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Abstract: The aggregation of proteins and peptides in the form of stable and highly ordered amyloid fibrils
is most commonly associated with pathological conditions such as Alzheimer’s disease and the transmissible
spongiform encephalopathies. The involvement of only a handful of proteins in amyloid formation in vivo has
commonly been thought of as the result of some unusual conformational characteristic of the sequences of the
proteins involved. Recent evidence has however suggested that the formation of these highly ordered structures
is a generic process arising from the fundamental physicochemical properties of the polypeptide chain. In this
study, we have shown that we can incorporate short peptides into amyloid fibrils assembled from unrelated
peptides and from a full-length protein. This result provides compelling evidence that amyloid fibril assembly
is a fundamental property of polypeptide chains. We have also demonstrated by doping with fluorescently
labeled peptides that the fibrils can be modified to incorporate unusual functional groups, suggesting the
possibility of the production of a wide range of novel nanomaterials with potentially important properties.

Introduction
A range of debilitating human diseases is associated with

protein misfolding events. Recently, considerable attention has
been focused on a group of diseases where proteins or fragments
of proteins convert from their normally soluble forms to
insoluble fibrils or plaques, which accumulate in a variety of
organs including the liver, spleen, and brain.1 The insoluble
material, known as amyloid, has a well-defined fibrillar
structure.2 The diseases associated with amyloid deposition
include Alzheimer’s disease, the spongiform encephalopathies
such as Creutzfeldt-Jakob disease and kuru, late-onset diabetes,
and a range of less well-known but often equally serious
conditions such as fatal familial insomnia and familial Mediter-
ranean fever.3 The formation and deposition of protein ag-
gregates is thought to be the direct or indirect origin of the
pathological conditions associated with the disease in question,
and each disease is associated with a particular protein.
Remarkably, despite the fact that all of the proteins involved in
these diseases have unique and characteristic native folds, the
fibrils in which they are found in the disease states are extremely
similar in their overall appearance.4 These supramolecular
aggregates are characterized by a typical “cross-â” X-ray
diffraction pattern indicative of a stackedâ-sheet structure in
which the strands are arranged perpendicular to the fibril axis;
by a long, unbranched appearance under electron microscopy;

and by staining with the dye Congo Red, which exhibits a green
birefringence when viewed under polarized light.

The involvement of only a handful of proteins in amyloid
diseases has commonly been thought to be the result of some
particular conformational characteristic of the protein sequences
involved. But evidence has recently accumulated suggesting that
the ability to form amyloid fibrils is not a peculiarity of this
small group of proteins.5 At low pH, a concentrated solution of
the SH3 domain of PI-3′ kinase turned into a viscous gel after
several hours.6 When this gel was examined by electron
microscopy and other techniques, it was found to contain well-
defined fibrils with all the characteristics of those associated
with disease-related amyloid. This protein has no connection
with any known disease. Formation of similar fibrils has also
been observed when a domain of fibronectin was heated to
temperatures above that required for unfolding.7 Similarly, acyl-
phosphatase was found to form amyloid fibrils when incubated
under partially denaturing conditions8 and other examples are
being steadily reported. Interestingly, there are also a number
of observations in the early literature of fibrous gels being
formed for a range of different proteins under a variety of non-
physiological conditions,9 reinforcing the idea that the ability
to form amyloid fibrils is a generic property of polypeptide
chains. This ability can readily be explained by the fact that
the intermolecular bonds that stabilize this material involve the
peptide backbone, which is common to all proteins. It also
follows that if the formation of amyloid fibrils is a truly generic
property of the peptide backbone, it should be possible to gen-
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erate mixed fibrils comprising two independent molecular
species.

In the present study, we demonstrate that amyloid fibrils
consisting of two unrelated species can be formed. None of the
peptides or proteins examined is directly implicated in any
naturally occurring disease yet the resulting structures resemble
closely those formed in vivo in pathological states. Furthermore,
by incorporating extrinsic fluorescent groups into assembled
fibrils, we demonstrate the assembly from protein molecules
of well-defined fibrillar materials with unusual and potentially
useful properties. Two peptides, TTR10-19 and TTR105-115, both
derived from the sequence of the human plasma protein
transthyretin were employed in our investigations as probes of
cofibril formation. Each corresponds to aâ-strand in the native
structure of this extensivelyâ-sheet protein. Both peptides
readily assemble into fibrils with all of the structural charac-
teristics that are diagnostic of amyloid. TTR10-19 has a single
cysteine residue at position 1 and this was chemically modified
with the fluorophore fluorescein-5-maleimide (F5M-TTR10-19).
TTR105-115 does not contain any amino groups other than the
terminal R-amino group; this group was coupled to the
fluorescent group dansyl chloride (dansyl-TTR105-115).

Results

Incorporation of Labeled Peptides into “Self” Fibrils. To
investigate whether chemical modification of the peptides
interfered with the peptide self-assembly, we first formed
amyloid fibrils containing a mixture of labeled and unlabeled
peptides of the same amino acid sequence. After incubation for
7 days, the resulting fibrils were examined by ultracentrifugation,
electron microscopy (EM), circular dichroism (CD) spectros-
copy, and fluorescence methods. CD data were consistent with
the formation of extensiveâ-sheet structure, and EM indicated
the formation of fibrils that are visually very similar to those
formed by the unlabeled peptides.10 Sedimentation of the fibrils
by ultracentrifugation resulted in partitioning of the fluorescent
peptides almost exclusively into the fibrillar fraction, with less
than 5% remaining in the supernatant. As shown in Figure 1A,
the fluorescence emission of the fluorescein moiety of F5M-
TTR10-19 undergoes a red-shift of 9 nm when incorporated into
TTR10-19 fibrils, and the anisotropy of the fluorescein increases
from 0.03 for the monomeric peptide in aqueous solution to
0.17 on formation of the fibrils (Table 1). This increase in the
anisotropy of the fluorescent moiety indicates incorporation of
the fluorophore into large complexes that exhibit slow rotational
motion. The dansyl moiety of dansyl-TTR105-115exhibits a blue-
shift of 26 nm when incorporated into fibrils comprising
TTR105-115 (Figure 1B) and an increase in the fluorescence
anisotropy from 0.02 to 0.13 (Table 1).

Detection of Labeled Peptides in Peptide Cofibrils.These
spectral changes provide a means of monitoring the incorpora-
tion of each of the two labeled peptides into fibrils composed
predominantly of the other peptide. TTR10-19 containing 1%
(w/w) dansyl-TTR105-115was resuspended at a final total peptide
concentration of 10 mg/mL in 10% CH3CN adjusted to pH 2
with TFA. The sample was incubated at 37°C for 10 days,
after which time the CD spectrum indicated the formation of
significantâ-sheet structure, and fibrils were observed by EM.
The fluorescence spectrum shows a significant blue-shift in the
emission from the dansyl moiety when compared to soluble
peptide (Table 1), and the anisotropy of the probe increases
from 0.03 to 0.17. Greater than 90% of the labeled peptide

partitioned with the fibrils on sedimentation by ultracentrifu-
gation. Fluorescence light microscopy of this pelleted material
demonstrated a green fluorescence (Figure 2), consistent with
insertion of the probe into high molecular weight structures.
Similarly, 10 mg/mL TTR105-115 containing only 1 wt % of
F5M-TTR10-19 incubated for 10 days at 37°C in 10% CH3CN
formed extensiveâ-sheet structure as indicated by CD. The
shape of the CD spectrum is, however, substantially different
from that of TTR105-115 alone: a prominent negative band
previously observed at∼235 nm, which we ascribe to the
formation of a turn structure in the assembled fibrils, decreases
in magnitude (Figure 3). This suggests a substantial change in
the secondary structure of the peptides in the fibrillar array. The
fibrils observed by EM are different in appearance from the
almost crystalline structures formed by TTR105-115alone (Figure
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Figure 1. Fluorescence emission spectra of labeled peptide fibrils.
Panel a: F5M-TTR10-19 incorporated into TTR10-19 fibrils (dashed line)
is compared with F5M-TTR10-19 (solid line) in 20 mM sodium
phosphate buffer, pH 7.0 at a final labeled peptide concentration of
0.3µM. Panel b: dansyl-TTR105-115 incorporated into TTR105-115 fibrils
(dashed line) is compared with dansyl-TTR105-115 (solid line) in water
at a final labeled peptide concentration of 0.9µM. The fluorescence
spectra have been normalized.

Table 1. Spectral Properties of Fluorescently Labeled Amyloid
Fibrils

fluorophore fibrils λmax
a (nm) ∆ λmax

b anisotropyc

F5M-TTR10-19 518 0.03
F5M-TTR10-19 TTR10-19 527 9 0.17
F5M-TTR10-19 TTR105-115 520 2 0.22
F5M-TTR10-19 insulin 524 6 0.16
TTR105-115-dansyl 502 0.02
TTR105-115-dansyl TTR10-19 476 26 0.16
TTR105-115-dansyl TTR105-115 472 30 0.13
TTR105-115-dansyl insulin 470 32 0.19

a The wavelength of maximum fluorescence emission.b The change
in the wavelength of maximum fluorescence emission on incorporation
of the labeled peptide into fibrils.c The fluorescence anisotropy,
acquired atλmax.
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4a), and we observe cofibrils with a regular periodic twist
(Figure 4b,c). Fluorescence spectroscopy indicates little change
in the spectral properties of the fluorescein moiety, which
exhibits a red-shift of only∼2 nm, but the anisotropy increases
substantially to 0.22. These experiments together indicate that
it is possible to generate cofibrils of two different peptides,
strongly suggesting that the identity of the amino acid side
chains is not critical for the ability of a polypeptide chain to
form fibrils.

To establish the location of the fluorescent peptides doped
into the fibril assemblies, we developed an immunogold labeling
procedure. The fluorescein moiety provides a ready antigenic
target for antibody binding that, on addition of a second antibody
labeled with colloidal gold, can be detected by electron
microscopy. This technique is similar in concept to that
employed for identification of pathological proteins, by way of
in situ staining of thin tissue sections.11 Figure 5a shows

TTR10-19 fibrils containing 1 wt % of F5M-TTR10-19, probed
with rabbit anti-fluorescein IgG, which was then probed with
gold-labeled goat anti-rabbit IgG antibody. The 5-nm gold
particles are observed to be associated with the various fibrils,
whereas TTR10-19 fibrils alone did not elicit a reaction to the
antibody. Measurement of the distances between successive gold
clusters bound to the fibril indicates that the gold particles are
distributed on average every 40-50 nm, but at irregular intervals
along the fibril length. The hydrogen-bonding distance between
peptides along the long axis of the fibril is 4.7 Å,4 so the average
distance between clusters suggests that the antigenic label is
incorporated every 80-100 peptides. During fibrillogenesis, the
fluorescently labeled peptide, which makes up∼1 in every 100
of the peptide precursors, appears to be incorporated randomly
into the growing fibril. Immunogold labeling of cofibrils made
up of TTR105-115 containing a trace of F5M-TTR10-19 are
presented in Figure 5b. Gold particles are bound at ap-
proximately 40-60-nm intervals along the length of the fibril,
again suggesting random insertion of the guest peptide into the
growing fibril â-sheet scaffold. A further control experiment
in which labeled peptide was added to preformed TTR105-115

fibrils did not elicit antibody binding, indicating that F5M-
(11) Inoue, S.; Kuroiwa, M.; Saraiva, M. J.; Guimaraes, A.; Kisilevsky,

R. J. Struct. Biol.1998, 124, 1-12.

Figure 2. Fluorescence light microscopy of TTR10-19 amyloid fibrils
containing 1% (w/w) dansyl-TTR105-115. TTR10-19 fibrils containing
dansyl-TTR105-115 were prepared at a total of 10 mg/mL peptide in
10% (v/v) CH3CN adjusted to pH 2 with TFA and incubated at 37°C
for 10 days. Fibrils were pelleted by centrifugation at 9500g for 15
min; the pellet was resuspended in H2O pH 2, deposited on a glass
slide, and imaged using fluorescence light microscopy.

Figure 3. Change in the secondary structure of amyloid fibrils on
doping with guest peptide. Circular dichroism spectroscopy of TTR105-115

fibrils in the presence and absence of 1% (w/w) F5M-TTR10-19.
TTR105-115 fibrils (dashed line) were generated by resuspending the
peptide at 10 mg/mL in 20% CH3CN at pH 2 and incubating for 24 h
at 37°C, followed by 7 days incubation at room temperature. Fibrils
containing 1% (w/w) F5M-TTR10-19 (solid line). The 10 mg/mL peptide
stock solution was incubated for 10 days at 37°C in solution containing
10% CH3CN.

Figure 4. Change in the morphology of amyloid fibrils on doping
with guest peptide. Negative stain electron microscopy of TTR105-115

fibrils in the presence and absence of F5M-TTR10-19. Panel a: electron
micrographs of TTR105-115 fibrils formed by incubation for 24 h at 37
°C, followed by 7-days incubation at room temperature in 20% CH3-
CN pH 2. Panels b and c: electron micrographs of cofibrils consisting
of TTR105-115 containing 1% (w/w) F5M-TTR10-19, formed by incuba-
tion for 10 days at 37°C. Fibrils were negatively stained with uranyl
acetate. Scale bar, 200 nm.

Figure 5. Immunogold labeling of TTR peptide cofibrils. Panel a:
TTR10-19 fibrils containing 1% (w/w) F5M-TTR10-19. Panel b: TTR105-115

fibrils containing 1% (w/w) F5M-TTR10-19. Scale bars, 200 nm.
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TTR10-19 does not merely bind nonspecifically to fully as-
sembled fibrils.

Incorporation of Labeled Peptides into Insulin Fibrils . An
additional series of experiments was carried out to determine
whether the fluorescently labeled peptides could be incorporated
into fibrils assembled primarily from an unrelated protein
sequence and, moreover, a sequence of 51 residues, much longer
than that of the reporter peptides. The protein chosen for
investigation was bovine insulin, which consists of two disulfide-
linked chains in its largely helical native fold. The formation
of fibrils from bovine insulin is well established and is readily
achieved by heating the protein to high temperatures (>60 °C)
at low pH.12 Under these conditions, however, the rate of fibril
formation by the insulin molecules is significantly faster than
that observed for TTR10-19 and TTR105-115, 7 h for completion
of the process, whereas both peptides remain soluble for 48 h
under similar conditions. Experiments revealed that the kinetics
of fibril formation by the two protein species must be relatively
evenly matched, otherwise the fluorescent species is not
incorporated efficiently into the growing fibril. We therefore
modified the conditions of fibril formation by insulin to adjust
the rate of assembly to approximately that of fibril formation
by the short peptides: pH 2.7 at 55°C, under which conditions
the fibrils formed over a period of 10 days. The peptides alone
at the concentration used for cofibril formation (0.05 mg/mL)
remained fully soluble over a period of 3 weeks under identical
conditions.

Comparison of CD spectra acquired over the 10-day incuba-
tion period indicates the transition from the predominantly
R-helical structure of bovine insulin to theâ-sheet structure
typical of amyloid fibril formation, as reported previously.13 The
resulting fibrils display a characteristic helical twist along the
long axis of the fibril, repeating every∼60 nm (Figure 6a).
Approximately 60% of the F5M-TTR10-19 sedimented with the
fibrils on ultracentrifugation, and the fluorescence properties
of the probe that colocalized with the fibrils were consistent
with insertion of the fluorescein group into the fibril structure
(6-nm spectral shift, anisotropy 0.16; Table 1). The fluorescence
properties of purified cofibrils containing dansyl-TTR105-115

were also consistent with insertion of the fluorophore into the

insulin fibrils, with a 32-nm blue-shift in the wavelength of
maximum emission to 470 nm and an increase in anisotropy to
0.19 (Table 1). More than 70% of the peptide was found in the
pellet on centrifugation of the fibrils.

Panels b and c of Figure 6 show the results of immunogold
labeling of insulin fibrils containing F5M-TTR10-19. Again, gold
clusters can be seen associated with the fibrils, indicating the
incorporation of the labeled peptide, and there was no nonspe-
cific binding of F5M-TTR10-19 on incubation of soluble peptide
with preformed insulin fibrils. Unlike the cofibrils prepared with
TTR10-19 or TTR105-115 (Figure 7a), the binding of gold-labeled
antibody to insulin-TTR cofibrils appears to exhibit a degree
of regularity. The periodicity is presented as a histogram in
Figure 7b, which indicates that the labeling occurs at∼60- and
∼125-nm intervals. A possible interpretation of this result is
the regular insertion of the peptide into the growing insulin
fibrils: the helical twisting of insulin fibrils every 60 nm along
the fiber axis (Figure 6a) is at least one structural phenomenon
that repeats at regular intervals. The periodic binding of gold
particles may represent insertion of the peptide into the growing
insulin fibril only on fibril twisting. However, current models
of fibril assembly indicate that protofilament substructures are
formed first, which then associate and adopt a helical pitch only
in the assembled fibril.10,14 We therefore believe that the
observed peridocity is due to the exposure of the antigen to the
aqueous phase at intervals defined by the twisting of the fibril
and that peptide incorporation into the growing protein fibril
once again occurs randomly.
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Biochemistry1999, 38, 8972-8980.

Figure 6. Electron microscopy and immunogold labeling of bovine
insulin fibrils doped with guest peptide. Panel a: insulin fibrils
containing F5M-TTR10-19, negatively stained with uranyl acetate, to
illustrate the regular nature of the helical twist along the length of the
fibril. Scale bar, 100 nm. Panels b and c: immunogold labeled bovine
insulin fibrils containing 1% (w/w) F5M-TTR10-19. Scale bars, 200 nm.

Figure 7. Periodic binding of anti-fluorescein IgG to insulin-TTR10-19

cofibrils. Panel a: histogram showing the distance (in nm) between
colloidal gold particles bound to TTR105-115 fibrils containing F5M-
TTR10-19. The distance between particles was measured from the image
presented in Figure 5b. Panel b: histogram showing the distance (in
nm) between colloidal gold particles bound to insulin fibrils containing
F5M-TTR10-19. The distance between particles was measured from the
images presented in Figure 6b,c.
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Discussion

The current evidence that unrelated peptides can be incor-
porated into amyloid fibrils provides compelling support for a
generic structure of these fibrils that is dictated not by side-
chain-specific interactions but by the formation of a network
of hydrogen bonds between the invariant groups that make up
the polypeptide backbone. In correctly folded globular proteins,
the backbone is involved in a series of stabilizing interactions
and thus amyloid fibril formation is observed only following
partial denaturation or destabilization of a stable tertiary
structure15 or the physiologically inappropriate generation of
unstructured peptide fragments in vivo.16 The identity of the
amino acid side chains will affect the structure and stability of
the protein precursor but will not dictate the fundamentalâ-sheet
hydrogen-bonding network of the assembled fibril. Different
side chains will pack together in different ways within the
assembled sheet structure, as indeed is observed in globular
structures.17 It is likely that for some sequences particularly
favorable contacts will be made between different side chains
and result in more favorable packing interactions. Such se-
quences may therefore show high propensities to form fibrillar
structures. But these propensities, and the stability of the fibrils
under specific solution conditions, will also depend on the
intrinsic properties of the soluble form of the polypeptide chain,
such as its interaction with solvent and the stability of the
globular structure. Moreover, the identity of the amino acid side
chains will also influence the interactions between the unstruc-
tured regions that are thought to have an effect on the self-
assembly of protofilaments into amyloid fibrils. In this way,
different protein species may give rise to amyloid fibrils with
differences in the detailed morphology but with a common
underlying hydrogen-bondingâ-sheet network.

The formation of mixed fibrils may also be of significance
in diseases associated with amyloid deposition. It has been
demonstrated that amyloid protein A (AA) amyloidosis in mice
can be accelerated by the injection of preformed amyloid fibrils
assembled from a number of peptide sources, including residues
20-29 of islet amyloid polypeptide (IAPP) and the sequences
TTR10-19 and TTR105-115employed in this study.18 This suggests
that injection of fibrillar material could provide a seeding
mechanism for the deposition of amyloid protein A. Cofibril
formation is also consistent with the detection of both wild-
type and mutant forms of transthyretin in FAP amyloid
deposits19 and the colocalization of apolipoprotein E with the
Aâ-peptide implicated in Alzheimer’s disease.20 Mixed fibril
deposition in vivo is statistically much less likely than the
formation of fibrils from a single species, as the process of

cofibril formation would require partial unfolding, degradation,
or destabilization of two molecular species in the same location,
processes that are rigorously controlled in the cell.

Non-native self-assembling peptide polymers have previously
been synthesized, following careful design principles based on
side-chain interactions, to form reversible and pH-dependent
hydrogels,â-sheet peptide nanotubes that can act as nonspecific
pores within membranes,â-sheet “nanotapes”, and lamellar
crystals.21 The formation of amyloid fibrils of the type described
in the present work requires no explicit design process since it
is a fundamental property of the polypeptide backbone. The
solubility, stability, and conformational properties of monomeric
precursors will, however, vary with the specific sequence,
allowing exploitation of a wide range of environments for fibril
assembly. The side-chain interactions withinâ-sheets of different
compositions will furthermore influence and modulate the
physical properties and the morphologies of the resulting fibrils.
We and others have observed the formation of amyloid fibrils
as tubular structures with a hollow core, flat ribbonlike
morphologies and twisted fibrils where the periodicity of the
twist is dictated by the identity of the protein or peptide
precursor; we have also noted the influence of the protein
precursor on the average diameter and homogeneity of the
resulting fibril population.22 Moreover, previous work has
indicated that fibril assembly can be reversed on modulation of
the solvent environment,10 suggesting their utility as chemically
reversible and biodegradable gels. Indeed, it seems likely that
the amyloid fibrils from native proteins and peptides are closely
related to some of these artificially designed systems.

In addition to the 20 naturally occurring amino acids,
manipulation of bacterial expression systems has enabled the
incorporation of amino acids with unnatural side chains into
the polypeptide chain,23 thereby expanding the repertoire of
chemical functionalities available for exploitation. By utilizing
specific conjugation chemistries, amyloid fibrils may provide
a rigid scaffold that can be covalently modified by the
conjugation of fully folded and active proteinaceous enzymes
or cofactors or nonprotein materials such as metals, chelating
agents, or optically active compounds. Indeed, Krobitsch &
Lindquist24 have demonstrated the conjugation to an amylo-
idogenic protein species of an extrinsic protein that remains
active even on induction of fibril assembly, suggesting that a
functional native protein structure can be maintained indepen-
dently of the formation of amyloid fibrils. Moreover, recognition
of the fact that fibril assembly is a fundamental property of the
polypeptide chain raises the possibility of employing these
fibrillar arrays as structural building blocks in the development
of novel biomaterials and nanostructures. Unlike the products
of conventional organic polymerization processes, artificial
proteins can be engineered with virtually absolute control of
composition, chain length, sequence, and stereochemical purity.
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The vast array of possible combinations of the 20 naturally
occurring amino acids suggests innumerable possibilities for
novel biomaterials. The production of fibrils with fluorescent
properties in the present work indicates the ability to design
nanomaterials with potentially important physical properties for
a wide range of applications.

Conclusion

In the current study, we have shown that it is possible to
form amyloid fibrils consisting of two distinct molecular species
that coassemble within theâ-sheet array that makes up the core
of these structures. This evidence that fibril assembly is not
dependent on the identities and properties of the amino acid
side chains in the polypeptide sequence provides strong evidence
that fibrillogenesis is a fundamental property of all proteins,
rather than a pathogenic process restricted to just a few unusual
sequences. Additionally, by incorporating unusual chemical
groups into the fibrils we have demonstrated that these fibril
assemblies may be functionalized, suggesting their potential use
as novel biomaterials with a wide range of possible applications.

Experimental Section

Peptide Synthesis.TTR10-19 (CPLMVKVLDA) and TTR105-115

(YTIAALLSPYS) were synthesized on an Applied Biosystems 430A
automated peptide synthesizer using standard Fmoc chemistry, within
the Oxford Centre for Molecular Sciences. After cleavage from the
support, the peptides were purified by RP-HPLC on a Beckman System
Gold HPLC using either an analytical Brownlee 4.6× 30 mm C-8
reversed-phase column or a preparative Vydac 10× 250 mm C-18
reversed-phase column. Fractions eluting from the column were
analyzed by MALDI-TOF mass spectrometry, and fractions of the
desired molecular weight were pooled and lyophilized.

Peptide Labeling. (1) TTR10-19 Labeling with Fluorescein. The
N-terminal cysteine residue of TTR10-19 was the target for labeling by
the thiol-reactive fluorophore fluorescein-5-maleimide (F5M; Molecular
Probes, Eugene, OR). TTR10-19 was resuspended at 1 mg/mL in H2O,
and the cysteine residue reduced by the addition of a 10-fold molar
excess of tris(2-carboxyethyl) phosphine (TCEP; Molecular Probes)
and incubation for 1 h atroom temperature. F5M in DMSO was added
to the peptide solution to give a 10-fold molar excess of fluorophore
over peptide in a final concentration of 10% DMSO. Under these
conditions, TTR10-19 was fully soluble. The mixture was incubated
overnight at 4°C to ensure maximum labeling. The labeling mixture
was then applied to a disposable SepPak C-18 reversed-phase chro-
matography column (Waters, Milford, MA) and washed with H2O/
CH3CN (90:10 v/v). TCEP and unreacted label eluted in the wash. The
peptide was then eluted from the column with H2O/CH3CN (40:60 v/v),
and a mixture of labeled and unlabeled peptide was detected by
MALDI-TOF mass spectrometry. The labeling efficiency was estimated
at ∼70% by mass spectrometry and also by absorption measurements,
assuming an extinction coefficient of 83 000 at 492 nm.

(2) TTR105-115 Labeling with Dansyl Chloride. The N-terminal
amino group of TTR105-115 was the target for labeling with dansyl
chloride (Molecular Probes). TTR105-115 was resuspended at 1 mg/mL
in H2O/CH3CN (80:20 v/v). Dansyl chloride in DMSO was added to
the peptide solution to give a 10-fold molar excess of fluorophore over
peptide in a final concentration of 10% DMSO. The pH was adjusted
manually to 9.0 with the addition of ammonia. Under these conditions,
TTR105-115 was fully soluble. The mixture was incubated for 2 h at
room temperature to ensure maximum labeling. The labeling mixture
was then applied to a disposable SepPak C-18 reversed-phase chro-
matography column (Waters) and washed with H2O. There was no
detectable elution of material during the wash step. The peptide was
then eluted from the column with H2O/CH3CN (50:50 v/v), and a
mixture of labeled and unlabeled peptides was detected by MALDI-
TOF mass spectrometry. Unreacted dansyl chloride did not elute from
the column under these conditions. The labeling efficiency was

estimated at∼80% by mass spectrometry and also by absorption
measurements, assuming an extinction coefficient of∼4000 at 370 nm.

Fibril Formation. TTR10-19 fibrils, in the presence and absence of
F5M-TTR10-19, were generated by resuspending the peptide at 10 mg/
mL in H2O at pH 2.0 and incubating at room temperature for 5 days.
In fibrils containing the labeled species, the molar ratio of unlabeled
to labeled peptide was 100:1.

TTR105-115 fibrils, in the presence and absence of dansyl-TTR105-115,
were generated by resuspending the peptide at 10 mg/mL in CH3CN/
H2O (20:80 v/v) at pH 2 and incubating at 37°C for 7 days. In fibrils
containing the labeled species, the molar ratio of unlabeled to labeled
peptides was 100:1.

Bovine insulin (Sigma Chemical Co., MO) fibrils were generated
by resuspending the protein at 11.5 mg/mL (2 mM) in H2O at pH 2.5
and incubating the suspension at 70°C for 1 h. The protein solution
was plunged into liquid N2 and then returned to 70°C for a further 4
h.

Cofibril Formation. Both TTR10-19 fibrils containing dansyl-
TTR105-115 and TTR105-115 fibrils containing F5M-TTR10-19 were
prepared at a molar ratio of unlabeled to labeled peptides of 100:1.
The stock solution containing a total of 10 mg/mL peptide was prepared
in CH3CN/H2O (10:1 v/v) adjusted to pH 2 with H2O and incubated at
37 °C for 10 days. Bovine insulin was prepared as a stock solution of
9.7 mg/mL in H2O at pH 2.7, containing a molar ratio of insulin to
labeled peptide species (dansyl-TTR105-115 or F5M-TTR10-19) of 40:1.
The solution was incubated at 55°C for 10 days. Fibril formation was
assessed by CD spectroscopy and by EM.

Circular Dichroism Spectroscopy.CD spectra were acquired on a
Jasco model J-720 spectropolarimeter using a 0.1-cm path length quartz
cuvette. The temperature was kept constant at 25°C by use of a
circulating water bath. Each spectrum represents the average of four
scans acquired at 0.5-nm intervals between 200 and 250 nm, with a
response time of 4 s. The data are expressed in millidegrees rather
than mean residue ellipticity due to the difficulty associated with
accurately determining the absolute concentration of an aggregated
peptide. For this reason, it was not possible to accurately determine
the amount ofâ-sheet structure within the complexes. Furthermore, in
all cases, the absorption of the sample was monitored concurrently to
the circular dichroism signal, to avoid possible distortion of the spectrum
due to light scattering or absorption flattening phenomena.

Fluorescence Spectroscopy.Fluorescence spectroscopic measure-
ments were performed on a Perkin-Elmer LS50B luminescence
spectrometer equipped with a fast filter accessory to enable anisotropy
measurements. Quartz cuvettes with a 1-cm path length were employed
throughout. The temperature was kept constant at 25°C by use of a
circulating water bath. Slit widths were 2.5 and 10 nm unless otherwise
stated. Samples containing fluorescein were excited at 490 nm, with
emission detected between 500 and 600 nm. Samples containing dansyl
chloride were excited at 370 nm and the emission measured between
400 and 550 nm. The absorbance of each sample at the excitation
wavelength was also monitored using a Cary-3 absorbance spectrometer,
to avoid scattering artifacts and inner filtering effects. All anisotropy
measurements were monitored over 10 s to rule out photobleaching
phenomena and then averaged.

Electron Microscopy. Electron micrographs of amyloid fibrils were
acquired on a JEOL JEM-1010 transmission electron microscope at
80-kV excitation voltage. A 2-µL sample of peptide at a concentration
of 10-60 µg/mL was applied to Formvar- and carbon-coated copper
grids. The fibrils were washed by the successive addition of three 10-
µL aliquots of water, each wash step followed by drying with filter
paper. The fibrils were stained with by the addition of 10µL of uranyl
acetate (1% w/v) and immediately dried with filter paper.

Immunogold Labeling. A 2-µL aliquot of peptide at a concentration
of 10-60 µg/mL was applied to Formvar- and carbon-coated grids.
After 1 min, the solution was blotted with filter paper, and the grids
blocked with Hanks’ balanced salt solution (HBSS; Sigma Chemical
Co, St. Louis, MO) containing 1% (w/v) ovalbumin for 5 min. Sample
treatment was performed by inverting the grids onto a 20-µL droplet
of the appropriate solution placed on a sheet of laboratory Parafilm.
The grids were incubated with the primary antibody (rabbit anti-
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fluorescein IgG diluted 1/10 into HBSS, Molecular Probes) for 30 min
at room temperature before washing three times for 5 min with the
blocking solution (HBSS/ovalbumin). The secondary antibody, colloidal
gold-labeled goat anti-rabbit IgG (Sigma Chemical Co.), was diluted
1/10 in HBSS and applied to the grids for 30 min. The grids were
washed three times for 10 min in blocking solution, fixed in 0.5% (v/
v) glutaraldehyde for 10 min, washed with H2O for 1 min, and stained
with 0.5% (w/v) uranyl acetate.
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