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Light harvesting antenna on an amyloid scaffold
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A pigment array has been constructed within a paracrystalline
amyloid nanotube and Forster energy transfer along the
nanotube surface has been demonstrated to self-assembled
acceptor dyes.

Nature’s reaction centers and light-harvesting complexes have
remarkable long-range order in their pigment assemblies.'®
Artificial light harvesting complexes and reaction centers have
either taken advantage of this natural ordering’” by recon-
structing arrays in synthetic lipid bilayer liposomes,*'°'? or by
designing polymeric assemblies that order the pigments.'>"
Here we exploit paracrystalline amyloid self-assembly'® to con-
struct pigment arrays on a new peptide nanotube scaffold and
use Forster resonance energy transfer'’ measurements to probe
the resulting pigment arrays.

AP(16-22), the seven-residue amyloid-f segment Ac-
KLVFFAE-NH2, self-assembles into soluble amyloid nano-
tubes in CH;CN-H,O (2 : 3, v/v) with 0.1% TFA (Fig. 1(a)).'®
These AB(16-22) nanotubes maintain antiparallel one-residue
shifted p-sheet bilayers within a cross-f architecture
(Fig. 1(b)),' creating a nanotube surface that positions the
peptide termini in a 5 Ax10A rectangular pattern. Amyloid
fibrils are sufficiently robust for functional molecular engineer-
ing,'*2? and this patterned array across the nanotube surface
appears suitable for light harvesting antenna construction.

The N- and C-terminal capped AB(16-22) contains a hydro-
phobic core, LVFFA, buttressed by polar Lys and Glu
residues. Replacing the N-terminal cap with Rhodamine 110
(Rh110) via solid phase synthetic methods'®'® yields Rh16-22.
The additional overall positive charge in Rh16-22 increases its
solubility in CH;CN-H,0 (2 : 5, v/v) with 0.1% TFA, and the
resulting fluorescent peptides readily form amyloid fibrils
(Fig. 2(b)). Fourier transform infrared (FTIR) analysis con-
firmed an amide I band shift from 1639 to 1627 cm™
(Fig. 2(d)), very similar to the assembled AP(16-22),'® but
with an additional rhodamine stretch at 1597 cm™!. Wide
angle X-ray scattering (WAXS) established the amyloid cross-
B diffraction pattern with 5 A (H-bonding) and broad 10 A
(lamination) bands (Fig. 2(c)), and the amide band at
1694 cm™! was diagnostic of antiparallel p-sheets.'® Therefore,
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Fig. 1 Nanotubes formed by self-assembly of AP(16-22) in
CH;CN-H,O (2 : 5, v/v) with 0.1% TFA; (a) TEM image, scale =
100 nm; (b) proposed structural model of the nanotubes. The inset

shows the minimum cross-p repeating unit in the nanotube.'®!8

rhodamine dyes can be successfully incorporated into the
amyloid cross-f scaffold, but the self-assembled fluorescence
fibers are too dense for detailed optical analyses.

As amyloids assemble through nucleation-dependent events,
peptide co-assembly can be used to increase the range of
accessible structures.!”?’ With AP(16-22) maintained as the
dominant peptide to nucleate tube morphology, for example
APB(16-22)/Rh16-22 at 250 : 1 molar ratio in a 1 mM total
peptide solution in CH3;CN-H»O (2 : 3, v/v) with 0.1% TFA,
nanotube assemblies are readily observed by TEM (Fig. S1,
ESIf). The overall morphology of the co-assemblies appear
identical to the AB(16-22) nanotubes by TEM and the fluores-
cence seen by two-photon imaging (Fig. 3(a), excited at Aoy, =
780 nm) is homogeneously distributed across each nanotube.

To test directly for co-assembly, Rh110 alone was shown not
to bind to the AP(16-22) nanotubes (Fig. 3(b)). Moreover,
when [1-*C-F19 Rh16-22 at 0.15 mM, still well below its
critical assembly concentration, was allowed to co-assembly
with 1.5 mM AB(16-22), a distinct red-shifted shoulder on the
main 1627 cm ™! amide I band appeared (Fig. 2(c)). This band is
absent in the assembly lacking the '*C label, and previous
introduction of [1-'3C] labels into B-strands had been shown
to split the amide I band through coupling of the '*C and "*C
dipoles within the sheet.> 2* For example, isotope-edited FTIR
(IE-FTIR) of [1-'*C]-F19 incorporated AP(16-22) splits the
main amide I band into components, 1640 and 1599 cm ™'
(Fig. 2(c)),"® and the shoulder seen in Fig. 2(c) is most consistent
with this lower energy '*C band. When taken together, these
results confirmed the homogeneous co-assembly of Rh16-22
into the B-sheet array of the AB(16-22) nanotubes.

The demonstration of light harvesting by the incorporated
Rh16-22 requires energy transfer to adjacent chromophores.?
Taking advantage of the diagnostic Congo red staining?’ of
amyloid nanotubes,'®'® we explored the use of one of Rh110’s
FRET acceptors (Fig. 3(c)), Alexa 555 (AS555), which main-
tains similar sulfate functionality on a planar aromatic
nucleus. When mixed with mature AB(16-22) assemblies,
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Fig. 2 Self-assembly of Rh16-22 and AP(16-22). (a) Rh16-22
assembled into fibers in CH;CN-H,0 (2 : 5, v/v) with 0.1% TFA
and the co-assembly of Rh16-22 with AB(16-22) into nanotubes in
CH;CN-H,O0 (2: 3, v/v) with 0.1% TFA, (b) TEM of Rh16-22 fibers,
scale = 100 nm; (c) cross-B pattern of Rh16-22 fibers (red) and
AB(16-22) tubes (black) detected by WAXS, (d) FTIR of AB(16-22)
nanotubes (black), Rh16-22 fibers (green), and unassembled Rh16-22
(red); (e) IE-FTIR of [1-'*C]-F19 AB(16-22) (blue), AB(16-22) +
[1-3C]-F19 Rh16-22 (10 : 1) (red), AB(16-22) + Rh16-22 (10 : 1)
(green), and AB(16-22) (black).

A555 indeed homogenously decorated the nanotube structure
with no apparent morphological distortion of the architecture
(Fig. 3(e), 4ex = 980 nm). Likewise, when added to the
AB(16-22)/Rh16-22 co-assembly, dye binding was also rapid
and two photon fluorescence (data not shown) and lifetime
imaging under the donor excitation wavelength (Ao =
780 nm) (Fig. 3(f)) was consistent with the binding to the
intact nanotubes. As control, bound A555 is shown not to be
excited efficiently at this wavelength (Fig. 3(d)).

Forster energy transfer efficiency with a single donor and
acceptor has been assigned as inversely proportional to the
sixth power of their separation,'” and for Rh110 and A555 the
assigned Forster radius Ry is 6.6 nm. However, this single
distance model is not sufficient to describe a pattern of multi-
ple donors and acceptors across the 2D surface.?® Given the
initial 250 : 1 concentration ratio of AB(16-22) and Rh16-22,
and assuming minimal impact of the attached chromophore
on peptide incorporation frequency, every 10 laminates
(10 nm) of 25 B-strands (12.5 nm) should have a single
Rh16-22 peptide. When this nanotube pattern is further
layered with A555 at a 4x lower concentration, the approxi-
mate spacing between the donor and acceptor is estimated to
be on the order of 10 nm. When AS555 is added to mature
co-assembled AP(16-22)/Rh16-22 nanotubes to give the
A555/Rh16-22/AB(16-22) assembly at a 1 : 4 : 1000 ratio
with AB(16-22) at 0.5 mM, the center of the Rh16-22 lifetime
distribution shifts from 3.7 to 3.3 ns (Fig. 4(a)). This corres-
ponds to a FRET efficiency of 11%, calculated as 1 — (t//7),
where 7’ is the Rh16-22 lifetime in the presence of A555, and ©
is its lifetime in the absence.”

Under these conditions, only minimal direct excitation of
the AS555 acceptor should occur (Fig. 3(d)) and account for
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Fig.3 Two-photon fluorescence imaging of donor and acceptor with AB(16-22) nanotubes. (a) AB(16-22) : Rh16-22 co-assembly (250 : 1 molar
ratio, and ., = 780 nm); (b) AB(16-22) mature nanotubes with Rh110, (250 : 1 molar ratio, and 4., = 780 nm); (c) single-photon absorbance and
emission of Rh110 and Alexa 555 in CH;CN-H,0 (2 : 3, v/v) with 0.1% TFA; (d) AB(16-22) mature nanotubes with A555 (1000 : 1 molar ratio,
Jex = 780 nm). (e) AB(16-22) mature nanotubes with A555 (1000 : 1 molar ratio, 4., = 980 nm); (f) lifetime image of AB(16-22) : Rh16-22
fluorescence nanotubes (250 : 1 molar ratio, and A.x = 780 nm). Image scale = 5 pm.
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Fig.4 FRET lifetime analysis. (a) Lifetime distribution of A555 (red)
with mature AB(16-22) nanotubes, and AB(16-22)/Rh16-22 fluores-
cence nanotubes in the presence (black) and absence (blue) of A555;
(b) representative lifetime decays of Rh16-22 and a mixture of
Rh16-22 and ASS5 in the absence of AP(16-22) nanotubes in
CH;CN-H,O0 (2 : 3, v/v) with 0.1% TFA.

less than 2% of the total signal in the FRET samples. To
further rule out the influence of direct acceptor excitation on
the measured FRET efficiency, we modeled what the average
lifetime would be for the mixture of the two dyes with 2% of
the total intensity arising from direct acceptor excitation when
fit to a single exponential decay. The average fluorescence
lifetime of Rh16-22 in AB(16-22) nanotubes is 3.7 ns, and the
average lifetime of A555 on AP(16-22) nanotubes is 1.3 ns.
For the peak AS5S5S signal at 2% of the Rh110 signal, the
lifetime would shift only to 3.6 ns, significantly longer than the
measured lifetime of 3.3 ns. In addition, there is no energy
transfer between Rh16-22 and AS55 in solution when they are
not co-assembled into AP(16-22) tubes (Fig. 4(b)). Preliminary
experiments suggest indeed that a further increase in FRET
efficiency can be achieved by increasing the ratio of the donor
along the amyloid scaffold. Taken together, these results are
most consistent with the functionalized Rh16-22 peptides
being randomly incorporated as the AP(16-22) nanotubes
assemble and demonstrate the light harvesting ability of this
amyloid cross-f scaffold.

This demonstrated ability to assemble strong chromophores
across the paracrystalline amyloid network allows for precise
ordering along the inner and outer compartment walls of an all
protein nanotube. Given the dimensions of the array, it should
now be possible to incorporate further molecular recognition
elements, construct higher order arrays,’® and even include
elements for energy and electron separation reactions. Accor-
dingly, this extension of amyloid self-assembly to more precise
supramolecular arrays containing functional pigments provides
a critical first step in constructing a self-assembling nanoscale
scaffold for new bio-inspired antenna and photosynthetic
devices.
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