
(Figure 1A) and displayed distinct screwlike morphologies. In the
presence of the DMPC/DMPG/cholesterol vesicles, however,
DFNMEF formed aggregates significantly faster [within less than
1 h (Figure 1F)]. The vesicle-induced fiberlike structures ap-
peared fragmented and much more frayed than the fibrillar
structures formed in the buffer solutions (Figure 1E). Further-
more, the twisted morphologies of the DFNMF fibers appear to
be largely absent in the vesicle solutions. Overall, the TEM
images in panels E and F of Figure 1 underscore the pronounced
effect of the lipids upon the DFNMF fiber assemblies. Impor-
tantly, DFNMF formed fibrils at a much lower concentration
(0.5 mg/mL) than the native DFNKF and the mutant DANKA
sequences (4 mg/mL for both peptides). In fact, we found that
when the concentration of DFNMF was increased to 4 mg/mL,
fibrils formed immediately after dissolution of the peptide in
buffer (data not shown). This remarkable increase in aggregation
rate indicates an enhanced propensity of DFNMF for fiber
assembly.

To assess the secondary structure of the fibrillar species formed
by the three pentapeptides, we conducted Fourier transform
infrared (FTIR) spectroscopy experiments (44). Figure 2 depicts
the FTIR amide I region spectra of the fibrillar aggregates
formed by the three peptides in the presence of the DMPC/
DMPG/cholesterol vesicles. FTIR spectra which were highly
similar to the results shown in Figure 2 were recorded for fibrils
formed in buffer (data not shown), indicating that the lipid
vesicles did not alter the short-range structural features of the
fibrils.

The FTIR data in Figure 2 confirm that fibrillar species of all
three peptides comprised fS-sheet elements, giving rise to the
distinctive peaks at ~1670—1680 and ~1620—1630 cm™' (45).
Interestingly, the FTIR signatures in Figure 2 demonstrate pro-
nounced differences between the two residue-substituted peptides.
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FIGURE 2: FTIR spectra. Spectra recorded for peptide samples incu-
bated for 6 h in DMPC/DMPG/cholesterol vesicle solutions.

Specifically, while DANKA seems to predominantly adopt an
antiparallel S-sheet organization, evident by the high intensity
of the peak at ~1680 cm™" (46, 47), DFNMF mainly forms
parallel f-sheet structure [more pronounced signal at 1630
cm ! (48)]. This difference most likely reflects the absence of
m— interactions in the DANKA fiber aggregates, which con-
stitute a primary structure element controlling the arrangement
of ff-strands.

While FTIR experiments illuminate the extent of localized
secondary structure elements (44), we additionally examined the
peptide assemblies using Congo Red (CR) staining to analyze the
amyloid nature of the fibrillar structures formed by the three
pentapeptides and the effects of lipid bilayers upon amyloid
deposit formation. Green-yellow birefringence of CR in cross-
polarized light is considered a reporter for long-range [5-cross
structure which is a primary characteristic of amyloid fibrils (49).
The cross-polarized optical microscopy images in Figure 3 point
to differences in the macroscopic properties of the aggregates
formed by the three peptides examined and particularly demon-
strate the significant effects of the lipid vesicles on the peptide
assemblies.

Specifically, while green-yellow regions, corresponding to
amyloid fibril deposits, appeared in samples of the native
sequence DFNKF that were incubated for 6 h either in buffer
(Figure 3A) or with DMPC/DMPG/cholesterol vesicles (Fig-
ure 3B), no green-yellow birefringence was detected in samples
of the two substituted peptides, DANKA and DFNMF, that were
incubated in buffer (panels C and E of Figure 3, respectively). In
contrast, incubation of both DANKA and DFNMF with DMPC/
DMPG/cholesterol vesicles yielded amyloid fibril deposits, giving
rise to the green-yellow CR domains observed in the optical
microscopy images shown in Figure 3D (DANKA) and Figure 3F
(DFNMF).

The microscopy and FTIR analyses in Figures 1—3 focus on
the structural properties of the fibers formed by the three pen-
tapeptides and the effects of lipid bilayers on the microscopic
organization, morphologies, and molecular structures of the fibril
assemblies formed. It is similarly important, however, to evaluate
whether the fibrillar species formed in solution interact with and
affect the properties of the lipid bilayers. Figure 4 presents
fluorescence resonance energy transfer (FRET) experiments (50)
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FiGURE 3: Amyloid fibril deposits examined by Congo Red birefringence. Optical images recorded for peptides incubated for 6 h. DFNKF (4 mg/
mL) (A) in buffer and (B) in a DMPC/DMPG/cholesterol vesicle solution. DANKA (4 mg/mL) (C) in buffer and (D) in a DMPC/DMPG/
cholesterol vesicle solution. DFNMF (0.5 mg/mL) (E) in buffer and (F) in a DMPC/DMPG/cholesterol vesicle solution.

conducted using two vesicle compositions: DMPC/cholesterol and
DMPC/DMPG/cholesterol. Both vesicle types also contained 1%
fluorescence donor NBD-PE and fluorescence acceptor rhoda-
mine-PE (see Materials and Methods). The graphs in Figure 4
depict the net FRET efficiency calculated at specific time points
following incubation of these vesicles with each of the peptides
examined.

The FRET data summarized in Figure 4 reveal significantly
different vesicle interactions among the three peptides. More-
over, a pronounced dependence of peptide-induced FRET
modulation upon lipid composition is apparent in Figure 4 for
all three peptides. Specifically, almost no effect upon the FRET
results, in relation to control vesicles, was observed when the
peptides were incubated with vesicles comprising DMPC and
cholesterol but not DMPG [Figure 4A—C (———)]. This result,

indicating negligible interactions of the peptide aggregates with
DMPC/cholesterol bilayers, underscores the importance of the
negatively charged phospholipid DMPG in promoting vesicle
interactions and lipid-induced fibrillation of all the three frag-
ments examined.

Figure 4 demonstrates that incubation of all three peptides for
several hours with the DMPC/DMPG /cholesterol vesicles resul-
ted in a gradual increase in FRET efficiency [Figure 4A—C (—)],
suggesting that the fibrils promoted vesicle aggregation (51).
Previous studies have indeed correlated changes in FRET proper-
ties with modification of lipid environments in membranes (52).
While Figure 4 displays a clear kinetic modulation of the FRET
data following incubation with the peptides, the differences
between the peptides, however, are still apparent at all time
points. Specifically, while the solid lines in panels A and B of
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FiGure 4: FRET modulation induced by incubation of the penta-
peptides with lipid vesicles. FRET efficiency modified by preincu-
bating the pentapeptides with NBD-PE/rhodamine-PE/DMPC/
DMPG/cholesterol vesicles (—) and NBD-PE/rhodamine-PE/
DMPC/cholesterol vesicles (———): (A) DFNKF (4 mg/mL), (B)
DANKA (4 mg/mL), and (C) DFNMF (0.5 mg/mL). The FRET
efficiencies are in relation to control vesicles that were not preincu-
bated with the peptides.

Figure 4 indicate that DFNKF and DANKA, respectively, did
not interfere with FRET efficiency immediately after mixing (i.e.,
same energy transfer occurred in the vesicles incubated with the
peptides, compared to the control vesicles which were not
preincubated with the peptides), DFNMF clearly disrupted the
lipid bilayer upon addition to the vesicles, giving rise to sig-
nificantly lower FRET [Figure 4C (—)]. Similar to the micro-
scopy data discussed above, the FRET experiments point to
different membrane interactions of DFNMF compared to the
two pentapeptides containing the lysine residue instead of the
methionine.

DISCUSSION

This study examines the fibrillation processes of very short
peptide fragments derived from the amyloidogenic core of hCT.
Short peptide models have previously provided insights into
mechanistic aspects pertaining to amyloid formation (40).
Furthermore, in several amyloid protein systems, it has been
hypothesized that short peptide fragments essentially contain all
the necessary molecular information for the formation of amy-
loid fibrils (53). Truncated fibril-forming peptides have been
proposed, for example, as potential inhibitors of amyloid for-
mation (54). The experiments summarized in this study under-
score the significance of specific residues in affecting the
fibrillation kinetics, fibril structural properties, and interaction
of the peptide assemblies with lipid bilayers. Equally important,
we show that the lipid composition of the vesicles significantly
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affected membrane interactions of the fibrillar species formed by
the three peptides studied.

The TEM data in Figure 1 demonstrate the dramatic effects
upon fibril morphologies and kinetics of single-point mutations
in the amyloidogenic 15—19-residue sequence of hCT, DFNKEF.
Specifically, lysine-to-methionine substitution considerably en-
hanced the fibrillation propensity and accelerated the rate of
amyloidogenesis. Elucidating the factors affecting the fibrillation
rate is important; rapid aggregation of overexpressed human
p-amyloid protein was shown to protect mice from cognitive
decline (28). Particularly striking is the observation that the
mutant sequence DFNMF formed fibrils at an 8-fold lower
concentration compared to the parent peptide sequence. Addi-
tionally, replacement of the positively charged lysine amino acid
with the more hydrophobic and more compact methionine
residue resulted in an improved lateral association of the f3-sheet
units, yielding substantially thicker fibrils. The morphological
variations in fibril structures might point to the contribution and
significance of amyloid polymorphism as a prominent factor in
protein aggregation. Indeed, recent studies have underlined the
close relationship between toxicity and specific structural features
of amyloid aggregates (55).

Molecular dynamics simulations suggested that lysine forms a
salt bridge with the C-terminus within the DFNKF fragment,
contributing to stabilization of the 5-sheet structure (56, 57). Our
experimental data suggest, however, that hydrophobic interac-
tions overwhelm electrostatic forces at this specific residue
position. This observation can be explained by the fact that the
lysine-to-methionine substitution produces an alternating pat-
tern of hydrophobic—hydrophilic residues for the first four
amino acids of DFNMF. Such a binary pattern, which maintains
an amphipathic nature of parallel S-sheet aggregates, was shown
to facilitate formation of supramolecular assemblies by de novo-
designed peptides, regardless of their primary structures (7, 8). In
agreement with the interpretation described above, the FTIR
spectrum in Figure 2 shows that the DFNMF fibrils featured
primarily a parallel 5-sheet conformation, in contrast to other
examined peptides (58).

The experimental data emphasize the significance of the two
phenylalanine residues in lipid-modulated fibrillation of DFNKF.
Interactions of aromatic residues were shown to play prominent
roles in fibrillation of numerous amyloid proteins (59, 60). The-
oretical calculations (9) and experimental approaches (/0) indi-
cated that the presence of aromatic amino acids accelerate
fibrillogenesis. However, a recent study demonstrated that 7—n
stacking is not a prerequisite for formation of fibrillar structures by
the islet amyloid polypeptide (IAPP) (/0). Our data similarly
demonstrate that fibrillar species formed by DANKA exhibited
a unique tubular morphology (Figure 1C,D). We hypothesize that
substitution of the bulky aromatic residues with short-chain
alanines significantly altered peptide assemblies in comparison
to the native molecule, facilitating lateral growth of the fibril
assemblies.

According to the FTIR spectrum in Figure 2, DANKA, in
which the aromatic amino acids are absent, adopts a strictly
antiparallel S-sheet fibril organization. The antiparallel arrange-
ment of S-strands in DANKA allows more efficient interactions
between adjacent [-sheets through the electrostatic attrac-
tion between aspartic acid and lysine, yielding thicker fibers.
Interestingly, DANKA produced fibrils at similar or even higher
rates compared to that of the native fragment. The tendency
of DANKA to aggregate in aqueous solution is particularly
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interesting because this fragment possesses a relatively hydro-
philic sequence. The driving force for fibrillation in this case
appears to be the electrostatic affinity between residues of
opposite charges (i.c., aspartic acid and lysine), as well as the
N- and C-termini of the peptide. The structural and kinetic data
obtained for the DANKA fibrils suggest that 77— stacking is not
a prerequisite for fibril formation; however, aromatic interac-
tions determine to a large extent the topology of amyloid fibrils.

The experiments highlight the impact of lipid bilayers upon the
kinetics and morphology of fibril formation. TEM analysis in
Figure 1 indicates that each of the three peptides studied was
affected differently by DMPC/DMPG/cholesterol vesicles. While
the lipid vesicles induced much faster fibrillation of both the
native sequence DFNKF and the substituted peptide DFNMF,
the effects of the vesicles upon the morphologies of the peptide
aggregates were different. DFNKF fibrils were visually similar
in vesicle-containing and vesicle-free solutions; however, the
DFNMF aggregates in the presence of the vesicles appeared to
be highly fragmented and uneven, compared to the smooth
elongated fibrils formed in buffer. In contrast to these two
peptides, fibrillation kinetics and fibril structures of DANKA
were unaffected by the lipid vesicles present in the aqueous
solutions.

The experiments underscore the critical roles of single residues
within the short peptide fragments in the alteration of vesicle-
induced fibril formation. The hydrophobic residues phenylala-
nine and methionine in particular appear to be central to lipid-
modulated fibrillation. In this context, DANKA, in which the
phenylalanines were substituted with alanines, formed aggregates
after similar incubation times in buffer and in vesicle suspensions.
This result stands in contrast to the results for DENKF or
DFNMF which formed fibrils much faster in the presence of lipid
vesicles (Figure 1).

The CR analysis in Figure 3 illustrates the effect of lipid
bilayers upon the structure and organization of fibrils formed by
the three peptides. While the parent sequence DFNKF induced
gold-green birefringence in buffer as well as in a vesicle suspen-
sion (Figure 3A,B), fibrils formed by the two mutants in the
absence of lipids did not assemble in a similar fashion (Figure 3C,E).
The mechanism of amyloid-targeted staining by CR was pro-
posed to involve nonspecific intercalation of the dye into grooves
within amyloid fibrils and binding to aromatic (6/) and polar
chemical groups (62). The absence of the CR green birefri-
ngence in DANKA and DFNMF assemblies formed in buffer
might correspond to more rigid, compact fibrillar structures
and poor accessibility of the dye to the required chemical
elements.

The FRET data in Figure 4 disclose that all three peptides
preferably interacted with model membranes containing nega-
tively charged phospholipids. The FRET experiments suggest
that all pentapeptides studied form membrane-active early
oligomers, believed to constitute the toxic, membrane-active
species, in many amyloid systems. The putative formation of
prefibrillar oligomers is supported by the kinetic modulation of
membrane activity apparent in Figure 4, ascribed to aggregation
of oligomeric species. However, the relatively rapid fibrillation of
the peptides (Figures 1 and 4) might indicate a lower abundance
of prefibril oligomers. The protective effect of rapid fibrillation
upon toxicity in general, the cell membrane in particular, has
been recently demonstrated (63). The concurrent peptide-induced
aggregation of the vesicles further suggests that the preformed
fibrils bound at the lipid bilayer interface, thus promoting
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agglomeration. While gradual vesicle aggregation was induced
by all three peptides, the peptides differed in their initial mem-
brane disruption. Specifically, the FRET data in Figure 4C
demonstrate that substitution of lysine with methionine in
DFNMF resulted in much more significant modulation of the
bilayer organization compared to both the native sequence
DFNKEF as well as DANKA. This result is consistent with the
pivotal role of lysine in the affinity for the negatively charged
DMPG in the vesicles.

In conclusion, this work demonstrates that substitution of
certain amino acids in peptide fragments significantly modifies
the structural features and kinetics of fibrillar structures formed
by short amyloidogenic pentapeptides. The experiments reveal
that amphipathicity is an important factor not only determining
the propensity to aggregate but also radically affecting fibrillar
morphology. We find that aromatic interactions are not essential
for fibrillation and that a zwitterionic fragment was also forming
elongated tubular structures solely through electrostatic forces.
Spectroscopy and microscopy data point to the interdependence
of both amino acid sequence and bilayer lipid composition in
determining the fibrillation kinetics and structural features of the
peptide aggregates formed. Overall, this work demonstrates that
amino acid sequence and lipid interactions play prominent roles
in affecting aggregation processes involving even very short
amyloidogenic peptide fragments.
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