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ABSTRACT: Advances in protein design and engineering have cesTBT |

yielded peptide assemblies with enhanced and non-native o

functionalities. Here, various molecular organic semiconductors

(OSCs), with known excitonic up- and down-conversion proper-

ties, are attached to a de novo-designed protein, conferring entirely (

novel functions on the peptide scaffolds. The protein-OSC

complexes form similarly sized, stable, water-soluble nanoparticles — -

that are robust to cryogenic freezing and processing into the solid- 2;? protein__ g, AR ””“U A
state. The peptide matrix enables the formation of protein-OSC- E "‘\ \*_ 9979 8" % *AXTaggregate
trehalose glasses that fix the proteins in their folded states under \ g | " AXT peptde fim
oxygen-limited conditions. The encapsulation dramatically enhan- - e

ces the stability of protein-OSC complexes to photodamage, Time (ps) Time (hrs)

increasing the lifetime of the chromophores from several hours to

more than 10 weeks under constant illumination. Comparison of the photophysical properties of astaxanthin aggregates in mixed-
solvent systems and proteins shows that the peptide environment does not alter the underlying electronic processes of the
incorporated materials, exemplified here by singlet exciton fission followed by separation into weakly bound, localized triplets. This
adaptable protein-based approach lays the foundation for spectroscopic assessment of a broad range of molecular OSCs in aqueous
solutions and the solid-state, circumventing the laborious procedure of identifying the experimental conditions necessary for
aggregate generation or film formation. The non-native protein functions also raise the prospect of future biocompatible devices
where peptide assemblies could complex with native and non-native systems to generate novel functional materials.

B INTRODUCTION material has proven ideal and solar up- or down-conversion
efficiencies remain low."”

In the search for new materials, it is useful to investigate the
fundamentals and structure—property characteristics of model
SF or TTA systems and to be able to rapidly analyze any new
candidates.”"" Optimally, the study of such processes would
occur within a minimal unit, ideally with some control of
structure, and should be sufficiently stable to enable optical
characterization. The structure of such materials must also be
able to withstand processing into the solid-state and character-
ization at cryogenic temperatures.

A number of studies have described SF in minimal units
using covalently linked molecules or small aggregates formed
in solvent mixtures.””~"” Such structures have resulted in a

Single-junction silicon solar cells are limited by the Shockley-
Queisser limit to ~30% power conversion efficiency.'
Technologies that are aimed at surpassing this limit are
currently under development. One of the more promising
schemes is to use energetic up- or down-conversion materials,
in conjunction with conventional devices, to capture energy
that is either not absorbed or lost as heat within the solar
cell”™*

Organic semiconductors (OSCs) offer excitonic up- or
down-conversion through the processes of triplet—triplet
annihilation (TTA) or singlet exciton fission (SF), respec-
tively.” SF is a process where a singlet (spin S = 0) exciton
converts into a pair of triplet (spin S = 1) excitons via a spin-
zero triplet-pair state known as Y(TT).° The formation of two

low-energy triplet excitons from absorption of a single high- Received:  May 24, 2020 . ALS
energy photon could be harnessed in solar energy devices to Published: July 16, 2020 ’0
overcome thermalization losses.””® In the reverse process,

TTA, a pair of low-energy triplet excitons combines to form a &
high-energy singlet exciton via the intermediate state '(TT),

. . 9,10
allowmg up-conversion of energy.”’ However, to date, no
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rapid improvement of our understanding of fundamental SF or
TTA processes, such as coupling to char%e-transfer states," "
the role of the solvent environment,”® vibrations,> the
formation of long-lived quintet (TT) states,”””’ triplet
separation,”* and recombination.”® However, organic synthesis
to form covalently bound supramolecular systems is time-
consuming, has only been performed for a handful of chemical
motifs and results in structures that are very different from
device-relevant solid-state polycrystalline films. Solvent mixture
methods require slow trial-and-error optimization for each
molecule with the resulting aggregates often being unstable in
solution and difficult to transfer to the solid-state. The
dramatic effects of temperature on aggregate structure also
prevent cryogenic analysis.'” These difficulties thus preclude
the possibility of performing the necessary high throughput
detailed physical studies.

Synthetic biology offers the possibility to rapidly generate
small multimeric assemblies using de novo-designed artificial
protein matrices. Such proteins are free from the evolutionary
complexity of natural peptide assemblies and consist of a single
polypeptide that self-assembles to form a bundle of four
amphipathic helices surrounding a water-excluding cavity.**~*°
This tetrahelical design strategy has generated structures with
robustness to chemical and thermal denaturation (melting
temperatures >90 °C) that is rarely observed in natural
peptides.”’ = Such proteins have been adapted to facilitate a
variety of functions including magnetic-sensing,”* light-
activated redox reactions,’”*"*** peroxide hydrolysis,** and
oxygen transport.”” Although coordination of cofactors has
typically occurred through site-specific ligation to the peptide
scaffold, attachment of pigments through hydrophobic
interactions has also been suggested.”*™*°

Here, we harness this latter binding regime to attach the
carotenoids astaxanthin (AXT), f-carotene (fC), and
echinenone (ECH) and show that absorption shifts in all
three chromophores arise from identical molecular geometries.
The approach is then applied to a wide variety of molecular
OSCs, with known excitonic up- or down-conversion proper-
ties. Dynamic light-scattering and cryo-electron microscopy are
used to investigate the morphology of the OSC-protein
complexes, with ultrafast transient absorption spectroscopy
demonstrating that the peptide environment does not affect
the underlying photophysical properties of the chromophores.
The protein-OSC complexes are shown to be robust to
cryogenic freezing and processing into the solid-state, where
encapsulation in a naturally occurring optically clear glass
dramatically enhances the photostability of the chromophores.

B RESULTS AND DISCUSSION

Protein Characterization. The artificial protein used in
this study, herein called 4A, is derived from the diheme
binding BT6 protein described previously.‘n’41 In BT6, four
positively charged histidine residues are oriented toward the
hydrophobic core of the protein to enable heme attachment. In
4A, all four histidine residues were replaced by hydrophobic
alanine residues in order to increase the stability of the peptide
scaffold. The amino acid sequences of the two protein variants
used in this study are displayed in Table S1 in the Supporting
Information.

To determine the thermal stability of the proteins, circular
dichroism (CD) spectroscopy was used as described
previously.* CD spectra of BT6 and 4A confirmed that both
proteins have typical a-helical character when measured at 15

°C (Figure S1). The presence of a-helical character
demonstrates that the proteins fold into their predicted
secondary structure. Information about tertiary folding and
thermal stability can then be determined by monitoring a-
helical ellipticity (at 222 nm) across a reversible temperature
gradient, as helical structures will only unfold following
collapse of tertiary structure.”” Melting and refolding curves
are described by a Boltzmann distribution where appropriate.

The substitution of four hydrophobic alanine residues
resulted in an increase in the thermal stability of 4A, shifting
the T,, from 34 °C (BT6, Figure S2) to 49 °C (44, Figure 1a),
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Figure 1. (a) Melting (solid markers) and refolding (open markers)
of 4A in aqueous buffer at the indicated pH. Ellipticity was recorded
every 1 °C but only every third data point is shown for clarity. Where
possible, data points are described by a Boltzmann distribution for
melting (solid lines) or refolding (dashed lines). (b) Structural model
of the 4A protein, with hydrophobic residues shown in light yellow
and hydrophilic residues in blue.

when measured at pH 9. At pH 6, the proteins are even more
robust; the T,, of BT6 increases to 79 °C (Figure S2) and that
of 4A increases beyond the measurable range (>90 °C) (Figure
1a). All melting curves were reversible and showed no signs of
aggregation. These findings suggest that such protein
constructs are more durable than most natural counterparts
and should maintain their folded structure at room temper-
ature and during processing.

Structural determination of designed tetrahelical peptides
has proved challenging due the repetitive structural motifs,
small size, and heterogeneous folciing.30'43’44 Thus, molecular
dynamics (MD) simulated trajectories were used to predict a
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Figure 2. (a) Images of AXT in buffered largely aqueous solutions (40 mM CHES pH 10, 20% DMSO) without (left) and with (right) 4A. (b—d)
Experimentally derived absorption spectra for 4A-carotenoid complexes are shown as black lines, monomeric carotenoid in DMSO as red dashed
lines and AXT agg II as a red solid line. The simulated absorption spectra of trimeric assemblies are displayed with black circular markers. All
spectra were normalized to the maximum absorbance. (e) Chemical structures of the carotenoids in this study; additional chemical groups, with

respect to AC are highlighted in blue.

likely structural conformation of the 4A peptide, using a
previously described computational approach.*’ MD trajecto-
ries were run for 660 ns with the structure showing
convergence over this time scale (Figure S3). The atomic
coordinates after 660 ns (Figure 1b) confirm a tetrahelical fold
with the majority of the hydrophobic residues (yellow) packing
into the protein interior and an elongated hydrophobic cleft
exposed on the surface.

Carotenoid-Maquette Ensembles. To determine
whether hydrophobic interactions were sufficient to attach
OSCs to the 4A scaffold, the carotenoid astaxanthin (AXT)
was incorporated using a solvent-based delivery system. Briefly,
AXT was dissolved in dimethyl sulfoxide (DMSO), and this
solution was mixed 1:4 with buffered aqueous solution
containing 4A. An additional experiment was run using the
same conditions in the absence of protein. The 4A sample
yielded a red, optically clear solution, while the protein-free
solution instantly formed visible precipitant (Figure 2a).
Membrane filtration (cellulose acetate, 0.2 ym pore diameter)
was suflicient to completely remove all AXT from the protein-
free sample but resulted in little or no change in the AXT
content of the 4A sample. The 4A-AXT complex was further
purified by anion exchange chromatography (AEC) in a
protocol that removed all remaining DMSO and lowered the
pH of the buffering solution to 6. The protein elution from the
column was red and optically clear with no visible signs of
precipitation.

An identical method (see Supporting Information for
experimental details) was then used to attach the carotenoids
echinenone (ECH) and p-carotene (BC) to 4A. All three
protein-carotenoid complexes display absorption shifts and
changes of vibronic structure relative to monomer dissolved in
DMSO, consistent with aggregate formation (Figure 2b—d).*

Analysis of steady-state absorption spectra can be used to
describe intermolecular interactions between chromophores
and has been implemented successfully to provide structural
information about packing of carotenoid aggregates.”** This

13900

method was used here to simulate the absorption spectrum of a
protein-carotenoid ensemble; as accurate modeling requires
chromophores with clear vibronic structure, fC was chosen for
the modeling. Visual inspection of the spectrum (Figure 2c)
shows a relatively weak 0—0 peak with spectral weight shifted
to higher energies, indicative of an H-aggregate conformation
where excitonic coupling is of the same order of magnitude as
the electron—phonon coupling, in this case estimated to be
~0.2 eV.

To analyze the absorption spectrum in more depth, a
Holstein Hamiltonian model is applied within the two-particle
approximation, following previously reported work.**® The
absorption spectrum of monomeric fC in DMSO was fitted
using a standard Franck—Condon progression, assuming one
effective vibrational mode couples to the electronic transition.
The fit shown in Figure S4 provides values of the 0—0 energy
(@wo_o), the effective vibrational energy (@), the line width of
the transitions (5), and the Huang—Rhys parameter (1?),
which are used in the subsequent modeling.

These values are then used to simulate the absorption
spectrum of several SC aggregate arrangements by varying the
nearest neighbor coupling (V,,), the angles between transition
dipole moments (¢), and the number of molecules in the
aggregate. The simulation that best describes the experimental
absorption spectrum of 4A-fC is displayed in Figure 2c (V,,=
1200 cm™; ¢ = 0.37; molecule number = 3). The majority of
the observed absorption appears to arise from a coherent unit
of three SC molecules. Simulations using dimers or larger
ensembles could not reproduce the measured spectrum with
the range of parameters tested (Figures S5, S6 and S7).

The accurate modeling of the absorption spectra of
ketocarotenoids is more challenging than that for fC due to
the indistinct vibronic structure that arises from carbonyl
groups (Figure 2e), which induce conformational disorder in
polar environments.”” However, the absorption spectrum for
4A-ECH (Figure 2d) can be described by simply increasing o
(the broadening of the vibronic replica) while maintaining
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other parameters from 4A-fC. An additional red-shift from the
4A-ECH model then describes the spectrum of 4A-AXT
(Figure 2b). Thus, the experimentally determined absorption
spectra for all three carotenoids are primarily attributable to
coherent trimers of equivalent arrangements, with any
differences in optical properties arising from the electronic
constitution of the chromophores, rather than coupling effects.

Transient Absorption Spectroscopy of 4A-AXT
Ensembles. In order to investigate the impact of the peptide
environment on the underlying excitonic processes of the
bound chromophores, the photophysical properties of 4A-AXT
were probed by transient absorption spectroscopy (1 ps-10 us)
and compared with an AXT solution aggregate, herein AXT
agg II (red line, Figure 2b), which has been comprehensively
characterized in earlier work.'”> Musser and co-workers'”
reported a long-lived (us) excited-state absorption feature with
a ~600 nm maximum in the transient absorption spectra of
AXT agg II, which was assigned to triplet states generated via
singlet fission. Similar behavior has been reported in other
solvent- or membrane-based carotenoid aggregates™*” and in
natural light-harvesting assemblies.*’

To determine whether singlet exciton fission is occurring in
the artificial protein-carotenoid ensembles, the transient
absorption spectra and dynamics of 4A-AXT are compared
with those of AXT agg II and monomeric AXT in DMSO
(Figure 3). Near-identical excited-state absorption features are
observed in 4A-AXT (grayscale markers) and AXT agg II (red
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Figure 3. (a) Normalized transient absorption spectra of AXT agg II
(red squares) and 4A-AXT (grayscale circles) at the pump—probe
delays indicated in parentheses. (b) Transient absorption kinetics of
monomeric AXT (red dashed line), AXT agg II (red squares), and
4A-AXT (black circles) are shown as the relative intensity of the 600
nm signal following excitation.
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markers) suggesting the underlying photophysics are not
altered significantly by the protein. The 4A-AXT spectrum
shows negligible evolution over the time scale of the
measurement. In addition, AXT agg II and 4A-AXT show
similar excited-state dynamics, with absorption features
persisting far longer than those of the monomer (red dashed
line). As reported previously, these dynamics describe the
decay of the triplet excitons generated via singlet fission, with
the initial rapid decay (<10 ns) due to geminate triplet-pair
recombination and the longer-lived (us) component due to
decay of “free” (noninteracting or spin-dephased) triplets.”*" It
is perhaps surprising that the S; and (T.T) excited-state
absorption features are so spectrally similar. The nature of this
will be discussed at length elsewhere.

Stability and Morphology of 4A-AXT Ensembles. After
establishing that the peptide environment does not affect the
underlying photophysics of the bound chromophores, the
composition and physical properties of the complexes were
investigated. As mentioned previously, OSC systems must be
robust to cryogenic freezing to enable temperature-dependent
assessment of photophysical properties. 4A-AXT complexes in
aqueous buffer were flash-frozen in liquid nitrogen and stored
for 6 months under standard atmospheric oxygenic conditions
at 77 K. Following thawing, only very minor changes were
observed in the ground state absorption profile (Figure S8a).
The freeze—thaw process was repeated for the 4A-AXT sample
numerous times, with no change in spectral character and only
18% reduction in signal after 10 cycles (Figure S8b,c). This
suggests that the protein-OSC ensembles are stable to repeated
cryogenic cycling and maintain the chromophore arrangement,
as any change in molecular packing would be evident from the
steady-state absorption.45

Cryo-electron microscopy was used to visualize the
morphology of the aqueous 4A-AXT complexes in vitreous
ice. Samples revealed circular ensembles 10—60 nm in
diameter (Figure 4a, Figure S9) that increase in abundance
with increasing protein concentration and are not apparent in
samples without AXT. These observations in vitreous ice were
compared with dynamic light scattering (DLS) on solutions of
4A-AXT at 550 nm (Zetasizer Nano S90, Malvern Panalytical),
revealing an average hydrodynamic diameter of 39.6 + 0.1 nm
(Figure 4b). As the protein itself does not form nanoparticles
in the absence of AXT, it is likely that the hydrophobic pi-
conjugated molecules induce supramolecular assembly of the
peptide units.

Supramolecular association is likely to occur through
hydrophobic interactions with nonpolar residues in the
protein. The requisite amino acids may be permanently
available, as suggested by the hydrophobic cleft in Figure 1b,
or temporally exposed in response to the presence of
hydrophobic cofactors or from the conformationally flexible
(molten-globular) folding state tetrahelical bundle proteins
adopt in the absence of coordinating ligands.”"*>** In order to
conformationally constrain the protein scaffold and sterically
restrict access to the internal cavity, two heme b molecules
were ligated into the hydrophobic core of BTG, as described
previously.”" The diheme protein was then mixed in solution
with AXT, followed by filtration and AEC as described above.
This process resulted in little or zero trace of the carotenoid in
the steady-state absorption spectrum (Figure S10), supporting
the notion that AXT binding requires some interaction with
the protein core.
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Figure 4. (a) Cryo-EM image of vitreous ice containing 4A-AXT,
regions of carbon appear darker gray and vitreous ice lighter. Spherical
nanoparticles (highlighted by the black arrows) 10—-60 nm in
diameter are visible in the vitreous ice. Image representative of 4
experimental repeats. (b) DLS of 4A-OSC complexes in solution with
values for the average hydrodynamic diameter (in nm) quoted in
parentheses.

Organic Semiconductor-Protein Ensembles. Having
demonstrated hydrophobic binding to carotenoids, the
concept was adopted for the OSCs shown in Figure Sg,
using methods similar to that used for AXT. The present study
focuses on OSCs with known excitonic up- or down-
conversion, including a triisopropylsilyl-tetracene derivative
(T-Tet),”> a perylene bisimide derivative (EP-PBI),*® and
rubrene.”* >’ Analysis of C8BTBT (2,7-dioctylbenzothieno-
benzothiophene) was also conducted, which has a fused-ring
backbone structure similar to tetracene and rubrene but is not
known to demonstrate excitonic up- or down-conversion.”®

The absorption spectra in Figure Sa—e show that most
protein-OSC complexes display absorption shifts and changes
of vibronic structure compared with the monomer dissolved in
DMSO, consistent with aggregate formation.” An exception is
the spectrum of rubrene, which suggests that it either
complexes without aggregation or forms an amorphous
arrangement with minimal electronic interaction between
molecules, similar to reports of the solid-state.”® For all of
the molecules tested, the absorption profile of each protein

complex in solution resembles previously reported spectra in
solution aggregates or the solid-state (Figure S11).7°%°%

DLS was used to assess the morphology of each 4A-OSC
complex, revealing similar arrangements as 4A-AXT with
average hydrodynamic diameters between 63.4 and 90.5 nm
(Figure 5f). Polydispersity values for all ensembles were
between 0.169 and 0.250. Interestingly, the diameter of the
protein-OSC nanoparticles scaled with the bulk size of the
molecular structure. This data suggests that the OSC
ensembles form spherical supramolecular nanostructures
similar to 4A-AXT.

The protein complexes thus form concentrated, water-based,
and biocompatible OSC “inks”, using the peptide to solubilize
the hydrophobic chromophores. As many photonic applica-
tions require solid-state films, optically transparent glasses of
the protein-OSC ensembles were made using a trehalose-
sucrose matrix. Trehalose is a naturally occurring sugar
produced by plants to protect their macromolecular cellular
structures under conditions of extreme drought by fixing
proteins in their native conformation.®’ With a glass transition
temperature <60 °C, trehalose has been used for optical
spectroscopy of protein systems at room temperature, allowing
the effects of immobilization and temperature to be
distinguished.”>*® Protein-OSC ensembles were mixed with
an aqueous solution of trehalose and sucrose, deposited on a
quartz-substrate, and dehydrated by desiccation at room
temperature for 4 days in darkness, yielding transparent
colored films (Figure Sg). Changes in the ensemble structures
upon film formation would be evident in the steady-state
absorption spectra as even small changes in molecular packing
lead to large spectral shifts.””** The steady-state absorption
spectra in Figure Sa—e show only negligible changes when
going from solution (solid black line) to solid-state (blue
markers), suggesting that film formation does not alter the
structure or photophysical properties of bound chromophores.

Photostability of Solid-State Glass Films. A perpetual
challenge for light-active molecules is achieving sufficient
photostability to withstand intense irradiation. The effects of
trehalose encapsulation on photostability were investigated by
monitoring the absorption spectra of AXT and T-Tet over
time, under constant white-light illumination. Film formation is
expected to remove molecular oxygen and most of the water
and conformationally restrict the protein-OSC ensembles, thus
increasing the photostability of the coordinated chromophores.

Figure 6a,d shows the peak absorbance as a function of time
under constant, high white-light illumination (1600 gmol
photons s™' m™) for AXT and T-Tet solution aggregates
(red), compared with protein-OSC ensembles in solution
(black) and in the solid-state (blue). AXT and T-Tet solution
aggregates were made according to the methods described by
Musser et al.'* and Kim et al.>” respectively.

The peptide matrix does little to prevent photo-oxidative
damage in solution, with similar half-life values under
illumination, compared to solution aggregates (<8 h for AXT
and <S5 min for T-Tet). The trehalose films, however, led to
dramatic increases in stability over the time scale of the
experiments (48 h for AXT, 60 min for T-Tet, Figure S12).
Longer exposure under weaker illumination (200 gmol
photons s™' m™2) shows that T-Tet absorption is still observed
after 9 days (Figure 6b,e), and remarkably, minimal decay in
AXT absorption is evident after 70 days (Figure 6¢,f)

https://dx.doi.org/10.1021/jacs.0c05477
J. Am. Chem. Soc. 2020, 142, 13898—13907


http://pubs.acs.org/doi/suppl/10.1021/jacs.0c05477/suppl_file/ja0c05477_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.0c05477/suppl_file/ja0c05477_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.0c05477?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c05477?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c05477?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c05477?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://dx.doi.org/10.1021/jacs.0c05477?ref=pdf

Journal of the American Chemical Society pubs.acs.org/JACS
a) --AXT (DMSO) bl --- C8BTBT (DMSO) c)q: --Rubr (DMSO)
21,0 . —4A-AXT 2 1.0 — 4A-C8BTBT 21.0 —4A-Rubr
s v 4A-AXT (Tr) s + 4A-C8BTBT (Tr) s » 4A-Rubr (Tr)
£ £ £
T05 20.5 20.5
N N N
T s s
E £ E
o o o .
=z 0.0 % | 4 0.0 N zo.ﬂ SIS A
300 400 500 600 700 300 400 500 600 300 400 500 600 700
Wavelength (nm) Wavelength (nm) Wavelength (nm)
d) ) ),
@ [~EP-PBI(DMSO) © - T-Tet (DMSO “|-4A-ceBTBT (63.421.3)
8 4.0~ 4AEP-PBI S 1.0 . —4A-T-Tet - 4A-EP-PBI (90.5+1.5)
s + 4A-EP-PBI (Tr s i v 4A-T-Tet (Tr) 4A-Rubr (73.6£0.5)
5 5 i gm —4A-T-Tet (65.3+0.3)
§ é Z [HAAXTR96:02)
[7]
B0.5 3 2
8 8 g5
= = c
© [} -
13 £
S S
I - | Z. N 0 Z \
'300 400 500 600 700 400 500 600 0.1 1 10 100 1000 10000
Wavelength (nm) Wavelength (nm) Hydrodynamic diameter (nm)
8 (" saaxt 4A-EP-PBI

CeHyr

4A-Rubr

QO

| do
)

4A-T-Tet\

O

OZ{
o
A
(%]
\O
e

o]

-

o

J

Figure 5. (a—e) Steady-state absorption spectra of several OSCs, solubilized as monomers in DMSO (red dashed lines), aggregates in the aqueous
4A-peptide matrix (black solid lines), or following deposition in trehalose glass (blue triangles). All spectra were normalized to the wavelength
maximum >350 nm. (f) DLS of 4A-OSC complexes in solution with values for the average hydrodynamic diameter (in nm) quoted in parentheses.
(g) Images of trehalose glasses and the chemical structures of the pigments used in this study.

B DISCUSSION

We have presented the first example of a designed protein
construct tailored for the study of excitonic up- and down-
conversion materials. The simple design principles in the
peptide scaffold enabled attachment of a range of chemical
structures using almost identical experimental conditions, thus
demonstrating the broad applicability of the protein-based
approach.

Although the finding that hydrophobic molecules could be
attached to de novo designed tetrahelical peptides is in
agreement with previous suggestions,” " the cofactor-
induced supramolecular assembly of the 4A complexes was
not predicted. While sample heterogeneity precludes atomic-
level structural information, constraints on the physical
properties of the protein-molecule ensembles can be provided
from the observations above. (1) Each OSC becomes highly
water-soluble when associated with the proteins, suggesting
that the peptides shield the chromophores from polar solvents;
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(2) the protein-OSC ensembles form circular structures of 30—
90 nm diameter, indicating that multiple proteins associate to
form the supramolecular architecture; (3) the formation of the
ensemble requires some conformational flexibility, allowing the
chromophores to associate with the hydrophobic core of the
protein; (4) despite this flexibility, the 4A protein displays T},
values above 90 °C; (5) the protein nanoparticles are highly
robust to thermal cycling and maintain their photophysical
characteristics following solid-state film formation; (6) the
carotenoid absorption spectrum is very well described as
originating from trimers.

These characteristics of protein-OSCs form the basis for the
scheme displayed in Figure S13 in which several interspersed
4A proteins are bound together by chromophore units,
visualized here as trimers consistent with the analysis in Figure
2. The notion that individual semiconductor aggregate units
intersperse between 4A proteins may also explain the
observation that more bulky molecules result in supra-
molecular structures with larger hydrodynamic radii.
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Figure 6. Photostability of OSCs. Photo-oxidative decay of AXT (a) and T-Tet (d) complexed with 4A in solution (black) and following
deposition in trehalose glass (blue); AXT agg II and T-Tet agg in mixed solvent systems are shown in red. Data representative of 3 experimental
replicates and normalized to the absorbance maxima quoted at 0 min illumination. Absorption spectra of AXT and T-Tet in mixed solvent systems
(b, e) and in trehalose glass (c, f) at the time points indicated in the figure legends.

The protein-complexes therefore provide minimal units to
study the photophysical properties of OSCs in solution and in
the solid-state, with structural information about chromophore
packing inferred from spectral modeling, as demonstrated here
for three different carotenoids. Although the wide specificity of
the simple protein design was necessary to demonstrate
applicability to the range of OSCs in this study, more targeted
design strategies would result in greater specificity and could
enable spatial control of chromophore packing thus allowing
relationships between pigment arrangement and electronic
properties to be delineated. This could be achieved using the
plethora of computational and empirical protein design tools

available, particularly in silico predictions for ligand bind-
30,65,66

ing

The attachment of OSCs to the peptide scaffolds confers
entirely non-native functionality on the proteins. Such
biocompatible excitonic up- or down-converting materials
could complex with native or non-native biological systems, for
example, enhancing the spectral range available to light-
harvesting complexes. Protein-mediated up-conversion could
be harnessed for biomedical applications by converting highly
penetrating low-energy light, generating deleterious photo-
chemical reactions at sites of interest, such as tumors, taking
precedence from similar de novo-designed scaffolds used as
artificial blood.®”*® The protein can additionally be adapted to
bind to glass or metallic surfaces, enabling direct patterning of
molecular aggregates and the possibility of exploring stron%
light-matter interactions in well-defined molecular systems.”””

B CONCLUSION

Thermostable artificial proteins were shown to bind a variety
of structurally distinct OSCs, through hydrophobic inter-
actions alone. The proteins were shown to adopt circular
supramolecular structures upon binding chromophores, tens of
nanometers in diameter. The molecular packing of three
carotenoids in the protein nanoparticles was shown to
originate from similar chromophore arrangements, which
remained robust to cryogenic freezing and deposition into
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the solid-state. Encapsulation of 4A-OSC complexes in
trehalose glass dramatically enhanced the lifetime of the
chromophores, giving highly photosensitive molecules—such
as T-Tet—sufficient stability for optical assessment and other
semiconductors lifetimes more appropriate for operational use
(>10 weeks for AXT). Importantly, the nonspecific attachment
of chromophore aggregates to the peptide scaffolds did not
interfere with the underlying electronic processes of the
materials. The work demonstrated here paves the way for
future spectroscopic studies on the molecule classes above and
will readily extend to other chromophores of interest,
particularly compounds with poor stability and those that are
not readily processed into the solid-state or solution
aggregates.
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