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Disordered proteins often undergo a stimuli-responsive, disorder-to-order transition which facilitates
dynamic processes that modulate the physiological activities and material properties of cells, such as
strength, chemical composition, and reflectance. It remains challenging to gain rapid and spatiotemporal
control over such disorder-to-order transitions, which limits the incorporation of these proteins into
novel materials. The reflectin protein is a cationic, disordered protein whose assembly is responsible for
dynamic color camouflage in cephalopods. Stimuli-responsive control of reflectin's assembly would
enable the design of biophotonic materials with tunable color. Herein, a novel, multivalent azobenzene
photoswitch is shown to be an effective and non-invasive strategy for co-assembling with reflectin
molecules and reversibly controlling assembly size. Photoisomerization between the trans and cis (E and
Z) photoisomers promotes or reduces Coulombic interactions, respectively, with reflectin proteins to
repeatedly cycle the sizes of the photoswitch-reflectin assemblies between 70 nm and 40 nm. The

protein assemblies formed with the trans and cis isomers show differences in interaction stoichiometry

Received 20th May 2024 . - . o . .
Accepted 16th July 2024 and secondary structure, which indicate that photoisomerization modulates the photoswitch-protein
interactions to change assembly size. Our results highlight the utility of photoswitchable interactions to

DOI: 10.1035/d4sc03299¢ control reflectin assembly and provide a tunable synthetic platform that can be adapted to the structure,
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Introduction

As understanding of the sequence-structure-function rela-
tionships of proteins grows, researchers have been inspired to
incorporate proteins into functional, biomimetic material
systems with applications in sensing, therapeutics, and
catalysis.”™ An exceptional capability of numerous proteins is
their stimuli-responsive behavior that facilitates dynamic, out-
of-equilibrium processes. This unique feature enables the
introduction of diverse functions within biological systems,
including on-off modulation of refractive indices, formation of
functional strength gradients, and enhancement of biochem-
ical reactions.®® However, platforms that enable rapid and
precise control of protein behavior coupled to macroscopic
material properties are severely underdeveloped, therefore
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assembly, and function of other disordered proteins.

harnessing the functional properties of proteins in materials
remains a significant challenge. Integration of responsive
proteins into synthetic systems is expected to enable the
advancement of materials with novel properties. Light is
a promising stimulus through which control over protein
behavior can be attained, due to its high spatiotemporal
precision, remote activation, and tunable wavelength and
intensity. Longer wavelengths of light (>350 nm) and short
pulses of far-UV light have been widely used as a non-toxic,
biocompatible stimulus for photopharmacology,® drug
delivery,'® and protein-folding applications.™

Within biological systems, the on-off behavior of responsive
proteins is often controlled by a disorder-to-order transition of
intrinsically disordered proteins (IDPs), an inherently stimuli-
responsive class of proteins with large fractions of ionic and
aromatic amino acids. The high hydrophilicity of IDPs creates
sufficient Coulombic repulsion to prevent the collapse of the
polypeptide chain into a stable globular or folded structure.’>**
The disorder-to-order transition can be controlled in vitro and in
vivo by decreasing charge repulsion via methods including post-
functionalization,'*'” deprotonation,'®*?° ionic screening,'****
and co-assembly with an oppositely charged metabolite or
biopolymer.”*** Following charge neutralization, a high
valency of associative, non-covalent interactions allows IDPs to
form functional, dynamic assemblies that regulate enzymatic
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activity, biomolecule sequestration, and cell properties
(Fig. 1A). By encoding light-responsive control over the transient
interactions that assemble IDPs, we can begin to leverage their
novel functions to develop materials with programmable
properties.

Reflectin proteins are a class of IDPs isolated from squid
species that are responsible for the dynamic and tunable
structural color allowing squid to camouflage and communicate
with their environment.®** The reflectin A1 wildtype protein
(hereafter referred to as reflectin) is a cationic IDP whose
intrinsic disorder derives from a large fraction of histidine and
arginine amino acids that are localized in positively charged
blocks. As a result, reflectin cannot initially form stable
secondary structures and instead exists in a random coil
conformation (Fig. 1A).** Charge neutralization of the cationic
blocks reduces Coulombic repulsions that preserve the mono-
meric unassembled state of reflectin so that attractive interac-
tions become dominant, resulting in the condensation, folding,
and assembly of reflectin into large complexes.*® In vivo,
neurotransmitter-triggered phosphorylation drives assembly by
reducing the net charge of reflectin. In vitro, assembly of
reflectin can be manipulated by using protein mutation,* ionic
screening,” deprotonation,” and electrochemical reduc-
tion,***” which act as surrogates for phosphorylation by
neutralizing or screening charges. There is significant interest
in developing reflectin-mediated biophotonic materials®*** and
critical to this goal is the development of novel light-responsive
strategies to reversibly control the assembly of disordered
proteins like reflectin.
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Reversible control of protein function has been achieved by
integration of photoswitchable molecules, such as
azobenzenes,**° that undergo a change in conformation upon
irradiation which, subsequently, modulates protein or peptide
properties, such as conformation,”*® enzymatic activity,”*
and ligand binding.®*** For photocontrol of peptide systems,
azobenzenes are frequently covalently linked in the peptide
backbone or side chain, which allows their photoisomerization
to impart local control of protein dynamics.®> However, the
photo-controlled assembly of reflectin and other IDPs requires
a photoswitch that can interact with protein side chains more
generally to affect protein-protein interactions and assembly.
Photoresponsive capture of proteins has been achieved in
supramolecular systems with a high valency of electrostatic
interactions,*** but photoswitchable assembly has only been
applied to highly charged biopolymers, such as double-
stranded DNA™ and polysaccharides.”>”> To the best of our
knowledge, suitable photoswitches to reversibly assemble
systems as complicated as disordered proteins have not yet
been developed.

Here, we report a photoswitchable molecule that can
reversibly tune the mean dimension of reflectin protein
complexes via electrostatic co-assembly. We studied the
assembly behavior of reflectin proteins with multivalent mole-
cules to inform our design of an azobenzene photoswitch that
can reversibly control this behavior. We demonstrated that,
upon irradiation with different wavelengths of light, azo-
benzene photoisomerization alters the efficacy of its electro-
static crosslinking behavior between the cationic blocks on
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Fig. 1 A) Reflectin Al wildtype protein has alternating, positively charged regions whose Coulombic repulsions initially prevent condensation,
folding and formation of higher ordered structures. Charge neutralization overcomes these repulsive interactions, driving associative, non-
covalent interactions that form large complexes of reflectin proteins. Counterions on reflectin protein not shown for simplicity. (B) Schematic
diagram of photo-controlled electrostatic interactions between reflectin proteins and multivalent azobenzene photoswitches with anionic end

groups.
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reflectin, allowing the reflectin-photoswitch assemblies to be
controlled between 2 discrete mean sizes under the optimized
conditions (Fig. 1B). To our knowledge, this is the first
demonstration of photoswitchable and cyclable control of
assembly size of a disordered protein. We expect the results of
this work to be generally applicable for other cationic IDPs and
to inform design requirements for future light-responsive IDP
systems.

Results and discussion

Molecular design, synthesis, and characterization of
photoresponsive crosslinker

The first objective was to design a photoswitch that could
reversibly modulate electrostatic crosslinking of reflectin
proteins in aqueous environments. Prior studies of reflectin
have not used multivalent molecules to induce assembly and
the design rules for such a switch were unknown. For globular
proteins and disordered proteins, co-assembly behavior with
multivalent small molecules is typically influenced by the
number and type (e.g., ionic versus aromatic) of interaction
sites.****2%33 Reflectin is a 43 kDa protein with a net charge =
+52 in its disordered state (Fig. S1%).>* Multivalent (and not
light-responsive) carboxylic acids were screened with cationic
reflectin to determine the number of anionic moieties required
to drive electrostatically-mediated assembly with reflectin.
Carboxylic acids form strong but dynamic electrostatic inter-
actions with histidine and arginine amino acids, which, we
hypothesized, will allow a multivalent photoswitch to have
rearrangeable interactions with the protein.”’* To ensure all
acids were deprotonated, stock solutions of the small molecules
were prepared in a 10 mM MOPS buffer at pH 7.50. At this pH,
histidine side chains are deprotonated and reflectin is partially
assembled with a net charge of +17. Therefore, the multivalent
acids were expected to interact with arginine side chains. It is
noted that thermodynamics of assembly related to buffering
species were not explored in this study.

The sizes of the protein assemblies formed were measured
with dynamic light scattering (DLS), where an increase in
hydrodynamic diameter (Dy) indicated assembly. As shown in
Fig. 2A, for 200 uM of a small molecule acid and 20 uM of
reflectin, small molecules with more than 2 acid groups, eth-
ylenediaminetetraacetic acid (3, EDTA) and pentetic acid (4), are
needed to form larger reflectin assemblies relative to the control
(0). Dicarboxylic acids, succinic acid (1) and suberic acid (2), are
not able to induce assembly at concentrations up to 400 pM
(Fig. S27), which is consistent with literature findings that =3
interactions are necessary to promote electrostatically-mediated
assembly,* as corroborated by Fig. 2A which also shows that at
least 3 acid groups are needed for assembly.

Therefore, we hypothesized that multivalent molecular
photoswitches with higher numbers of anionic charges would
promote assembly of reflectin from its initially disordered state.
Under weakly acidic conditions, reflectin is disordered with
a net charge of +52. Taking EDTA as a suitable model, Fig. S3
shows that 5 times more EDTA is needed to form reflectin
assemblies at pH 4.50 than at pH 7.50. The assembly behavior

© 2024 The Author(s). Published by the Royal Society of Chemistry
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between EDTA and reflectin changes under acidic conditions,
due to reflectin's random coil structure, its higher charge
density, and the decreased valency of EDTA to (—2) following
amine protonation. The co-assembly between positively
charged reflectin and multianionic molecules like EDTA occurs
via ion-bridging of individual cationic proteins (under acidic
conditions) or ion-bridging of positively charged protein
assemblies (under neutral to basic conditions), rather than
electrostatic screening (Fig. S47).

Based on our multivalent small molecule studies, we next
sought to achieve photoresponsive reflectin assembly by using
an EDTA-inspired azobenzene photoswitch functionalized with
two bidentate acid ligands. Upon photoisomerization, the cis
isomer becomes more polar, nonplanar, and conformationally
compact compared to the trans isomer.*” This conformation
change limits the range of electrostatic interactions that the cis
isomer can have with reflectin and is expected to favor electro-
static interactions with a single reflectin protein, rather than the
formation intermolecular, electrostatic crosslinks between
multiple proteins. Therefore, we hypothesized that the cis
isomer would form smaller photoswitch-protein complexes
compared to the trans isomer.

The multianionic, water-soluble azobenzene photoswitch
was prepared by coupling a dicarboxylic acid azobenzene with
a protected acid ligand (Fig. 2B). The protecting ester groups
were removed by saponification with sodium hydroxide to yield
the desired azobenzene photoswitch (azoEDTA) in a convergent,
66%-yield synthesis. Full experimental procedures and charac-
terization are described in the ESI.{ The high-yield synthesis
provides a platform that can facilitate tunability of photoswitch
structure. For example, ortho-substitution of the azobenzene
core would create a visible light-responsive photoswitching
system,*® and N-alkylation of Boc-ethylenediamine with other
protected acids or bases can tune the multivalent functionality.

To characterize the switching properties of azoEDTA under
conditions relevant to our reflectin system, a 20 mM sodium
acetate buffer at pH 4.50 was used. The trans—cis notation is
hereafter used to distinguish between the (E)- and (Z)-azoEDTA
photoisomers. Titration of trans-azoEDTA with hydrochloric
acid confirmed that azoEDTA's carboxylate groups are
completely deprotonated at pH > 4 (Fig. S51). At pH 4.50,
azoEDTA is therefore fully ionized, as shown in Fig. 2C, and will
undergo reversible photoisomerization with 365 nm and
470 nm light. The UV-visible (UV-vis) spectra and further optical
characterization of azoEDTA are shown in Fig. 2D and S6.} At
the 365 nm photostationary state (PSS;¢5), 30% conversion to
cis-azoEDTA was reached. Upon irradiation with 470 nm light,
PSS,0 was composed of 91% trans-azoEDTA (Fig. S7T). Low
conversion of the trans — cis photoisomerization in polar
solvents is consistent with literature findings.****”* The cis
isomer exhibited excellent thermal stability, with a half-life of
9.9 days under ambient conditions (Fig. S81).

The photoisomerization kinetics of azoEDTA under 365 nm
and 470 nm light irradiation were studied using time-
dependent UV-vis spectroscopy. The photoisomerization reac-
tion of azoEDTA follows first-order rate kinetics in both direc-
tions, and the trans — cis rate coefficient, kjz6s = 8.59 X

Chem. Sci., 2024, 15, 13279-13289 | 13281
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(A) Carboxylic acids with varying structure and number of acid groups, but constant valency, were studied for their effects on assembly

(counterions not shown for simplicity). The mean hydrodynamic diameters ((Dy)) of reflectin assemblies prepared as 50 pL samples were
measured with DLS. A 20 uM reflectin solution, identically buffered but with no multivalent acid (0), was used as the control. (B) Synthetic scheme
for convergent synthesis of azoEDTA with 66% yield. (C) Photoreversible trans—cis (E-Z) isomerization of azoEDTA under weakly acidic
conditions. (D) Absorption spectra for 350 uM azoEDTA in 20 mM sodium acetate buffer (pH 4.50) at the photostationary states for 365 nm and

470 nm light.

103 min~?, is an order of magnitude slower than the cis —
trans rate coefficient, ka 470 = 9.10 x 10~> min~" (Fig. S9 and
Table S17). A faster cis — trans isomerization is consistent with
literature findings for photoswitching of para-substituted azo-
benzenes in polar solvents and is attributed to a rotational
isomerization mechanism about the azo bond.*””>7® As ex-
pected, azoEDTA can undergo at least 5 irradiation cycles with
no detectable fatigue.

Co-assembly of trans- and cis-azoEDTA with reflectin protein

After synthesis of the azoEDTA photoswitch, the co-assembly
behavior of azoEDTA with reflectin was investigated to deter-
mine a suitable concentration regime for the photoswitching
behavior. Unless otherwise stated, a 20 mM sodium acetate
buffer at pH 4.50 was used for protein dialysis and sample
preparation. A concentrated stock solution of trans-azoEDTA
(2.2 mg mL™", 3.7 mM) was diluted into the buffer to obtain 16—
920 puM photoswitch. AzoEDTA does not self-assemble or
aggregate at the concentrations studied. Dialyzed reflectin was

13282 | Chem. Sci, 2024, 15, 13279-13289

added to the solution from a concentrated stock (~9 mg mL ™)
to reach a concentration of 8 pM of protein. For all studies
shown, azoEDTA-reflectin samples were given 120 min to
equilibrate in the dark (Fig. S10 and S117). The protein
assemblies formed were characterized by turbidity, size, and
structure (Fig. 3A). Once prepared, assembly between the
azoEDTA and reflectin proteins was driven by Brownian motion
of the solutes, enthalpic interactions between the oppositely
charged molecules, and favorable entropic release of counter-
ions via complexation.” Due to the random nature of this
process, relatively large dispersities in size were expected.

The concentration of trans-azoEDTA was varied to study its
effect on the properties of the protein complexes formed. The
turbidity and size were measured by UV-vis spectroscopy and
DLS, respectively, to determine the minimum concentration of
trans-azoEDTA for protein assembly formation. Monomeric,
unassembled reflectin was measured to have 5% turbidity and
a mean hydrodynamic diameter ({Dy)) of 8.9 & 3 nm. For higher
concentrations of ¢rans-azoEDTA, the samples became visually
more turbid. Turbidity was shown to increase for

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 A) Schematic diagram of sample preparation and characterization of assembly of trans-azoEDTA-reflectin protein complexes. Coun-
terions on reflectin protein not shown for simplicity. For a fixed reflectin concentration of 8 uM, the concentration of trans-azoEDTA was varied
over the range of 16—-920 uM. All samples were prepared in a 20 mM sodium acetate buffer (pH 4.50). (B) Turbidity of the trans-azoEDTA-
reflectin system was measured at 400 nm (black dots) and modelled with a sigmoidal function (gray line). (C) The mean hydrodynamic diameter
((Dw)) of samples measured by DLS. The (Dy) of monomeric, disordered reflectin is 8.9 + 2.8 nm. Error bars represent standard deviations of
average diameter. (D) Ellipticity of azoEDTA-reflectin complexes measured by CD.

concentrations of trans-azoEDTA > 100 uM and follows
a sigmoidal model (Fig. 3B). The trend in turbidity is consistent
with the evolution in size of the assemblies measured by DLS
(Fig. 3C). At 120 pM trans-azoEDTA, (Dy) was 40.8 + 18 nm,
indicating the formation of azoEDTA-reflectin complexes. This
large change in (Dy) indicates that multiple reflectin proteins
are associated with multiple azoEDTA molecules during
assembly. The minimum concentration of t¢rans-azoEDTA
required for measurable assembly (>100 uM) is an order of
magnitude lower than the concentration of EDTA required for
assembly under the same conditions (Fig. S12t). We attribute
this behavior to the larger molecular size and planar aromatic
core of trans-azoEDTA, relative to EDTA, which allow the pho-
toswitch to more effectively form intermolecular, electrostatic
bridges between reflectin molecules via electrostatic and weak
hydrophobic interactions. For concentrations of ¢trans-azoEDTA
below 480 uM, (Dy) is not sensitive to trans-azoEDTA concen-
tration and assembly is controlled to sizes between 40-100 nm.
Interestingly, at concentrations greater than 480 uM, (Dy) is
linearly related to concentration of azoEDTA (Fig. S131). We
hypothesize that at concentrations of trans-azoEDTA = 480 uM,
free reflectin becomes sufficiently dilute such that, rather than
electrostatically crosslinking reflectin molecules, excess
azoEDTA acts as a crosslinker between existing protein-
photoswitch assemblies.

To study the effect of trans-azoEDTA concentration on the
secondary structure of azoEDTA-reflectin assemblies, circular

© 2024 The Author(s). Published by the Royal Society of Chemistry

dichroism (CD) spectroscopy was used. Of note, azoEDTA did
not show chirality in the absence of reflectin (Fig. S14F).
Monomeric reflectin with no azoEDTA in solution has a disor-
dered, random coil conformation, shown by a minimum in
ellipticity at 200 nm (Fig. 3D).*® As the concentration of
azoEDTA was increased, the ellipticity minima shifted toward
longer wavelengths, indicating that significant structural
changes in the reflectin proteins occur during assembly of the
protein-photoswitch complexes. Thus, as the concentration of
azoEDTA increases and the photoswitch interacts with reflectin
to form protein assemblies, the charge repulsion that causes
reflectin’s disordered state is reduced, allowing reflectin to fold
and form o helix (ellipticity minima at 208 nm and 217 nm) and
B sheet (broad ellipticity minimum centered at 220 nm) struc-
tures, even for concentrations below 120 uM. This behavior is
consistent with previous secondary structural studies of reflec-
tin assemblies which show the presence of a helix and B sheet
structures.*”” However, at concentrations >480 uM, only
B sheet character is observed which indicates aggregation
behavior that is incompatible with a photoresponsive
system.”®”® Interestingly, EDTA-reflectin assemblies follow the
same evolution of ellipticity as the azoEDTA-reflectin system,
but sodium chloride-reflectin assemblies show ellipticity
minima indicating both a helix and B sheet features at high
concentrations of salt (Fig. S151). We propose that co-assembly
with multivalent molecules follows a different assembly mech-
anism than ionic screening which causes reflectin to form more

Chem. Sci., 2024, 15, 13279-13289 | 13283
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B sheet structures at high concentrations of the oppositely
charged molecule.

As discussed, we hypothesized that cis-azoEDTA isomer
would have a reduced propensity to form intermolecular, elec-
trostatic bridges between reflectin proteins, thus decreasing the
assembly size of the protein complexes formed. The assembly
size and interaction stoichiometry of the ¢rans and cis isomers
were compared at the thermally-relaxed and at the 365 nm
photostationary states (Fig. 4A). AzoEDTA-reflectin samples
with cis-azoEDTA were prepared as previously described, but the
photoswitch stock solution was irradiated for 30 min with
365 nm light prior to sample preparation. Due to the long half-
life of cis-azoEDTA, thermal relaxation was not a concern on the
timescale of the experiments described.

The co-assembly behaviors of trans-azoEDTA and cis-
azoEDTA with reflectin were evaluated by comparing the
assembly sizes formed from the two photoisomers. For 240 pM
azoEDTA and 8 pM reflectin, Fig. 4B shows that an assembly
size of 91 £ 39 nm was measured for assemblies with trans-
azoEDTA and an assembly size of 60 &= 37 nm was measured for
assemblies with cis-azoEDTA. This 33% smaller diameter of cis-
azoEDTA-reflectin assemblies supports our hypothesis that the
cis isomer forms smaller assemblies, because its compact
conformation hinders its ability to form electrostatic, intermo-
lecular bridges between reflectin proteins compared to the trans
isomer.
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The interaction stoichiometry of azoEDTA with reflectin in
the protein assemblies was estimated using protein precipita-
tion experiments. Centrifugation of azoEDTA-reflectin samples
precipitated the protein assemblies into an orange pellet with
a transparent supernatant solution (Fig. S16t). The supernatant
did not contain any measurable azoEDTA-reflectin assemblies
via DLS. Neither the photoswitch nor reflectin precipitated in
control experiments (Fig. S171). The concentrations of azoEDTA
and reflectin in the supernatant were used to estimate, by
difference, the concentration of each species in the dense
assembled phase from which the interaction stoichiometry was
calculated between azoEDTA and reflectin (Fig. S1871). Detailed
experimental procedures can be found in the ESL{ For
concentrations of trans-azoEDTA that assemble with reflectin
(>100 uM), the interaction stoichiometry is constant for both
photoisomers and the percentage of non-interacting azoEDTA
increases linearly (Fig. 4C and S197). This behavior is consistent
with the controlled assembly for concentrations of trans-
azoEDTA <480 pM, as previously discussed. Under these
conditions, 18 + 1 and 11 + 2 molecules of trans- and cis-
azoEDTA, respectively, interact per reflectin protein to form
protein complexes. Since the 4 carboxylate groups of a cis-
azoEDTA molecule are more likely to interact with a single
reflectin protein, it is reasonable that the observed ratio of cis-
azoEDTA to reflectin is lower than the trans-azoEDTA to reflec-
tin ratio. Fig. 4D shows that the fraction of free reflectin in the

N =D B)
- trans-azoEDTA
® ® @ 0 = Cjs-azOEDTA
® - 2 15fF
® _ s &
+ Mix § 10k \3(‘;@
(=) S
8-@ Og® >
@ @ © @ 5
o % ® o o
e »
= 10 : ‘e 8100 618000
trans-azoEDTA cis-azoEDTA ; b
Piaes properties Hydrodynamic Diameter [nm]
C) D)
5 30 100 }&
£ trans-azoEDTA — trans-azoEDTA
3 251 A cis-azoEDTA 2 8ol A cis-azoEDTA
£
= 20}k % 5 =
£ e e 60
g 15 ‘f a ,
o 2 40
3 10 = Z:3 g
5 2 3 %
w 5= » 20
8 |
N
< OoH | | | | | o | | 1T I |
0 100 200 300 400 500 0 100 200 300 400 500

Concentration azoEDTA [uM]

Concentration azoEDTA [pM]

Fig. 4 A) Schematic of sample preparation and characterization of assembly of azoEDTA-reflectin protein complexes for trans-azoEDTA or cis-
azoEDTA. For a fixed reflectin concentration of 8 uM, the concentration of trans- and cis-azoEDTA was varied over the range of 80-480 uM. (B)
DLS shows change in particle size distribution for azoEDTA-reflectin assemblies with 240 uM azoEDTA. (C) Ratio of moles of azoEDTA to moles
of reflectin in the precipitable, assembled protein phase. Error bars represent the standard deviation calculated from 3 independent experiments.
(D) Percent of soluble protein remaining in supernatant after centrifugation. Error bars represent the standard deviation calculated from 3

independent experiments.

13284 | Chem. Sci., 2024, 15, 13279-13289

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc03299c

Open Access Article. Published on 17 July 2024. Downloaded on 6/15/2026 10:12:01 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

supernatant does not depend on the photoisomer of azoEDTA.
Taken together, Fig. 4C and D indicate that trans—cis photo-
isomerization decreases the number of protein-photoswitch
interactions but does not affect the amount of interacting
reflectin. Thus, for a given photoswitch concentration, cis-
azoEDTA forms less electrostatic interactions with reflectin and
neutralizes less of the positive charge from the reflectin proteins
than the trans isomer, which results in the formation of smaller
reflectin assemblies.

To optimize the photoswitchable control of assembly size, it
is crucial to minimize behaviors that lead to uncontrolled,
nonspecific aggregation. Our study of the co-assembly of trans-
and cis-azoEDTA with reflectin has revealed that concentrations
of azoEDTA < 320 uM minimize assembly formations with (Dy)
> 100 nm, B sheet formation, and the presence of non-
interacting azoEDTA, each of which could make the system
prone to aggregation.

Photoresponsive sizes of azoEDTA-reflectin assemblies

Based on the above results, the co-assembly of azoEDTA with
reflectin was monitored following in situ light irradiation using
samples prepared with 240 uM of the azoEDTA photoswitch and
8 uM reflectin. In the absence of azoEDTA, reflectin assemblies
do not change in size or structure following light irradiation
(Fig. S2071). The absorbance and photoswitching behavior of the
system was studied using time-dependent UV-vis spectroscopy.
Compared to the light absorbance spectrum of azoEDTA, the
maximum absorption wavelength of the azoEDTA-reflectin
system showed a hypochromic and bathochromic shift to
338 nm (Fig. S217). The red shift in absorbance is attributed to
a more hydrophobic environment for trans-azoEDTA resulting
from interactions with reflectin and indicates localization of the
photoswitches in the interiors of the assemblies. This behavior
is consistent with previous observations for protein-binding
chromophores.’”**®" The absorbance spectrum also shows
light-responsive turbidity that is consistent with the different
sizes of the protein-photoswitch complexes at each PSS
(Fig. S221).

Therefore, we propose to model the absorbance photo-
response by accounting for two processes that occur on separate
timescales: the fast, reversible photoisomerization of azoEDTA
(kazes and kaass0) and the associated, slow assembly-
disassembly of reflectin-photoswitch complexes (kg 365 and
kr,470) (Fig. 5A). The kinetics of azoEDTA photoswitching and
assembly were assessed by fitting the time-dependent UV-vis
data (Fig. 5B) to a biexponential model, where assembly-
disassembly of the azoEDTA-reflectin complexes was assumed
to be a pseudo-first order process. A detailed explanation of the
photoresponsive absorbance model can be found in the ESL}
When the sample was first irradiated with 365 nm light, ka 365
was 50% faster in the presence of reflectin than for a solution
without reflectin. For all other irradiation cycles, k365 and
kaa70 (Table S21) were determined to be the same order of
magnitude as observed for the azoEDTA-only solution (Table
S1t). Compared to the rates of isomerization, the kg 365 Was
approximately 70 times slower than ks ses, and kg 470 Was
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approximately 100 times slower than k4 4. Such slow rates of
assembly-disassembly are consistent with the slow diffusion of
azoEDTA-reflectin complexes and free reflectin molecules
(Table S3t), relative to the diffusion of free trans- and cis-
azoEDTA in solution.**®* The assembly-disassembly of the
reflectin-azoEDTA complexes also continued to occur even in
the absence of light, meaning that once azoEDTA photo-
isomerization has reached equilibrium, light irradiation is not
required to assemble or disassemble the azoEDTA-reflectin
complexes. In addition, the experimental data show that the
photoswitching of the azoEDTA-reflectin system is reversible
and does not deteriorate over three cycles. Taken together, these
results indicate that sufficient time after irradiation is necessary
for a significant change in assembly size to be detected.

The change in assembly size following UV- or blue-light
irradiation of the azoEDTA-reflectin assemblies was moni-
tored by DLS. Prior to sample irradiation, the mean size of the
photoswitch-protein assemblies was measured to be 74 £
52 nm. As shown in Fig. 5C, after in situ UV light irradiation (365
nm), the size of the protein-photoswitch complexes was
measured to be 39 £ 25 nm, or 53% of the initial mean assembly
size. These results are consistent with the mean sizes measured
in the co-assembly studies. After irradiation of the same sample
with blue light (470 nm), the mean protein-photoswitch
assembly size increased to 55 + 52 nm, or 80% of the initial
assembly size. Statistical analysis with paired sample ¢tests
showed that the changes in mean diameter following light
irradiation are statistically significant (p < 0.05). The PSS,, was
91% trans-azoEDTA, as established by "H NMR, which explains
the incomplete recovery of Dy with blue light. When sufficient
time (>10 min) is allowed for the protein-photoswitch
complexes to assemble or disassemble, two cycles of photo-
controlled (Dy) were measured by DLS with no decay in
magnitude of assembly size change (Fig. 5D and S237). The
remnant population of cis-azoEDTA at the PSS,;, limits the
recovery of the initial azoEDTA-reflectin assembly size. By
initiating irradiation cycles at PSS;65, a consistent magnitude of
size change can be achieved over two cycles (Fig. S247). After two
irradiation cycles, no significant change in (Dy) was measured
by DLS. The derived count rates from the DLS measurements
also cycle with UV- and blue-light irradiation (Fig. S25 and 267),
indicating that particles did not settle out of solution or
aggregate during irradiation or measurement.

Circular dichroism analyses show that the secondary struc-
tures of azoEDTA-reflectin complexes also exhibit cyclable
behavior upon light irradiation. As shown above, at higher
concentrations of azoEDTA in solution with reflectin, more
o helix and B sheet (i.e., more ordered) features are observed.
Therefore, if the interaction stoichiometry decreases for cis-
azoEDTA at PSS;65, we expect the system to show less order.
Fig. 5E shows how ellipticity, and therefore the structural
features of the reflectin-azoEDTA assemblies, changes with in
situ photoisomerization of azoEDTA. Prior to light irradiation,
the reflectin-azoEDTA complexes show a helix and B sheet
characteristics and a minimum in ellipticity at 206 nm. With
365 nm light irradiation, the ellipticity minimum shifts to
203 nm and its magnitude increases, indicating that the
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Fig. 5 Photoresponse of the azoEDTA-reflectin system for 8 uM reflectin and 240 uM azoEDTA. (A) Schematic illustrating how photo-
isomerization and turbidity contribute to changes in the measured absorbance of the system upon irradiation. (B) Time-dependent absorbance
was collected for 3 cycles with UV light irradiation for 34 min, blue light for 17 min, and no light for 12 min following each irradiation (black dots).
The behavior can be fit to a biexponential model (gray lines) that accounts for the photoisomerization and assembly processes. Rate coefficients
are given in Table S2.1 (C) DLS shows a change in assembly size distribution after irradiation with UV and blue light. (D) The change in (Dy), as
measured by DLS, can be cycled twice. (E) Evolution of ellipticity of dark-equilibrated azoEDTA-reflectin complexes (I) when exposed to 365 nm
(I, IV) and 470 nm (llI, V) irradiation. (F) Ellipticity at 202 nm can be cycled as a function of light irradiation.

assemblies are becoming less ordered. The initial ellipticity
spectrum can be recovered with 470 nm light irradiation,
showing that the photoinduced structural changes are revers-
ible. When the ellipticity at a single wavelength is shown as
a function of irradiation time, as shown in Fig. 5F, it is evident
that ellipticity is cyclable over two irradiation cycles. This
finding indicates that, similarly to the change in (Dy), the
protein-photoswitch assemblies have structural features that
are cyclable. However, incomplete recovery of structure is
observed after the second cycle, potentially due to irreversible
binding of azoEDTA with reflectin. To improve the cyclability of
the azoEDTA-reflectin system, we hypothesize that heteroatom
substitution of the azobenzene moiety will reduce hydrophobic

13286 | Chem. Sci, 2024, 15, 13279-13289

interactions between the photoswitch and protein that might
lead to irreversible binding and uncontrolled, nonspecific
aggregation.

Conclusions

In this study, the screening of the electrostatic interactions of
reflectin proteins by co-assembly with a multivalent azobenzene
photoswitch (azoEDTA) is shown to be a tool for controlling the
formation and size of reflectin-photoswitch assemblies.
Following a robust photoswitch synthesis that is easily adapt-
able for other charged biopolymers, we characterized the
assembly behavior of azoEDTA with reflectin under weakly

© 2024 The Author(s). Published by the Royal Society of Chemistry
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acidic conditions and identified 120-320 pM azoEDTA as the
ideal concentration regime for controlled assembly of protein-
photoswitch complexes with minimal evidence of nonspecific
aggregation. We showed that the interaction stoichiometry
between cis-azoEDTA and reflectin is 40% lower than with the
trans isomer, indicating that cis-azoEDTA forms less electro-
static interactions with the protein and thus forms smaller
protein assemblies. Finally, we demonstrated the utility of
azoEDTA to produce photoresponsive and cyclable changes in
the size and secondary structure of reflectin-azoEDTA assem-
blies with in situ light irradiation. Under 20 min of UV-light
irradiation and 8 min blue-light irradiation, the mean diam-
eter of the protein assemblies was shown to cycle between 74 +
52 nm and 39 £ 25 nm. To the best of our knowledge, this is the
first report of the co-assembly of a high-molecular-weight,
cationic, disordered protein with an oppositely charged photo-
switch and the photoresponsive control of protein assembly
size. The transient nature of electrostatic interactions and the
relatively non-selective character of the carboxylate moiety is
expected to enable similar charged molecules to be used for the
photoresponsive assembly of other oppositely charged proteins.
Furthermore, this approach is attractive as a general tool for the
formation of photoresponsive complexes of disordered
proteins, which are currently finding promising applications in
materials, biocatalysis, and therapeutics.
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