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Amyloid fibers are highly ordered, stable protein aggregates
that share common structural and staining characteristics,

despite being composed of proteins or peptides with little or no
obvious sequence homology. In Vivo, amyloid often presents as a
pathological hallmark of certain diseases such as Alzheimer’s
disease, in which the self-assembly of the natively unfolded 40 or
42 residue peptide Aβ into amyloid is associated with disease
progression.1More recently, examples have emerged that suggest a
nonpathogenic role for amyloid. These include curli fibers pro-
duced by Escherichia coli that aid in adhesion of the bacterium to
surfaces and stain with the amyloid specific Congo Red dye and
yeast and fungal prions (e.g., Sup35 and HET-s) that confer
particular phenotypic traits to hosts.2Why some amyloid fibers are
pathogenic and some are “useful” may be, at least in part, due to
variations in structure.3 Therefore, understanding particular se-
quence-structure-function relationships is likely to be essential
in defining why certain amyloids exhibit characteristic activities.

Despite the lack of a clear sequence similarity between protein
or peptide precursors, there is a generic conformation for
amyloid known as cross-β, i.e., the perpendicular orientation of
peptide strands respective to the fiber axis. It has been suggested
that the ability to form amyloid is an inherent property of the
polypeptide backbone and that any amino acid sequence would
be able to form amyloid under particular conditions.4 However,
polymorphisms in amyloid indicate that while this proposition
may be true, side chains do in fact play a fundamental role and
may be responsible for the structural differences in fibers at an
atomic level (side chain and peptide packing) or at a macro-
molecular level (protofilament packing). Therefore, sequence

features may drive assembly into specific conformations while
maintaining the overall cross-β arrangement.5 Many disease-
associated amyloid fibers are formed from large protein precur-
sors that require a degree of unfolding before they can begin to
self-assemble into amyloid.6 Often these fibers contain a cross-β
core composed of a limited number of residues that have been
identified by hydrogen-deuterium exchange and limited
proteolysis.7-10 Isolated homologous peptide fragments are able
to form amyloid fibers that show structural similarities to their
parent proteins.11 Fibers formed from these short peptides are
often more amenable to biophysical analysis than those formed
by larger precursors.11-15 Furthermore, they can give more
specific clues as to the roles of particular residues in assembly
and structure. With this view in mind, we have used the well-
characterized peptide KFFEAAAKKFFE13 as a model system to
investigate the influence of particular residues in structure and
assembly using a combination of mutagenesis and analysis of the
resulting structures using various biophysical methods.

KFFEAAAKKFFE is a designed peptide based on one of the
shortest amyloid-forming peptides known, KFFE, linked by a
flexible hydrophobic linker region.16,17 The sequence contains
features that are believed to increase the propensity to form
amyloid and initiate aggregation, including FF pairs that feature
in Aβ and serum amyloid A protein13,18,19 and the motif AAXK,
found in R-synuclein.13 Previously, analysis of fibrous crystals
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ABSTRACT: Amyloid-like fibrous crystals formed by the
peptide KFFEAAAKKFFE have been previously characterized
and provide an ideal model system to examine the importance
of specific interactions by introducing specific substitutions. We
find that the removal of any phenylalanine residue completely
abrogates assembly ability, while charged residues modulate
interactions within the structure resulting in alternative fibrillar
morphologies. X-ray fiber diffraction analysis reveals that the essential backbone packing of the peptide molecules is maintained,
while small changes accommodate differences in side chain size in the variants. We conclude that even very short peptides are
adaptable and add to the growing knowledge regarding amyloid polymorphisms. Additionally, this work impacts on our
understanding of the importance of residue composition for amyloidogenic peptides, in particular the roles of electrostatic,
aromatic, and hydrophobic interactions in amyloid assembly.
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formed by KFFEAAAKKFFE in phosphate-buffered saline
(PBS) resulted in a high-resolution structural model.13 The data
were consistent with a model in which the extended β-strands
run antiparallel to each other within a β-sheet, phenylalanine
residues closely interlock in the sheet spacing direction and stack
in the fiber axis direction, and electrostatic interactions are
present between K1 and K9 on one peptide with E12 and E4,
respectively, on the next β-strand down in the β-sheet. These
electrostatic interactions are thought to stabilize the structure in
the hydrogen-bonding or fiber axis direction and drive the
antiparallel arrangement. The β-sheets associate laterally in the
sheet-spacing direction and end to end, in the latter case possibly
due to the positive and negative charges at the end of the
peptides, forming a brick-like arrangement when viewed down
the fiber axis (Supporting Information Figure S1).13 Perpetua-
tion of peptide association in each of these three dimensions
is likely to be responsible for the crystalline nature of
KFFEAAAKKFFE assemblies.

The high-resolution detail available for KFFEAAAKKFFE13

(hereafter referred to as the WT sequence) makes it an ideal
model system to assess the contribution from individual residues
on assembly and structure. We initially investigated the influence
from the phenylalanine residues and the previously proposedπ-
π stacking by creating several variants in which either one or
combinations of two phenylalanine residues were replaced with
alanine. This replacement ensured that some hydrophobic
character was maintained. Next, contributions to fibril formation
from electrostatic interactions were investigated by constructing
similar variants whereby lysine was replaced with alanine. The
influence of smaller chemical changes on sequence was also
investigated by creating a similar set of variants, except that lysine
was replaced with arginine. Third, the role of charged ends in
peptide association in the end-to-end lateral direction was
explored using a peptide variant that had capped (uncharged)
ends. The assembly and morphology of variants were monitored
using electron microscopy. Intrinsic phenylalanine fluorescence
from each of the variants was also examined to investigate
aromatic stacking arrangements within the variants. Finally,
X-ray fiber diffraction (FD) was carried out on fibrils formed
by some of the variants to determine similarities and differences
in the packing of the peptides within the structures formed
compared to WT.

The results reveal important aspects regarding sequence
determinants of amyloid assembly. In particular, they highlight
a central role for the aromatic and hydrophobic phenylalanine
residue in assembly propensity and the role of electrostatic
interactions in mediating lateral association of protofilaments
within the fibrils and fibrous crystals. These results demonstrate
the dramatic effects amino acid sequence changes can have on
amyloid forming propensity and resulting structure, particularly
in relation to the contribution of phenylalanine in driving
assembly and electrostatic and aromatic interactions in peptide
packing.

’EXPERIMENTAL PROCEDURES

Preparation of Peptides. Peptides used are shown in Ta-
ble 1. NH3

þ-KFFEAAAKKFFE-COO-, Ac-KFFEAAAKKFFE-
NH2, and F/A variants of KFFEAAAKKFFE were purchased as
lyophilized powders from Bachem (St. Helens, U.K.) at >97%
purity. K/A and K/R variants of KFFEAAAKKFFE were syn-
thesized using 9-fluorenylmethyloxycarbonyl for temporary

R-amino group protection and a low-loaded Wang resin pre-
loaded with the C-terminal amino acid. Protecting groups used
were Pbf (2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl)
for arginine, OtBu (--butyl ester) for glutamic acid, and Boc
(tert-butoxycarbonyl) for lysine. Each amino acid was coupled as
a hydroxybenzotriazole active ester, automatically formed im-
mediately prior to use. Automated synthesis took place on an
Intavis Multipep peptide synthesizer (Intavis Bioanalytical In-
struments AG, Cologne, Germany).
Cleavage from the resin and deprotection of the peptide were

achieved with a mixture containing 9.5 mL of trifluoroacetic acid,
0.25 mL of triisopropylsilane, and 0.25 mL of water at 20 �C for 2
h. After filtration to remove resin, the peptide was precipitated
from solution with cold ether. After standing on ice for 10 min,
the peptide was pelleted by centrifugation and the ether decanted
away. This was repeated once before the peptide was solubilized
in 5 mL of water and lyophilized. The crude peptides were
analyzed by reverse-phase HPLC-mass spectrometry on an
Agilent 1100 Series LC/MSD using a Zorbax Eclipse XDB-C8
rapid resolution HT 3.0 � 50 mm 1.8 μm column, using a 0.8%
TFA/water-acetonitrile gradient. Peptides were purified by
reverse-phase HPLC on a Perkin-Elmer Series 200 system using
a Zorbax 300SB-C8, 21.2� 250 mm, 7 μm column using a 0.8%
TFA/water-acetonitrile gradient.
Peptide solutions were made up to a concentration of 5 mg/

mL in either Milli-Q 0.2 μm filtered water or phosphate-buffered
saline (PBS) diluted 10� (stock PBS; 19 mM sodium dihydro-
gen phosphate (NaH2PO4), 81 mM disodium hydrogen phos-
phate (Na2HPO4), 1.5 M NaF, pH 7.4). Due to the interference
of Cl ions in circular dichroism measurements, PBS was made
using NaF instead of NaCl. Samples set up at pH 2 and 12 were
dissolved in filtered 10 mM phosphoric acid and 10 mM
disodium hydrogen phosphate (Na2HPO4), respectively. After
addition of solvent, samples were vortexed briefly and centri-
fuged for 5 min at 13000 rpm to remove any preformed

Table 1. Peptide Sequences Constructed for Experimental
Analysis

Wild-type H2N-KFFEAAAKKFFE-COOH

Capped peptide CH3CO-KFFEAAAKKFFE-CONH2

F/A variants

F2A KAFEAAAKKFFE

F2AF3A KAAEAAAKKFFE

F3AF11A KFAEAAAKKFAE

F10F11A KFFEAAAKKAAE

F11A KFFEAAAKKFA

K/R variants

K8R KFFEAAARKFFE

K8RK9R KFFEAAARRFFE

K9R KFFEAAAKRFFE

K1R RFFEAAAKKFFE

K1RK8R RFFEAAARKFFE

K1RK9R RFFEAAAKRFFE

K/A variants

K8A KFFEAAAAKFFE

K8AK9A KFFEAAAAAFFE

K9A KFFEAAAKAFFE

K1A AFFEAAAKKFFE

K1AK8A AFFEAAAAKFFE

K1AK9A AFFEAAAKAFFE
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aggregates using an Eppendorf MiniSpin microcentrifuge
(Eppendorf AG, Hamburg, Germany). Any pellet that formed
was discarded. Concentration was determined by careful weigh-
ing out of the peptide using amicrobalance (Sartorius,MA, USA)
and calculating the appropriate volume of solvent to be added to
achieve the required concentration. Samples were agitated at a
speed of 100 rpm at 20 �C for 7 days and examined using the
methods indicated below.
Negative Stain Transmission Electron Microscopy

(TEM). Four microliters of peptide solution was placed onto a
400 mesh, carbon/Formvar-coated copper grid (Agar Scientific,
Essex, U.K.) and incubated at room temperature for 2 min. The
grid was washed once using Milli-Q 2 μm filtered water and
negatively stained twice with 4 μL of filtered 2% (w/v) uranyl
acetate solution. At each stage excess liquid was blotted with filter
paper. The grid was allowed to air-dry before examining in a
Hitachi 7100 microscope (Hitachi, Germany) operating at 100
kV fitted with a Gatan Ultrascan 1000 CCD camera (Gatan,
Abingdon, U.K.). All measurements of TEM images were made
using ImageJ.20

Intrinsic Phenylalanine Fluorescence. Peptide solutions at
a concentration of 5 mg/mL in either PBS or water were diluted
to 0.5 mg/mL with the appropriate buffer. Samples were placed
in a microvolume cuvette with a 1 cm path length, and fluores-
cence emission from phenylalanine was measured after 7 days
using a Varian Cary Eclipse fluorometer (Varian, Oxford, U.K.)
using an excitation wavelength of 265 nm. Water or PBS base-
lines were subtracted from the data. Triplicate measurements
were taken and averaged. Excitation and emission slits were both
set to 5 nm. The scan rate was 600 nm/min with 1 nm data
intervals and an averaging time of 0.1 s. The voltage on the
photomultiplier tube was set to high (800 V). The temperature
was maintained at 20 �C using a Peltier device.
Circular Dichroism. Peptide solutions were diluted to 0.5

mg/mL, as for phenylalanine fluorescence experiments, and
placed in a 0.02 cm quartz cuvette (Starna, Essex, U.K.).
Measurements were taken using a JASCO J-715 spectropolari-
meter. The time constant (response) was set to 4 s and the scan
rate to 50 nm/min. The bandwidth was 1 nm and the sensitivity
set to standard. Scans were performed from 320 to 180 nmwith a
0.1 nm data pitch and continuous scan mode. A Peltier device
was used to maintain a temperature of 20 �C. Scans were taken in
triplicate and the data averaged. Buffer or water baselines were
subtracted. Only data recorded with an HT voltage of less than
600 were plotted. All measurements were originally measured in
millidegrees and converted to units of mean residue ellipticity
(MRE).
X-ray Fiber Diffraction (FD). Peptide samples were prepared

for fiber diffraction by placing 20 μL of solution between two
wax-filled capillaries and allowed to air-dry at room temperature.
The samples were placed on a goniometer head and data
collected using a Rigaku rotating anode (Cu KR) and Raxis
IVþþ detector (Rigaku, Sevenoaks, U.K.) with specimen to film
distances of either 160 or 250 mm. Alternatively, diffraction data
were collected on the I24 Microfocus MX beamline at Diamond
Light Source, Oxford, U.K., using a wavelength of 0.9778 Å and a
distance of 400 mm. Experiments were carried out on at least two
separately prepared samples to confirm results.
Data Processing and Unit Cell Optimization. The program

CLEARER was used for processing experimental diffraction data
and unit cell determination.21 Diffraction patterns were uploaded
into the program and centered. Diffraction settings depended

upon the data collectionmethod. For in-house data the sample to
detector distance was 160mm, the wavelength was 1.5419 Å, and
the pixel size was 400 μm. For synchrotron data the settings were
312mm, 0.9778 Å, and 440 μm. Diffraction signal positions were
measured by CLEARER, and these were compared to those
measured by hand using a function of the program. Using these
signal positions, possible unit cells were generated. Initially
guessed lattice vectors were defined as a = 4.69 Å, b = 15 Å,
and c = 25 Å based on expected unit cell dimensions and R = β =
γ = 90�. awas defined as the fiber axis, and b (sheet-spacing) and
c (chain length) were optimized. The most intense d-spacings
(reflections) measured were entered, and a unit cell was refined.
Modeling of Peptide Structures. Peptide structures were

based on the original WT model structure deposited in the
Protein Data Bank (3BFI).13 This structure must be translated by
(0.45, -02.14, 1.47), as defined in the header to set the origin
and generate symmetry-related objects within the unit cell. The
structure was viewed in Pymol, and residues were mutated to
arginine or alanine as appropriate for the variants. The structures
were then centered within a new unit cell to be tested and
symmetry-related objects generated to fill the unit cell.
Calculation of Diffraction Patterns fromModel Structures.

The model structures were uploaded to diffraction simulation
module within CLEARER,21 and unit cell dimensions deter-
mined from unit cell determination analysis were input for
diffraction calculation for each of the individual model structures.
Diffraction settingswere set tomatch experimental settings, and the
diffraction pattern was calculated from the structural models within
a defined unit cell. Crystallite size was set to 80 nm and a sampling
interval of 1 pixel to give sharp images for the arginine variants
(default is 20 nm).Default valueswere used for all other values. The
calculated patterns were displayed and compared to experimental
data by comparison of a quadrant of the calculated pattern.

’RESULTS

Initially, the assembly characteristics of wild-type and variant
peptides were investigated using electron microscopy, and the
resulting morphology was evaluated. Each of the peptides shown
in Table 1 were incubated for 7 days in buffer or water.

Electron microscopy confirmed that the wild-type peptide
forms striated fibrous crystals in PBS but is unable to assemble in
water13 (Figure 1). The pH of the solubilized peptide in water is

Figure 1. Electron micrographs of the assembled wild-type, capped,
and K/R variant peptides in PBS (5 mg/mL). These peptides did not
assemble in water at 5 mg/mL. Scale bars are 200 nm.
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3.0 ( 0.5, which results in a charge on the wild-type peptide of
þ4, whereas in PBS (pH 7.4), the charge isþ1. Lopez de la Paz
previously reported that a net charge of (1 allowed for ordered
aggregation into amyloid, likely due to reduced repulsion be-
tween peptide molecules.22 These results are consistent with this
observation and suggest that for this system charge is an
important factor in amyloid assembly, in agreement with pre-
vious studies.22,23 To investigate the effect of pH further, the WT
peptide was prepared at a pH of 2 or 12. WT peptide did not
assemble with increased net charges (þ4 at pH 2 and -3 at pH
12). Charge contributions come from both side chains and theN-
and C-termini on the peptides; at high or low pHs the N- and
C-termini are not zwitterionic, and therefore peptides will be
unable to interact end to end. This may contribute to the inability
to assemble. Therefore, to investigate the role of the charged
ends, the assembly of a peptide with capped, uncharged ends was
examined under the same assembly conditions. Electron micro-
scopy revealed that the capped peptide is able to assemble in PBS
but not in water at a concentration of 5 mg/mL, similar to WT.
However, increasing the concentration to 10 mg/mL allowed
assembly in water (data not shown) whileWT does not assemble
at 20 mg/mL. This may be due to the reduced charge on the
capped peptide in water of þ3. When the capped peptide was
incubated at pH 2 and 12 at 5 mg/mL (with respective net
charges ofþ3 and-2), small amounts of fibrillar aggregates were
observed by electron microscopy (data not shown). However,
this appeared to be less efficient and less ordered in morphology
than assembly in water. Interestingly, the fibers formed by the
capped peptide in PBS at 5 mg/mL differed from those formed
by wild-type peptide and did not show lateral striations or lateral
aggregation to form larger fibrous crystals (Figure 1). Instead, the
capped peptide formed amyloid fibrils with a diameter of around
10 nm, indicating that the charged ends play a role in lateral
association of protofilaments in wild type.

To investigate the role of phenylalanine in fibril assembly,
peptides with single or double substitutions of phenylalanine for
alanine (see Table 1) were incubated in water and PBS. Strik-
ingly, none of the F/A variants were able to assemble under the
conditions examined, and circular dichroism confirmed that the
solutions contained a random coil conformation (Supporting
Information Figure S2). This appears to indicate that all four of
the phenylalanine residues are required for assembly and that
replacement with alanine renders them assembly incompetent.

In contrast, replacement of the lysine residues with alanine
resulted in peptides that were able to assemble in both water and

PBS, while the peptides in which lysine was more conservatively
replaced with arginine were unable to assemble in water but did
form fibrils in PBS, as with the wild-type peptide. Examination of
the electron micrograph images (Figures 1 and 2) of the resulting
fibrils revealed a variety of morphologies, whereby the K/R
variants mostly formed fibrous crystals similar to those formed
by wild type in PBS. K/A variants tended to form more amyloid
fibrillar-like morphologies in both water and PBS. The ability of
the K/A variants to assemble in water is supported by the idea that
overall charge is important and lowering net charge to þ3 for
single mutants and þ2 for double mutants in water promotes
assembly. The WT peptide model shows lysine-glutamate elec-
trostatic interactions stabilizing the fiber axis direction.13However,
the resulting morphology of K/A variants indicates that lysine
residues may also be involved in lateral association of protofila-
ments, since these peptides are unable to form crystalline species.
In contrast, the K/R peptides retain the same charge properties as
wild type. The larger size of the arginine side chain might be
expected to disrupt the association between β-sheets, and this was
further investigated using biophysical and diffraction methods.
Circular dichroism of the peptide assemblies was performed.
However, many of the peptide assemblies failed to give consistent
results due to differences in solubility and contributions from
linear dichroism signals arising from partial alignment.15

The previously interpreted molecular structure of wild-type
assemblies in PBS indicated interactions between phenylalanine
residues both between sheets and along the fiber axis
(Supporting Information Figure S1). To investigate this further
and to compare to variant assemblies, intrinsic phenylalanine
fluorescence was investigated. Monitoring intrinsic fluorescence
from other aromatic residues (tryptophan and tyrosine) has been
used previously for amyloid systems to explore the conforma-
tional environment of certain regions using the fluorescent
residue as a probe.15,24-29 Experiments investigating the intrinsic
phenylalanine fluorescence from a short peptide from Aβ,
KLVFF, showed a red shift of the emission peak from the
normally observed phenylalanine fluorescence maximum.30

When an excitation wavelength of approximately 260 nm is
used, phenylalanine in solution exhibits a fluorescence peak
around 280 nm.31 However, the investigators found that fibrils
formed from KLVFF gave fluorescence emission spectra that
were shifted from this position to a longer wavelength of 313 nm,
which they attributed to π-π stacking between aromatic
residues.30 As this interaction is also proposed to feature in the
model of the WT structure, the intrinsic fluorescence from

Figure 2. Electron micrographs of assembled K/A variant peptides in water and PBS (5 mg/mL). Scale bars are 200 nm.
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phenylalanine was measured to corroborate the π-π stacking
and thus the integrity of the published model13 and once again
determine whether the variants differed in this respect to theWT.

Phenylalanine fluorescence from the WT peptide (Figure 3)
resulted in a peak at 303 nm from the PBS sample that is not
observed in the water sample. This may arise from the stacking of
the phenylalanine residues within the fibrous crystals, which is
supported by the model structure. The position of this peak
differs slightly from those reported previously,30 but as it is only
present in the sample that assembled, we propose that it is
attributable to π-π stacking. Investigation of assemblies of
capped peptide in water and in PBS showed an intrinsic
phenylalanine fluorescence peak at 282 nm with a shoulder
centered around 303 nm, suggesting assembly in water that leads
to association of phenylalanine residues (although no assemblies
were visible at the concentration of 5 mg/mL in water but were

observed at higher concentrations). Consistent with electron
microscopy results showing that F/A variants do not assemble in
water, CD spectra showed a random coil signal at 195 nm
(Supporting Information Figure S2), and intrinsic phenylalanine
fluorescence showed no additional peak.

None of the K/R variants in either water or PBS showed the
shoulder at 303 nm by intrinsic phenylalanine fluorescence. This
seems to suggest that although the conformation of the peptide
and its ability to assembly in PBS and not water are similar to wild
type, the close association of the phenylalanine residues that
gives rise to the 303 nm peak is disrupted, possibly by accom-
modation of the larger side chain. TEM revealed that K/A
variants were able to fibrillize in water and that in PBS they did
not form WT-like crystals, but narrow fibrils. Intrinsic phenyla-
lanine fluorescence revealed the 303 nm peak only for K8A
(PBS), K9A (PBS and water), and K1A (water) and a relatively

Figure 3. Phenylalanine fluorescence of wild-type and variant peptides following incubation in water and PBS at 5 mg/mL.WT is shown as a solid black
line in all figures. K8A, red open circles; K8AK9A, blue closed circles; K9A, green open squares; K1A, yellow closed squares; K1AK8A, gray open
triangles; K1AK9A, orange closed triangles.
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strong peak for K8AK9A in water and K1AK9A in both solvents,
indicating that in these fibrils the association of phenyl-
alanine residues is maintained. The latter result was somewhat
unexpected given that very few fibers were observed by TEM in
water and none at all in PBS but, in a similar manner to the
capped peptide, may point toward peptide association and π-π
stacking from small, oligomeric species. The lack of any peak at
303 nm for K8A in water, K1A in PBS, and K1AK8A in both
solvents suggests that π-π stacking might be disrupted in these
assemblies. The results of TEM, phenylalanine fluorescence, and
also fiber diffraction analysis are summarized in Table 2.

X-ray fiber diffraction reveals information regarding the re-
peating units within the amyloid-like fibrils and can be analyzed

to arrive at unit cell dimensions to enable model structures to be
constructed.32 We attempted to align all of the fibril-forming
variants to form fiber samples for examination by X-ray diffrac-
tion. All of the diffraction patterns obtained from fibril-forming
samples gave characteristic cross-β patterns; however, some gave
additional information and are shown in Figure 4. First glance
reveals that the diffraction patterns obtained from K/R variants
show a series of very sharp reflections, and this is highly
consistent with the observation of fibrous crystals by electron
microscopy similar to that obtained from the WT peptide. In
contrast, patterns from capped and K/A peptides showed more
diffuse reflections, and this is consistent with the appearance of
fibrils by TEM. The positions of the reflections were measured

Table 2. Summary of Resultsa

TEM phenylalanine fluorescence (303 nm) fiber diffraction model

water PBS water PBS water PBS water PBS

WT - þþ - þ - Makinc - Makinc

capped - þþþ þ þ þb - - -
F/A - - - - - - - -
K8R - þ - - - - - -
K8RK9R - þþ - - - þ - -
K9R - þþ - - - þ - -
K1R - þþ - - - - - -
K1RK8R - þþ - - - þ - þ
K1RK9R - þþþ - - - þ - -
K8A þþþ þþþ - þ þ þ - þ
K8AK9A þþþ þþþ þ þ þ - - -
K9A þþþ þþ þ þ þ - - -
K1A þþþ þþ þ - þ - - -
K1AK8A þþ þ - - - - - -
K1AK9A þ - þ þ - - - -

a For TEM images, where no material is observed, a dash is shown. Where fibrils were observed, their relative estimated quantity is given byþ (very few
fibrils) to þþþ (high fibril concentrations). Representative TEM images are shown in Figures 1 and 2. Those samples that showed a phenylalanine
fluorescence peak at 303 nm are indicated withþ. Similarly, samples that diffracted and were modeled are indicated byþ and are shown in Figures 4 and
6. bCapped peptide prepared at 10 mg/mL. c See ref 13.

Figure 4. X-ray fiber diffraction patterns of K/A and K/R variants that aligned. Fiber axes are vertical. The position of the strong 4.7 Å meridional
reflection is highlighted by white arrows. The spotted rings arise from PB crystals forming from the buffer.
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and are shown in Supporting Information Table S1. The reflec-
tions were then analyzed using CLEARER21 to explore possible

unit cell dimensions (details shown in Supporting Information
Table S2). This analysis allows us to determine how similar or

Table 3. Unit Cell Determination

WT PBS capped water K8A PBS K9A water K8RK9R PBS K1RK8R PBS K1RK9R PBS

b 21.3 21.80 21.60 18.35 21.26 22.80 21.93

c 48.1 31.05 47.92 38.92 51.71 50.12 53.30

Figure 5. Schematic showing model structures arising from structural analysis of fiber diffraction patterns and unit cell determination.
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different the structures of the variants are when compared to the
WT structure. Only those patterns with sufficient information
could be indexed, and further analysis of patterns from fibrils of
K8AK9A, K1A, and K9R were not attempted. The determined
unit cell dimensions for those patterns that showed a number of
signals on the equator are shown in Table 3. Further information
on how the unit cells were determined can be found in the
Supporting Information (Tables S1 and S2).

The capped variant showed some similarities to WT patterns,
specifically in the chain length direction, but could not be indexed
to the same unit cell as WT. This may indicate that the
arrangement of the peptides differs from the WT arrangement
and that this difference arises from the removal of charged ends.
These clearly play a role in lateral association that gives rise to the
crystalline packing afforded by theWT peptide. The K8A pattern
could be indexed to a cell 9.5 Å� 21.6 Å� 47.9 Å, which is very
similar to theWT unit cell as shown in Table 3 and indicates that
despite the effects of the alanine substitution that results in
fibrillar, rather than crystalline structures, the structure is main-
tained in this variant. K8A in PBS produced a diffraction pattern
with more detail and was used for unit cell analysis. The
substitution K9A appears to be more disruptive, and the unit
cell determination gave smaller dimensions (9.5 Å � 18.3 Å �
38.9 Å), suggesting that the structural packing is more con-
densed, arising from the removal of K9. A schematic of possible
changes to the structures compared to wild type is shown in
Figure 5.

The replacement of lysine with arginine in the double mutants
mostly resulted in ordered, crystalline-like fibrils that gave highly
ordered diffraction patterns. It is interesting to note that only
double mutations gave rise to ordered patterns. Unit cell
determinations from K8RK9R, K1RK8R, and K1RK9R were
similar (around 9.5 Å � 21-22 Å � 51-53 Å), suggesting that
these peptides are all accommodated within similar packing
arrangements. Consideration of how this impacts on the struc-
ture of the peptides is shown in the schematic in Figure 5 for
K1RK8R and suggests that the intersheet spacing increases from
10.66 Å (for WT) to around 11 Å for the K/R mutants. This
allows the larger side chain to be accommodated within the
structure without significant changes to the packing. However,
this slightly larger sheet spacing could explain the lack of any red-
shifted phenylalanine fluorescence signal for all R variants, since
this increase in spacing could disrupt the association that might
give rise to this signal. Similarly, the majority of K/A variants
showed smaller β-sheet spacings because the less bulky alanine
allows the sheets to come closer together. K8A gives a similar β-
sheet spacing to WT, while it seems that K9 is influential in
determining this distance as the greatest reduction was in
K8AK9A and K9A samples.

The model for theWT peptide has a brick-like arrangement of
peptides,13 and fiber diffraction supports a similar arrangement
for the K/R variants except with increased chain length and sheet
spacing dimensions (Figure 5a,b). It would also seem that K8A
has a similar underlying structure (Figure 5c). From these data,
K9A and the capped peptide do not appear to adopt this
arrangement. The very narrow width of the filaments formed
by K9A constrains the models that could be proposed. The
length of one 12 residue peptide chain is approximately 42 Å, and
the width of the fibers formed by K9A is approximately 50 Å.
Therefore, it would seem more likely that in these fibers the
peptides are arranged in a similar fashion to that shown in
Figure 5d. Due to the shorter c distance in the capped unit cell,

no peptide arrangement has been proposed for the capped peptide.
It appears that the change in C- and N-terminal charges has a
significant effect on the arrangement of the peptides in the fibrils.

In order to test the suggested minor changes to the structures,
K8A and K1RK8R models were generated within the suggested
unit cells (Table 3) and corresponding diffraction patterns were
calculated using CLEARER21 and compared to the experimental
data. The close similarities between the experimental and calcu-
lated patterns are shown in Figure 6, indicating that altering the cell
dimensions, but not the arrangement, significantly produces
models that are consistent with the experimentally observed data.

’DISCUSSION

The aim of this work was to determine how certain amino acids
influence assembly and resulting fiber structure using the peptide
KFFEAAAKKFFE as a basis for comparison for a selection of
variants constructed. The difficulty in using X-ray crystallography
as a method for structure determination of amyloid-forming pep-
tides is well-known, and hence in many cases other biophysical
methods are used to gain structural clues.33 Here, a collection of
techniques were used to assess the extent to which the variants
differed structurally from the WT peptide and how the peptides
might be arranged in any assemblies that formed.

The morphologies of the fibrils and fibrous crystals did appear
to vary between the different variants, indicating a modulation of
protofilament packing arising from the amino acid substitutions
in terms of charge and amino acid side chain size. Additionally, it
appears that particular substitutions may have more of an effect
than others, namely, that phenylalanine seems to be important in
allowing fibrillization to proceed.18

Net charge and solution pH seem to be important determi-
nants, in line with previous observations.23,34,35 The WT peptide
cannot assemble in water (where the net charge is þ4) at any
concentration tested up to 20mg/mL. This is likely to be because
of the high overall net charge leading to repulsion and because of
the unbalanced charges on the N- and C-termini, which will be
protonated and uncharged, respectively. Capping the ends
removes this latter effect and still no assembly is seen at 5 mg/
mL despite the lower net charge of þ3. However, raising the
concentration of the capped peptide to 10 or 20 mg/mL results
in an assembly-competent peptide that forms fibrils in water. The

Figure 6. Model structures for two variants, K1RK8R (right) and K8A
(left), showing comparison between experimental and calculated dif-
fraction patterns in the quadrant insert. Themodel structures within unit
cells are shown above each fiber pattern. The calculated patterns show
excellent agreement with the experimental data.
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charges on theN- and C-termini, therefore, seem to contribute to
lateral association, and removal results in an alternative structure
(narrow fibrils), whereas overall net charge and concentration
affect simply whether peptides will assemble or not. Lower net
charges result in greater assembly potential. Peptide solubility is
also important and may be affected not only by differences in net
charge but also by chemical composition and screening effects
induced during aggregation.

In these experiments, the presence of all four phenylalanine
residues is essential for assembly. However, intrinsic phenylala-
nine fluorescence data indicate that very close aromatic interac-
tions, although possibly present in many cases, might contribute
to but not be essential for stabilization of the structure. These
results suggest that hydrophobicity, and not aromaticity, of
phenylalanine may be the primary driving force of assembly.
Although alanine is hydrophobic, it is less so compared to
phenylalanine.36 Results from short amylin-derived peptides
and islet amyloid polypeptide where phenylalanine was substi-
tuted for either leucine or alanine showed that the F/L peptides
were far more amyloidogenic than the F/A peptides, leading the
investigators to conclude that aromaticity is not fundamental in
amyloid formation.37,38 However, the authors do acknowledge
that the aromatic character of phenylalanine does have an
influence on assembly and the resulting ultrastructure.38 As we
do not see assembly when phenylalanine is replaced with alanine,
we can conclude that this is due to either a reduction in
hydrophobicity or abolishment of aromaticity. Nevertheless,
the intrinsic phenylalanine fluorescence data suggest that aro-
maticity does play a structural role. A feature of most of the
crystal structures produced by the Eisenberg group is the steric
zipper where side chains interdigitate in a dry interface due to a
high complementarity.11 This does not appear to be the case for
the fibrous crystals formed by KFFEAAAKKFFE. Instead, the
crystalline structure appears to be generated because of the
combination of features of the peptide, namely, the charged
ends, the location of the ionizable K and E residues, and the
presence and position of the hydrophobic, aromatic phenylala-
nine residues.

Replacing lysine with alanine had the second most dramatic
effect, after the F/A variants. K/A variants were able to fibrillize in
water at 5mg/mL, possibly due to the combination of a lower net
charge and the replacement of lysine with the more hydrophobic
alanine. In PBS, fibrils only, and not crystals, formed despite the
zwitterionic N- and C-terminal charges. Lysine may also be
involved in lateral association as its removal hinders this process
and the formation of crystalline species. In addition, a lower net
charge (0 or-1) could cause backbone hydrogen bonding in the
fiber axis direction to proceed without competition from charge
repulsion. In some of the variants in PBS the salt bridge would be
affected by replacement of lysine with alanine, particularly in the
K1AK9A variant. Indeed, this peptide does not assemble in PBS.
However, in water, in all cases no salt bridge would be able to
form as the charge on the glutamate residues will be zero.
Therefore, it is possible that in water the fibrils that are formed
by the K/A variants have a very different structure that does not
feature a salt bridge, nor in some cases π-π stacking, as a
stabilizing force. Replacing lysine with arginine had less impact
structurally, but nevertheless effects were significant, and the
location of the substitution appeared to be important.

Interpretation of the biophysical data gives us clues regarding
how these assemblies show similarities or differences from the
WT fibrous crystals and each other. Intrinsic phenylalanine

fluorescence shows that there are likely to be subtle differences
even among similar structures. Therefore, it may be concluded
that while some peptides form an overall similar architecture in
terms of peptide packing, the variation induced by replacing
either K1 or K9 with alanine affects the interaction between
phenylalanine residues.

Other residues are also able to affect side chain interactions.
Here, the presence of arginine instead of lysine appears to affect
the interactions between phenylalanine residues. The similar
macroscopic morphology and unit cell dimensions suggest that
in general these variants are similar to the WT peptide but that
π-π stacking might not be fundamental for maintenance of the
structure.

The lack of a fluorescence peak at 303 nm is evident in other
samples. K8A appears similar in water and PBS from TEM and
FD results. However, intrinsic phenylalanine fluorescence data
suggest that these residues are more closely positioned to each
other in the fibrils that form in PBS, as no 303 nm signal is
observed for K8A in water. FD would not pick up on such subtle
differences in side chain packing; rather it serves to provide
information on how the peptides are packed overall on a longer
scale range.

These results show how changes in chemical composition in
short peptides such as these can have dramatic effects on
assembly and structure. Understanding precisely how sequence
influences structure usingmodel systemsmay help to understand
structure-function relationships. Recent work by Campioni
et al. has highlighted how toxicity may be dependent on structure
and that surface hydrophobic exposure in oligomeric species may
be responsible for toxic effects.39 This work reveals the essential
role of phenylalanine in amyloid assembly but also that peptides
are able to form alternative structures and adds to the knowledge
regarding polymorphism in amyloid. The wide range of mor-
phologies shown here and their vastly different underlying
structural characteristics illustrate how peptides capable of
forming amyloid structures are adaptable and respond to the
constraints imposed upon them to form alternative structures.
The results also highlight how altering the chemical composition
of peptides can in some cases alter assembly and structure more
than is anticipated, as illustrated by the K/R variants. Insights
from experiments on short peptides such as those shown here
contribute to our understanding of the specific activities of
different amyloid structures and allow exploitation from an
industrial and design perspective.
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