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Protein amyloid fibrils have many features that are potentially
of great value for the construction of functional materfatsFor A
example, they self-assemble from soluble precursors and once
formed are chemically and physically stable, with a uniform
architecture. These properties have recently been used to template
the formation of metal nanowirés, and enzymes and GFP have
been successfully attached in their active forms to amyloid fibFfils.

Many of nature’s molecular wires consist of chains of heme
molecules organized optimally for electron transfer over long(

nm) distance$.The display of redox proteins on fibrils would mimic
such multiheme cytochromes and hence could provide materials
for self-assembling molecular wires and circuits. Toward this end,
we show here that we can successfully display a porphyrin binding
protein on an amyloid fibril scaffold and incorporate heme to form
a functionalb-type cytochrome.

Amyloid fibrils can be formed from a large variety of polypeptide C
sequence%They have diameters typically around 10 nm and lengths
often exceeding several micrometers. They share a common X-ray
fiber diffraction pattern indicative g§-strands perpendicular to the
fibril axis. Our design of a fibrillar cytochrome sequence consists
of two covalently fused sections. The first is a tandem repeat of an -

86 residue SH3 domain, (SH3which forms well-defined fibrils \_/’ 30 . ; . . | |
at concentrations as low as 3tM in 6 h under appropriate 200 Z‘OWav:agwff 240 250
conditions? The second is a functional metalloporphyrin binding )

. . . . . Figure 1. (A) Bright field negatively stained TEM images of (SH3Jrils
unit, the 106 residue cytochronhgs, from E. coli, which by itself (left) and holo-(SH3)Cyt fibrils (right). Differences in morphology are

does not aggregate on the same time scale under the conditionsighlighted in (B), where representative (Skiprils (top) are compared
required for fibril formation by (SH3) to (SH3)Cyt fibrils (bottom). (C) Fiber XRD patterns taken from (Ski3)

We constructed a gene for a 294 res|due’ 32 kDa proteln‘ fibrils (bottom) and apo—(SHSQ:yt fibrils (top), both share meridonal and

: _ : equatorial reflections and so have similar protofilament structures. (D) CD
(SH3)Cyt, which fused the cytochrome (Cy1) to the C-terminus spectra. Monomeric apo-(SH&yt at pH 7 has awns structure (blue). At

of the tandem repeat aia 6 amino acid linking sequence 2.3, itis unfolded (green). After (SH®)yt fibrils are formed, increased
(GSGGGG). (SH3yt was expressed iB. coli and holo- (heme ellipticity at 216 nm is observed (red), consistent with the formation of

bound) and apo-proteins were purified as described in the Sup-/-sheets. When compared with (SH8prils (black), increased ellipticity
porting Information. Fibrils were formed from apo-(SHGyt at at 222 and 208 nm is observed, suggesting additiodatlical content.
pH 2 in 4 days, following an incubation for 15 min at pH 3.5 that red, and show resistance to proteolysis, all indicators of an amyloid
acts to reduce the lag phas€he yields of conversion of monomeric ~ core structure.
protein into aggregated material were—7D%, as quantified by When viewed by TEM it is clear that discrete (Sk3iprils
absorption at 278 nm after ultracentrifugation. The fibrils were possess a linear, rod-like morphology (Figure 1A, left) with a 7.5
shown to contain full length, nonhydrolyzed polypeptide by gel nm diameter. Discrete (SH®)yt fibrils have a diameter of ca. 8
electrophoresis and ESI-mass spectrometry after dissociation in SDS'M and have a helical twist with a pitch of ca. 200 nm (Figure 1A,
(see Supporting Information). right). These two morphologies are compared more closely in Figure
The CD spectrum (Figure 1D) shows that (SEE3)t has ams 1B. Despite sharing XRD reflections (Figure 1C) and CD spectra
conformation at pH 7, initially appears unfolded at pH 2, and then (Figure 1D), and hence similar core protofilaments, the higher order
tends toward #-sheet conformation as fibrils form. The diffraction ~ assembly is evidently perturbed by the addition of the cytochrome.
patterns (Figure 1C) of (SHgibrils and apo-(SH3)Cyt fibrils Cytochromebsg binds metalloporphyrins noncovalently, yielding
both show a meridonal reflection at 4.7 A and an equatorial distinctive peaks in the electronic spectrum, originating from two
reflection at 9.6 A, characteristics of a crggstructure. The fibrils ~ POrphyrinz—s* transitions? that allow a clear distinction to be

bind thioflavin-T, give apple green birefringence on binding congo made between bound and free porphyrin states. The UV-vis spectra
of purified (SH3)}Cyt fibrils bound to iron(ll) and iron(lll)

* Department of Chemistry. protoporphyrin X are identical to those of the wild type cytochrome
8 Department of Physics. within the certainty of the concentration estimate (Figure 2A,B).
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per cytochrome molecule at saturation is 0450.04 for the fibrils.
By contrast, monomeric (SHZ}yt can be completely saturated
under these conditions, showing that only half of the total heme
binding sites are accessible in the fibrillar state.
Taking the fibril to be a cylinder of 8 nm diameter and of constant
T partial specific volume, 0.73 chy~1,12 the density of metallopor-
phyrin molecules, and hence metal ions, can be estimated to be
2.6 per nm (see Supporting Information). This number is exception-
ally high and is consistent with the observation by TEM that no
individual cytochrome molecules are resolved on the surface of
the fibril. The effective concentration of heme then becomes ca.
20 mM and increases the probability that the porphyrins are within
the 1.4 nm limit of separation required for rapid electron transfer
in biological conductor$?
One-dimensionalH NMR spectra (Figure 2F) of apo-(SH8)yt
fibrils show well-resolved peaks characteristic of a mobile, unfolded
protein that are not observed in spectra from the (SHiByils.
The observed resonances arise from the apo-cytochrome attached
to the fibril and disappear progressively upon adding heme until at
/ 0.5 molar equiv they are no longer visible (Figure 2F, inset). These
B I TR T i e r et NMR data indicate that the apoprotein attached to the fibrils has
CremaChiema *Crl W aipom extensive motional freedom but that once heme is bound, the folded
Figure 2. (A) The extinction coefficient of the wild type cytochrome (red) ~ cytochrome in the fibril is motionally restricted and shows
matches that of the fibrils (black) when bound to iron(lll) porphyrin. (B) resonances too broad to be detected.
Reduced minus oxidized spectra of the heme containing cytochrome (red) ot N
an_d _the fibrils (black). (C) CD spectra in the Soret region of reduced_ and de:sist?en;n(:?rn):,e\;\;ell(?;:)/repg;m]osncs:g:tsg g:;i?;;aet(;v(e)hl :E:tsvuer?g:elggf
oxidized cytochrome (black/red) or fibrils (green/blue). (D) The normalized It ’ 3 4
emission spectra of the wild type cytochrome (red) match that of the fibrils @n amyloid fibril formed from a rationally designed, self-assembling
(black) when bound to zinc(ll) porphyrin and excited at either the B- or polypeptide fusion protein. The reproducibility and stoichiometric
Q-bands. (E) Equilibrium heme binding data summarized as a Job plot, character of the system suggests that further investigations could

with monomer (1Q«M) at pH 7 (red) and fibrils (1Q«M) at pH 3 (black). . g, ] .
F) One-dimenéic?rfdlll NI\F/I)R sp(ectr)a of apo-(SIE@%yt)fibrillos (reé), 25&0 provide important insights into the nature of the amyloid structure

holo (green), and 47% holo (black), showing decreasing intensity of pro- @nd assembly process. In addition, these fibrils provide a novel
tein signals with heme binding. Sample concentrations were60Q:M. nanostructured material for the study of charge transfer in molecular

Signals marked X arise from residual buffer. Inset: normalized integrated systems and will facilitate initial exploration of such systems for
intensity (0-1.6 ppm) as a function of the percent of holo-protein to total technological applications.

protein. . .
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(SH3)Cyt fibrils is ca. 4-fold slower than that to the wild type
cytochrome. The morphology of the (SHGt fibrils observed by References
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