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Neuronally triggered phosphorylation drives the calibrated and cyclable
assembly of the reflectin signal transducing proteins, resulting in their fine
tuning of colours reflected from specialized skin cells in squid for camouflage
and communication. In close parallel to this physiological behaviour, we
demonstrate for the first time that electrochemical reduction of reflectin Al,
used as a surrogate for charge neutralization by phosphorylation, triggers
voltage-calibrated, proportional and cyclable control of the size of the protein’s
assembly. Electrochemically triggered condensation, folding and assembly
were simultaneously analysed using in situ dynamic light scattering, circular
dichroism and UV absorbance spectroscopies. The correlation of assembly
size with applied potential is probably linked to reflectin’s mechanism of
dynamic arrest, which is controlled by the extent of neuronally triggered
charge neutralization and the corresponding fine tuning of colour in the bio-
logical system. This work opens a new perspective on electrically controlling
and simultaneously observing reflectin assembly and, more broadly, provides
access to manipulate, observe and electrokinetically control the formation of
intermediates and conformational dynamics of macromolecular systems.

1. Introduction

Cephalopods are well known for their remarkable capabilities to manipulate light
for camouflage and communication [1-4]. Of these systems, the dynamically
tunable colour and intensity of iridescence reflected from skin cells in certain
squids have emerged as an inspiration for next-generation applications in
advanced optical materials and devices [5-8]. The mechanisms that squids
employ to modulate changes in reflected light are regulated by the reflectin
proteins, the major constituents in the stacks of plasma membrane-bounded
lamellae (iridosomes) within the specialized ‘iridocyte’ skin cells [5,9-12]. This
cellular ‘superstructure’ functions as a tunable Bragg reflector consisting
of alternating layers of high refractive index platelets and low refractive index
extracellular space [13-16]. Reflectin A1, the majority species, is a block copoly-
mer-like peptide chain of ca 350 amino acid residues consisting of six repeating
conserved domains alternating with cationic linkers, of which the positive
charge is dominated by a total of 31 histidines [13,17]. In vivo, progressive
charge neutralization by neurotransmitter-activated phosphorylation overcomes
the Coulombic repulsion of reflectin’s cationic linkers to drive condensation,
folding and assembly [18,19]. Assembly then triggers osmotic and Gibbs-
Donnan-mediated dehydration of the Bragg lamellae, reducing the platelet
thickness and spacing, while increasing refractive index, thus dynamically
tuning the colour of the reflected light [20-22]. In vitro, pH-titration, charge
screening and genetic engineering function as surrogates for in vivo phosphoryl-
ation, progressively neutralizing the initially cationic reflectin to monotonically
drive assembly calibrated with the extent of charge neutralization [19,23,24].

© 2023 The Author(s) Published by the Royal Society. All rights reserved.
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Recently, study has shown that dissociable protons of
free and peptide-incorporated amino acids can be directly
electroreduced at a bare platinum electrode with reduction
potentials correlated with their pKa values [25]. Liang ef al.
demonstrated that low-voltage electrochemical reduction
can selectively target the deprotonation of histidine residues
in histidine-rich reflectin Al, driving and simultaneously
measuring its assembly [17]. In those experiments and the
ones we present here, acidic conditions were used to ensure
the protein’s initial full protonation, thus starting each exper-
iment from its unstructured monomeric state. Combining
electrochemistry with dynamic light scattering (E-DLS),
these observations first showed that electrochemistry can pro-
vide a simple and convenient approach to probe a protein’s
thermodynamics while controlling its charge and assembly.
However, the effects of voltage level in the evolution of reflec-
tin assembly and the accompanying changes in its secondary
structure remained unknown. Masquelier et al. showed that
combining electrochemistry with in situ circular dichroism
and UV absorbance spectroscopies (E-CD) can be used to
simultaneously trigger and analyse the evolution of second-
ary structure in polylysine [26]. Inspired by these findings,
we used E-DLS and E-CD to trigger and quantitatively ana-
lyse conformational transitions of reflectin Al as a function
of electrochemical potential applied to the Pt electrode in
real time. The catalytic efficiency of the Pt working electrode,
for which the physical mechanism of proton electroreduction
has been recently clarified [27], allows the dual advantages of
low-voltage electroreduction of histidine residues in proteins,
and reduction at potentials that are distinct from those
driving both hydronium reduction and water hydrolysis.
The results demonstrate for the first time that reflectin assem-
bly size can be proportionally tuned by applied potential,
as previously observed for the protein’s response to neuron-
ally triggered phosphorylation in vivo and to charge
neutralization by pH titration, charge screening and genetic
engineering in vitro [19,23]. The well-defined size observed
at each voltage suggests that assembly is limited by a
dynamic equilibrium at the electrode’s diffusion layer, thus
exhibiting the same mechanism that is responsible for the
precise calibration between the neuronally triggered charge
neutralization and colour in the squid [23]. Also significantly,
our analyses demonstrate rapid and complete reversibility
of reflectin assembly when the applied potential is turned
off, and repeated cyclability of assembly and disassembly
in response to voltage being turned on and off, in this
first example of a protein’s cyclable assembly controlled
electrochemically as it is biochemically.

2. Results and discussion
2.1. Differential pulse voltammetry of reflectin

To identify the electrochemical reduction potential of histi-
dines inside reflectin, differential pulse voltammetry (DPV)
was performed on 25pM reflectin in 40 mM NaCl (to
ensure conductivity) at pH 3. This electrolyte condition was
chosen to guarantee full protonation of all the protein’s con-
stituent amino acids, sufficient ionic conductivity and a low
background of UV absorption in the wavelength region
probed. The DPV of reflectin (figure 1a) exhibits a distinct
electroreduction wave at —0.45V with a shoulder around
—0.57 V (black, solid curve). In comparison with the blank

solution (black, dashed curve), the reduction peak at
—0.45V is the signature of hydronium reduction in the
acidic, aqueous solvent [17,26,27]. The shoulder at —0.57V,
which becomes increasingly evident after deconvolution
(orange curve), corresponds to reduction of the imidazolium
side-chain of histidine residues in the protein [17,25].

2.2. Electrochemical dynamic light scattering of reflectin
assembly

Potentials below and above reflectin’s identified reduction
peak at —0.57 V versus Ag/AgCl were selected to analyse
the time-dependent evolution of reflectin assembly size
during electrochemical activation by E-DLS, allowing us to
simultaneously drive and quantitatively monitor these pro-
cesses (figure 1b—f) using the experimental set-up shown in
the electronic supplementary material, figure S1. The sub-
threshold potential of —0.475V, sufficient to reduce hydro-
nium ion, produces no change in reflectin size over that of
the ca 10 nm monomer (figure 1b). This result indicates that
the electrochemically driven pH gradient resulting from
hydronium reduction near the working electrode is insuffi-
cient to trigger reflectin assembly. By contrast, the slight
increase in applied voltage to —0.57 V triggers metastable
assembly over 25 min, with rapid return to the starting size
of the monomer when the potential is returned to open circuit
potential (OCP) (i.e. equilibrium potential at which no current
is flowing in the cell) (figure 1c). The observed metastability of
assembly can be attributed, in this kinetically controlled
regime, to the rate of assembly being just barely able to com-
pete with disassembly caused by the surrounding low-pH
environment. At the higher potential of —0.6 V, reflectin assem-
bly size is stable and homogeneous. Again, disassembly to
monomers quickly occurs when the applied voltage is turned
off, indicating rapid and complete reversibility. Similarly, pro-
gressively larger assemblies are observed at —0.7 and —-0.8V,
with rapid disassembly to the monomers driven by diffusion
into the low pH environment and the return to local acidic
environment at the electrode surface, once the voltage is
turned off (figure lef). In addition, the pH gradient that
arises from a small level of water electrolysis at a potential of
—0.8 V may also contribute to reflectin assembly. As such,
potentials below —0.8 V that can generate larger pH gradients
have not been discussed here.

Under apparent steady-state conditions (after 25 min), the
final sizes of reflectin assemblies are seen to have increased
monotonically as a function of negative potential applied to
the working electrode (figure 2a). (A control DLS analysis
in the absence of added salt is shown for comparison in
the electronic supplementary material, figure S2). After a
threshold, the results are in close parallel to the protein’s
assembly in proportional response to the neuronal signal
and its charge-neutralizing phosphorylation in vivo, and to
charge neutralization by pH titration, charge screening and
genetic engineering in wvitro [11,23]. At —0.8V, reflectin
exhibits the largest assembly size (60+20nm), compared
with the results at —0.7 V (50 +20 nm), —0.6 V (35 +15 nm),
-0.57V (27+13nm) and -0.475V (10 nm =approximate
diameter of the monomers). Although the size distribution
by volume at —0.8 V displays a mixture of two reflectin assem-
bly sizes, only the smaller of these is shown in figure 2b, since
it accounts for 99.6% of the particle number. Data are consist-
ent with the hypothesis that at progressively higher voltages,
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Figure 1. Electroreduction of histidine imidazolium in reflectin and evolution of assembly size as a function of voltage during electrochemical activation. (a) DPV of
25 uM reflectin in 40 mM NaCl, T mM perchloric acid, pH 3. Orange curve is the deconvolved voltammogram of reflectin after subtraction of the DPV without
reflectin (dashed line) from the DPV with reflectin (black). (b—f) In situ dynamic light scattering (E-DLS) of particle size distribution of 2 uM reflectin in
40 mM Nadl, T mM perchloric acid, pH 3 at applied voltages of (b) —0.475V, () —0.57 V, (d) —0.6 V, (e) —0.7 V and (f) —0.8 V. DLS was continuously measured
during application (Voy) and after the potential was returned to open circuit potential (OCP) (Vo) (solid and dashed lines, respectively).

histidine residues with slightly greater than their prototypical
pKa, possibly due to differences in local sequence environ-
ment or steric hindrance, are electroreduced to yield
progressively larger assemblies [25]. These histidine residues
with various pKa may be observed and evidenced by the
relatively broad reduction peak of reflectin (figure 1a).

Interestingly, the threshold for assembly seen in figure 2b,
¢ indicates a small barrier, suggesting that electroreduction
of a sufficient number of histidine residues is required for
assembly. This suggestion is experimentally confirmed by
the inability of —0.55V, a voltage capable of reducing the
imidazolium of free histidine [25], to trigger assembly of
reflectin Al (electronic supplementary material, figure S3).
This barrier was similarly observed in the protein’s pH-
dependent assembly with values lower than the pKa of
histidine being ineffective [23].

The relation between the rate of reflectin assembly and
voltage was further investigated by analysing assembly
size over the first 10 min after application of —0.6, —0.7 and
—0.8 V (figure 2c; electronic supplementary material, figure
S4). The results unequivocally reveal that more negative
potentials rapidly drive assemblies to the same sizes, owing
to both the electroreduction of more histidines and the poten-
tially faster electron transfer rate indicated by the broad and
asymmetric reduction peak in reflectin’s DPV (figure 2b). For
example, the formation of assemblies of ca 30 nm diameter
requires approximately 2 and 6 min with applied potentials
of —0.6 and —0.8V, respectively. Thus, both the rate and
size of reflectin assembly increase monotonically as a func-
tion of electrical signal strength. The observed lag time
before the onset of any detectable increase in diameter

(figure 2c) is progressively decreased with more negative
potentials (figure 2d), consistent with our hypothesis that
more rapid assembly occurs under more negative potentials.
(Although the lag times observed for the two lowest voltages
are the same, this is a consequence of the relatively low tem-
poral resolution of analysis, as indicated by the larger
assembly size at —0.6 V relative to that at —0.57 V.)

To gain further insight into the assembly process triggered
by electrochemistry, the count rates of back-scattered photons
from the DLS photodetector at different potentials were
measured simultaneously with the determination of size,
since the intensity of Rayleigh scattering depends on both
the sixth power of the diameter and the absolute number of
light-scattering particles [17]. Initially, similar count rates
were observed at each voltage analysed, since each sample
contained the same concentration and number of reflectin
monomers (figure 3a). The insufficient driving force of
—0.475V did not increase count rate as a function of time
(figure 3a), consistent with the lack of assembly already
noted (figures 1 and 2). By contrast, count rate began to
climb at increasingly faster rates and reach correspondingly
higher plateaus, monotonically as a function of progressively
greater negative potentials (figure 3a), consistent with the
assembly sizes described above (figures 1 and 2). The stable
plateau values are parallel to the results previously observed
using pH titration as a surrogate for charge neutralization
resulting from phosphorylation in vivo, in which the assem-
blies remained stable with both time and dilution.
Significantly, the count rate in all samples falls precipitously
as soon as the applied voltage is turned off, consistent with
the disassembly to monomers as described above.
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Figure 2. Reflectin assembly rate and size as a function of voltage. (a) Final reflectin size distributions and (b) assembly sizes (left axis) measured by DLS with
specified voltage applied for 25 min; error bars indicate full width at half maximum. DPV (right axis) was included for reference. (c) Evolution of assembly size as
a function of applied voltage over the first 10 min. (d) Lag time between application of the specified potential and first observed increase in assembly size
(i.e. larger than monomer, approx. 10 nm) in ¢. Vertical error bars correspond to the time between sampling points. All solutions were 2 uM reflectin in

40 mM NaCl, 1 mM perchloric acid, pH 3.

These results are consistent with the evolution of particle
size distributions in figure 1b—f. Figure 3b reveals the lag time
at different potentials before any onset of increase in the
count rate as seen in figure 3a. The more negative voltages
exhibit progressively shorter delay, indicating that less time
is required for sufficient charge neutralization to trigger
assembly. This ‘lag’ in count rate increase (figure 3b) falls
more rapidly as a function of voltage than the corresponding
lag in growth of assembly size (figure 2d), simply because the
count rate of photon scattering is a function of both particle
number and particle diameter. The latter power law depen-
dency greatly magnifies the contribution of relatively small
increases in particle diameter (shown above each voltage in
figure 2d). The slope of count rate also increases monotoni-
cally with increasingly negative applied voltage (figure 3c),
consistent with voltage-dependent increases in both assembly
particle number and size (cf. Figure 24).

To further investigate the phenomenon of dynamic arrest,
E-DLS was performed on reflectin Al at three different
concentrations (1, 2 and 3 pM) with an applied potential of
—0.7 V (electronic supplementary material, figure S5). All
measurements were conducted in 40 mM NaCl to ensure con-
sistency. Interestingly, we observe that the final assembly size
does not depend on the initial monomer concentration

(electronic supplementary material, figure S5). The presence
of similar sizes confirms the precise and finely tunable
relationship between the extent of charge neutralization and
the resulting size of reflectin assemblies that in vivo ensures
the accurate calibration between the triggering neurochemical
signal and the resulting changes in skin colour of squid [23].
Since the assembly sizes are comparable at these three con-
centrations, the increases in the plateaus of count rate
(electronic supplementary material, figure Sé6a,b) primarily
depend on the number of assembled particles in the system.
In contrast, little if any difference in the count rate slope is
observed as a function of reflectin concentration, consistent
with the unchanged rate of electron transfer and thus
unchanged kinetics of assembly at the electrode (electronic
supplementary material, figure Séc).

2.3. Electrochemical circular dichroism of
conformational transition

To evaluate the conformational response of reflectin to
heterogeneous charge neutralization resulting from the electro-
reduction of histidine residues, in situ circular dichroism (E-
CD) and UV absorbance were measured during electrochemis-
try (figure 4). The ellipticity of reflectin shows strong minima
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near 200 nm at 0 min, corresponding to a random coil confor-
mation of protein [28]. Control CD analyses in the absence of
added protein or salt are shown in the electronic supplemen-
tary material, figure S7 for comparison. At a low potential of
—0.475V, the ellipticity and absorbance remain stable over
time (figure 4a,c), demonstrating no structural change at a
potential that produced no assembly (figures 1-3). In marked
contrast at —0.7 'V, ellipticity gradually evolves near 200 nm

(figure 4b; electronic supplementary material, figure S8),
suggesting significant structural changes during assembly.
Previous analyses showed that the CD spectrum of reflectin
assemblies is consistent with the presence of both a-helix and
B-sheet structures [23,28]. The unresolved spectra of these
structures at 208-220 nm may partially be due to the inhomo-
geneous nature of the sample, consisting of assemblies near the
electrode and monomers in the surrounding acidic medium.
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Voltage- and time-dependent changes in UV absorbance
(figure 4d) parallel those in CD and assembly, with significant
hypochromicity at ca 197 nm, corresponding to the induced
conformational transition from a random coil to o-helix
[29,30]. This transition is attributed to the strong dipole-
dipole interactions between the chromophoric peptide bonds
as they take up the o-helical conformation [31,32]. Notably,
as soon as the potential is switched off, the protein reverts
back to the random coil conformation in response to the low
pH environment (figure 4b,d). This result is in good agreement
with the aforementioned disassembly as seen by E-DLS size
distribution and count rate (figures 1-3).

2.4. Reversibility and cyclability

In efforts to mimic the reversibility and cyclability of reflectin
folding and assembly occurring in the tunable squid irido-
cytes, E-DLS was conducted with potential switched on
and off for several cycles (figure 5). Figure 5a shows the simi-
lar rise and fall of count rate in each of four cycles, and the
corresponding sizes at indicated times are displayed in
figure 5b and electronic supplementary material, figure S9.
These results indicate that reflectin Al reversibly switched
through multiple cycles of assembly and complete disassem-
bly. This is the first time that such electrically driven,
reversible assembly has been demonstrated for any protein.
While this switching behaviour of reflectin also can be
driven by cyclical changes in pH [19], the need for dialysis
(to prevent increases in salt concentration) make that process
slow, while the electrochemical process shown here is quicker
and potentially more practical for future applications such as
photochemical switching.

3. Conclusion

The results reported here build on the prior demonstration
that charge neutralization by low-voltage electroreduction
can serve as a surrogate for signal-dependent phosphoryl-
ation to trigger protein folding and assembly [17,33]. What
is new here is the demonstration that protein assembly,
which can be proportionally driven by phosphorylation in

vivo, can be size-proportionally driven by small increments
of DC voltage in vitro. The rate of assembly (as inferred
from the DLS count rate, which convolves both number den-
sity and size) also appears to increase with voltage. The
physical mechanism and utility of this process differs
completely from those of AC field-mediated concentration,
liquid-liquid phase segregation and crystallization of
macromolecules [34-37].

The data presented demonstrate for the first time that
low-voltage electrochemical reduction monotonically, reversi-
bly and cyclically fine-tunes the rate and size of reflectin A1l
assembly as a function of voltage in acidic media. Assembly
is triggered, at least in part, by what appears to be direct
deprotonation of the imidazolium side-chains of histidine
residues in reflectin at a Pt surface at a potential above reflec-
tin’s identified reduction peak of —0.57 V. Inspection of the
DPV data (figure 1a), however, reveals that a pH gradient
will exist at these potentials, extending from alkalinity in
the vicinity of the working electrode to the acidity of the
bulk solution, thus raising the possibility that some charge
neutralization may result from electrochemically driven pH
titration. Related spectro-electrochemical analyses of charge
neutralization-driven conformational transition of polylysine
confirm that direct electroreduction of protein does occur at
the electrode surface under these conditions [26]. Our current
investigations are seeking to define the relative contributions
of these two processes and the factors that control them.

E-DLS was used to simultaneously trigger and dynami-
cally monitor the evolution of reflectin assembly size from
the ca 10 nm diameter monomers (at zero applied voltage)
to 15-40 nm diameter assemblies at —0.57 V; 20-50 nm at
—0.6 V; 30-70 nm at —0.7 V and 40-80 nm at —0.8 V. The pre-
cise relationship between voltage and the resulting size is
governed by the protein’s rapid dynamic equilibration of
assembly size as a function of its net charge [23]. This behav-
iour, responsible for reflectin’s precise calibration between
neuronally driven, phosphorylation-mediated charge neutral-
ization and colour in the biological (squid skin cell) system, is
likely to result from the balance between the protein’s weak,
short-range attractive forces and its stronger, long-range
repulsive (primarily Coulombic) forces, as characteristic of
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many colloidal systems [38,39] and consistent with the
observed tuning with charge [23] and voltage. The rate of
assembly also increases monotonically with applied voltage,
permitting very fine tuning.

The mechanism by which charge neutralization reversibly
and cyclically controls reflectin’s structure and assembly is
fairly well understood [16,19,23]. Reflectin Al is a cationic,
alternating block copolymer-like protein, with six histidine-
rich cationic linkers separating six unique conserved
domains, and functions like a concatanate of alternating
opposing mechanical springs [19]: analyses showed that
Coulombic repulsion of the cationic domains opposes the
thermodynamic drive of the conserved domains to condense
and fold [16,19,23]. Progressive charge neutralization, by
phosphorylation in vivo, or by genetic engineering, pH-titra-
tion (or electroreduction) in vitro, progressively overcomes
that Coulombic repulsion, allowing condensations and fold-
ing of the conserved domains to alpha and beta structures
creating newly emergent hydrophobic surfaces suggested to
facilitate hierarchical assembly [16,17,19,23]. Sites of phos-
phorylation are located in several of the cationic linkers [13],
consistent with the results of deletion analyses and titration
analyses [19] confirming that the ‘Coulombic switch’ govern-
ing assembly is spatially disseminated along the protein
chain. Previous genetic deletion experiments showed that the
reduction of any specific histidine is not required to trigger
folding and assembly; instead, it is simply the net charge
balance of the protein that matters [19].

The systematic variation in lag time with voltage before
the onset of increase in count rate (measured by E-DLS) indi-
cates that the applied potential is critical to determining the
time required to achieve sufficient charge neutralization for
assembly. E-CD and UV absorbance were analysed to evalu-
ate the conformational response of reflectin to charge
neutralization resulting from electroreduction. The results
confirmed the electrochemically driven evolution from the
initial random coil conformation of the fully protonated
reflectin monomer (with Coulombic repulsion of the cationic
linkers preventing both folding and assembly [9,23]) to
a-helix and B-structures concomitant with assembly.

Previous analysis of the interacting effects of salt concen-
tration and pH on reflectin’s structure and assembly showed
that the principal effect of salt is through charge screening
[39]. This contributes an independent axis of charge neutral-
ization that can be manipulated to increase or decrease a
protein’s sensitivity to electrochemically driven folding and
assembly, thus potentially increasing the power of the
methods described here.

In summary, our findings demonstrate that electrochemis-
try can be used as a surrogate for stimulus-regulated
phosphorylation, precisely regulating protein charge state to
enable the simultaneous fine tuning and analysis of protein
folding and assembly. The significance, wide generality and
potential utility of this finding extends far beyond the
squid’s signal transducing reflectin, as signal-controlled
phosphorylation is one of the most evolutionarily ancient
and widely distributed mechanisms regulating protein struc-
ture and function throughout the kingdom of life. As one
further example, we note that low-voltage electroreduction
drives assembly of K18, the core peptide of tau—the brain
protein that is pathologically driven by excess phosphoryl-
ation to assemble as amyloid in Alzheimer’s and related
neurodegenerative diseases [33]. The structural features

shared by reflectin and K18 that enable their responses to
be tuned by electroreduction include their thermodynamic
drive to fold and assemble [16]; the restriction of that drive
by the Coulombic repulsion of their cationic residues (pri-
marily histidine in the case of reflectin, and lysine in the
case of Ki18) initially maintaining both as intrinsically
disordered proteins, and their physiological regulation by
signal-activated phosphorylation, progressively neutralizing
Coulombic repulsion to drive proportional folding and
assembly. For both reflectin and K18, low-voltage electro-
reduction (of His* or Lys", respectively) acts as a surrogate
for charge-neutralizing phosphorylation to permit the pro-
teins’ entropically driven [16] folding and assembly. Our
results with reflectin (from squid) and K18 (from human
brain) suggest that this regulatory mechanism, in which cat-
ionic, Coulombic repulsion inhibits the drive for protein
folding and assembly, and signal-dependent phosphorylation
progressively overcomes that inhibition in a quantized
manner, may in fact be widely distributed in biological
systems. In the case of reflectin Al, the rates and sizes of
assembly are closely and monotonically calibrated with
voltage, and reversible and repeatedly cyclable, all in close
parallel with these behaviours finely tuned by charge neutral-
ization physiologically by phosphorylation, and in vitro by pH
titration, charge screening and genetic engineering [23]. These
results open new avenues for manipulating other macromol-
ecular systems, designing advanced functional materials and
devices, and bridging the biotic-abiotic interface.

4. Methods
4.1. Reflectin source, expression and purification

Recombinant reflectin Al from the squid, Doryteuthis opalescens,
was produced from a codon-optimized DNA construct,
expressed in Rosetta 2 (DE3) E. coli. It was then purified by cen-
trifugal collection of the protein expressed as inclusion bodies,
followed by chaotropic solubilization, cation exchange and
reverse-phase chromatographies, all as previously described
[19]. The purified protein was lyophilized and stored at —80°C
until solubilized for use [23]. Purity and functional integrity
were confirmed by SDS-PAGE and assembly as a function of
PpH as measured by DLS, also as previously [23].

4.2. Reflectin solubilization and sample preparation
Lyophilized reflectin was dissolved in 0.22 pm-filtered sodium
acetate buffer (25 mM, pH 4.5), and concentration determined
by spectroscopic measurement of Ajgg [23]. For electrochemical
measurements, solubilized reflectin was then diluted into
40 mM NaCl, 1 mM HCIO,, pH 3 to final protein concentrations
of 1, 2, 3 and 25 pM. Final pH values were readjusted to 3.0 by
the addition of HCIO, as needed.

4.3. Differential pulse voltammetry measurements

Reflectin DPV was conducted in 20 pl droplets of analyte (25 pM
reflectin in 40 mM NaCl, 1 mM HCIO,, pH 3) using an Autolab
M204 electrochemical workstation with a standard three-elec-
trode configuration consisting of a 2 mm diameter Pt disc as
working electrode, a Pt wire as counter electrode, and a fritted
Ag/AgCl in 1M KCI aqueous solution as reference electrode.
The analyte solution was centred on the working electrode
faced upward with the reference electrode on top and the counter
electrode inserted between the working and reference electrode.
Before each measurement, the Pt disc working electrode was
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polished successively with 3, 1, 0.25 and 0.05 pm MetaDiTM
polycrystalline diamond suspensions (Buehler, Lake Bluff, IL,
USA) on a micro-fibre cloth polishing pad, after which the
polished working electrode was sonicated in water for 2 min.
DPV measurements were performed with a potential step size
of 5mV, pulse height of 10 mV, pulse duration of 50 ms and
interval time of 0.5 s [40].

4.4. Electrochemically driven in situ dynamic light

scattering

In situ DLS measurements of reflectin (2 uM in 40 mM NaCl,
1 mM HCIO,, pH 3) were conducted using Autolab M204 elec-
trochemical workstation used in chronoamperometry mode
with a three-electrode configuration consisting of a Pt coil as
working electrode, a Pt wire as counter electrode and a fritted
Ag/AgCl in 1 M KClI aqueous solution as reference electrode
assembled in a DLS compatible optical cuvette and sealed with
a plug to avoid evaporation and dust. DLS was carried out
with a Malvern Zetasizer Nano ZS, aways at the same scanning
frequency, as previously described and illustrated [17]. All
samples were measured with a 632.8 nm HeNe gas laser with
a beam diameter of 0.63 mm (1/e?) and detected by an avalanche
photodiode (quantum efficiency (QE) greater than 50% at
633 nm) in a back-scattering configuration at 7° from normal.
Measurements were performed with 1.2 ml sample volumes at
25°C at the potentials indicated for 25 min and then followed
with bias off for 10 min. Cyclability of reflectin was evaluated
at —0.7 V for 25 min and followed with bias off for 10 min for
four cycles.

4.5. Electrochemically driven in situ circular dichroism
In situ CD measurements of reflectin 2 pM in 40 mM NaCl,
1 mM HCIO,, pH 3) were performed on a Jasco J-1500 spectro-
polarimeter with constant N, flushing, temperature controlled
at 25°C and a Gamry electrochemical workstation used in
chronoamperometry mode with a three-electrode configuration
consisting of a Pt mesh (52 mesh Pt wire of 100 pm diameter
folded in two, geometric area=8x 16 mm?) as working

electrode, a Pt mesh (52 mesh Pt wire of a 100 pm diameter
folded in two, geometric area =4 x 8 mm?) as counter electrode,
and a fritted Ag/AgCl in 1 M KCI aqueous solution as reference
electrode fitted in a 0.2 cm pathlength quartz cuvette, as pre-
viously described and illustrated [26]. All potentials are
expressed as versus Ag/AgCl. Both ellipticity and absorbance
were monitored simultaneously and recorded between 195 and
225 nm with a spectral width of 1 nm. Measurements were per-
formed with 0.8 ml sample volumes at the potentials indicated
for 25 min and then followed with bias off for 10 min.

4.6. Use of perchloric acid

Perchloric acid was used to maintain reflectin in the monomeric
state at the start of each experiment. Acidic pH previously had
been shown necessary to maintain the protein’s excess of cationic
amino acid residues (His, Lys and Arg) in their fully charged
state, thus ensuring the high Coulombic repulsion needed
initially to prevent condensation, folding and assembly [16,23].
The choice of perchloric acid was dictated by its transparency
in the far UV, in contrast with the high absorption of many
other common acids, thus permitting sensitive, interference-free
analyses of voltage-induced folding by CD.
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