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ABSTRACT: Protein- and peptide-based proton conductors have been extensively studied because of their important roles in
biological processes and established potential for bioelectronic device applications. However, despite much progress, the
demonstration of long-range proton transport for such materials has remained relatively rare. Herein, we fabricate, electrically
interrogate, and physically characterize films from a reflectin-derived polypeptide. The electrical measurements indicate that device-
integrated films exhibit proton conductivities with values of ~0.4 mS/cm and sustain proton transport over distances of ~1 mm. The
accompanying physical characterization indicates that the polypeptide possesses characteristics analogous to those of the parent
protein class and furnishes insight into the relationship between the polypeptide’s electrical functionality and structure in the solid
state. When considered together, our findings hold significance for the continued development and engineering of not only reflectin-
based materials but also other bioinspired proton conductors.
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B INTRODUCTION

Natural materials that support proton transport have been

protein- and peptide-based systems that support long-range
proton conduction.
Within the context of protein-based proton conductors, our

extensively studied because of their important roles in
biological processes and established potential for applications
in bioelectronic devices.' ™' In particular, protein- and
peptide-based proton conductors have been touted as
especially promising because of their numerous desirable
characteristics, which include modular sequences, controllable
self-assembly properties, programmable functionalities, and
good biocompatibilities.” '® However, despite much progress,
naturally derived or designer proteinaceous conductors that
effectively transport protons over long distances of ~0.01 mm
to ~10 mm remain comparatively rare, with few examples
reported to date.''~'® For instance, Silberbush and co-workers
have explored the proton conductivity of self-assembled films
from amyloid 8 peptides over a distance of ~0.02 mm.'* In
addition, Amdursky and co-workers have studied proton
transfer in electrospun mats from bovine serum albumin over
a distance of ~2.5 mm."® Furthermore, Pena-Francesch and
co-workers have investigated proton transport in dropcast films
from squid ring teeth proteins over a distance of ~7 mm.'
Accordingly, given such exciting combined precedent, there
has emerged an opportunity for the continued development of
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laboratory has focused on exploring the electrical properties of
cephalopod structural proteins known as reflectins.'”'"~*
These proteins were initially definitively isolated from the
reflective platelets of the Euprymna scolopes (E. scolopes) squid
(Figure 1A), and their amino acid sequences were immediately
benchmarked as unusual due to the prevalence of specific
conserved repeating motifs and high aromatic, charged, and
polar residue contents (Figure 1B).”* The isolated E. scolopes
reflectin isoforms (and their variants) were subsequently found
to exhibit exquisite sensitivity to changes in environmental
conditions and to sgontaneously self-assemble into nano-
particles (Figure 1C). 526 Various reflectins were also shown
to be compatible with multiple thin-film processing methods,
e.g., drop-casting, spin-casting, dip-coating, and inkjet printing,
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Figure 1. (A) Picture of an E. scolopes squid (left) and a transmission
electron microscopy (TEM) image of its reflectin-based platelets
(right).** (B) Amino acid sequence of E. scolopes reflectin 1b, where
the general forms of the conserved domains are indicated with orange
ovals.** (C) TEM image of spheroidal nanoparticles self-assembled
from E. scolopes reflectin 1a.”® (D) Schematic of a representative two-
terminal proton-conducting device from D. pealeii reflectin variants.

and could even withstand relatively harsh fabrication protocols,
e.g, direct metal depositions.'”>***7° When incorporated
into two-terminal devices, the reflectin-based films fabricated
via drop-casting revealed room-temperature proton conductiv-
ities of ~0.07 mS/cm to ~0.1 mS/cm over distances of ~0.05
mm to ~0.1 mm for D. pealeii reflectins Al and A2 (Figure
1D)."®" Such electrical properties enabled the development of
more advanced reflectin-based bioelectronic platforms, includ-
ing protonic transistors,'>*’ photochemically dopable sys-
tems,”’ and protochromic devices.”> However, despite much
progress, the electrical properties of reflectins from species
other than D. pealeii were not reported, long-range proton
conduction over millimeter length scales in reflectin films was
not investigated, and the relationship between the molecular
structure and electrical function of reflectin-based materials
was not completely elucidated.

Herein, we investigate the electrical properties and structural
characteristics of films fabricated from a reflectin-derived
polypeptide. First, we select a known recombinant reflectin
variant and characterize its solution-phase assembly via
dynamic light scattering (DLS) measurements, ultraviolet—
visible (UV/Vis) spectroscopy, and circular dichroism (CD)
spectroscopy. Second, we prepare two-terminal devices from
reflectin-derived polypeptide films via standard fabrication
methods and electrically interrogate them with electrochemical
impedance spectroscopy (EIS) under different environmental
conditions. Third, we explore our films’ morphologies with
atomic force microscopy (AFM) and scanning electron
microscopy (SEM) and their global structural ordering with
Fourier transform infrared (FTIR) spectroscopy and solid-state
CD spectroscopy. Last, we probe the local molecular-level
order of the reflectin-derived polypeptides comprising our
films via solid-state nuclear magnetic resonance (ssNMR)
spectroscopy. Altogether, our work holds relevance for
understanding and engineering not only reflectin-based
materials specifically but also other protein-based proton
conductors more generally.

B SELECTION AND SOLUTION-PHASE
CHARACTERIZATION OF A REFLECTIN-DERIVED
POLYPEPTIDE

We began our efforts by selecting a recombinant reflectin-
derived polypeptide previously designed and studied by Dennis
and co-workers.”” The primary sequence of the polypeptide,
which was denoted as Ref(2C), in accordance with literature
precedent, is illustrated in Figure 2A.>” The sequence
incorporated four repeats of the amino acid tract DPRYY-
DYYGRENDYDRYYGRSMF from E. scolopes reflectin 1b,
contained intervening linker regions between these regeats,
and featured an N-terminal histidine tag (Figure 2A).”” In
analogy to the parent native protein, Ref(2C), contained a
high proportion of aromatic (e.g.,, Tyr and Phe), charged (e.g.,
Asp and Arg), and uncharged polar (e.g., Ser and Thr) residues
(Figure 2A).”” Consequently, Ref(2C), recapitulated some of
the related reflectins’ key characteristics, such as processability
into thin films, environmental stability, and stimuli-responsive
light scattering functionality.”®”” Moreover, this designer
polypeptide was relatively more tractable and amenable to
purification in the quantities desirable for material experi-
ments.”””” Given the above considerations, Ref(2C), con-
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Figure 2. (A) Amino acid sequence of Ref(2C),, which incorporates four identical amino acid tracts (blue ovals). (B) Representative DLS volume
(black) and intensity (red) distributions obtained for solutions of Ref(2C),. (C) Representative UV/Vis absorbance spectrum obtained for
solutions of Ref(2C),. (D) Representative CD spectrum obtained for solutions of Ref(2C),.
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Figure 3. (A) Representative optical microscopy image of part of a two-terminal device, wherein a Ref(2C), film is contacted by two gold
electrodes with a separation of ~1 mm. (B) Schematic of the long-range transport of protons and deuterons for a device-integrated Ref(2C), film.
(C) Nyquist plots obtained for a representative two-terminal device from a Ref(2C), film in the presence of H,O (black triangles) and D,O (red
squares) vapor at a relative humidity of 92%. (D) Nyquist plots obtained for the same representative two-terminal device in the presence of H,0
vapor at relative humidities of 70% (orange), 80% (yellow), 82% (green), 84% (turquoise), 86% (blue), 88% (purple), 90% (pink), and 92%
(black). Note that the same Nyquist plots are shown in (C) and (D) for H,O vapor at a relative humidity of 92% in order to facilitate direct

comparisons.

stituted a judicious target biomolecule for electrical measure-
ments and structural characterization.

We in turn investigated the properties of the recombinant
reflectin-derived polypeptide in solution. Toward this end, we
initially expressed, purified, and isolated Ref(2C), according to
entrenched literature procedures.”>>’ We then solubilized this
polypeptide in hexafluoro-2-propanol (HFIP), an organic
solvent well known to stabilize protein secondary structures
and promote the formation of helices.”’*> We subsequently
probed such solutions with DLS measurements, UV/Vis
spectroscopy, and CD spectroscopy (Figure 2B—D). The
DLS volume and intensity size distributions revealed the
presence of two distinct populations with hydrodynamic radii
of ~80 nm and ~350 nm, indicating that the polypeptide
primarily formed nanoparticles (Figure 2B). The UV/Vis
absorption spectrum revealed a peak at ~272 nm and tailing at
higher wavelengths, which was consistent with a high aromatic
amino acid content and the presence of scattering nanostruc-
tures (Figure 2C).**** The CD spectrum revealed a positive
peak at ~196 nm and two negative peaks at ~208 nm and
~220 nm, suggesting that the polypeptide contained a-helices
but also featured some p-character in solution (Figure
2D).**® Notably, the observations were consistent with
reports not only for full length E. scolopes reflectins but also
for their recombinant variants under analogous condi-
tions.”>™>” When considered together, our measurements
provided insight into Ref(2C),’s aggregation state and
secondary structural characteristics.

B FABRICATION AND ELECTRICAL INTERROGATION
OF REFLECTIN-DERIVED POLYPEPTIDE FILMS

Having selected the reflectin-derived polypeptide and charac-
terized its assembly states in solution, we proceeded to prepare
two-terminal devices from the material. For this purpose, we

20940

adopted the methodologies previously validated for various
reflectin-based platforms.'”~>***7*° The corresponding gen-
eral fabrication scheme is illustrated in Figure SI. In brief, we
first spin-cast our Ref(2C), nanoparticle solutions (with HFIP
as the solvent) onto glass substrates, forming films with areas
of several square centimeters (Figure S1). We next stored the
just-cast films in ambient atmosphere, enabling evaporation of
any residual HFIP (Figure S1). We in turn electron-beam-
evaporated two gold electrodes with a separation (gap) of ~1
mm directly onto the dried films, completing the desired
devices (Figure S1). As an illustrative example, an optical
microscopy image of the active area of one resulting device is
shown in Figure 3A. This robust and straightforward
fabrication strategy facilitated the throughput of the ensuing
electrical measurements.

We next electrically interrogated the two-terminal devices
from the reflectin-derived polypeptide films under different
environmental conditions. For this purpose, we specifically
used electrochemical impedance spectroscopy (EIS) in order
to facilitate interpretation of our measurements and afford
comparisons with other protein- and peptide-based proton
conductors,'' 1110181923 A gchematic depicting the trans-
port of charge carriers (i.e,, protons or deuterons) in our
device-integrated Ref(2C), films is shown in Figure 3B, and
representative Nyquist plots obtained for such devices in the
presence of water (H,O) or deuterium oxide (D,0) vapor at a
relative humidity (RH) of 92% are shown in Figure 3C. In
general, the Nyquist plots revealed semicircles in the high-
frequency region, which were attributed to the bulk impedance
of a conductive film, and inclined spurs with concave curvature
in the low frequency region, which were attributed to the
interfacial impedance of a non-ideal, i.e., potentially rough,
film/electrode contact (Figure 3C)."**7%® These experimental
measurements were readily modeled with an equivalent circuit
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Figure 4. (A) Representative SEM image obtained for a Ref(2C), film. (B) Representative AFM topographic image obtained for a Ref(2C), film.
(C) Representative FTIR absorbance spectrum obtained for a Ref(2C), film. (D) Representative solid-state CD spectrum obtained for a Ref(2C),

film.

in which the bulk impedance was represented by an RC loop
containing a bulk resistance element (R,,) and a bulk
capacitance element (Cy,) and the interfacial impedance was
represented by an RC loop containing an interfacial resistance
element (R,,) and an interfacial constant phase element
(CPE,,) (Figure S2, Figure S3, and Table S1).'®*"°® The
experiments and modeling indicated that our films featured an
average conductivity of 0.41 + 0.06 mS/cm in the presence of
H,O, presumably corresponding to bulk proton transport, and
an average conductivity of 0.29 + 0.06 mS/cm in the presence
of D,0, presumably corresponding to bulk deuteron transport
(note also the different diameters of the semicircles in the
high-frequency region) (Figure 3B,C, Figure S3, and Table
S1). Upon moving from H,O to D,O in situ, the 29 + 5%
decrease in the conductivity was consistent with predictions
and measurements of the kinetic isotope effect for protein-
based proton conductors (Figure 3B,C).! T 1H1S161519,25,39
Notably, the proton conductivities found for Ref(2C), films
were ~4-fold to ~8-fold greater than those previously reported
for inkjet printed and droFcast D. pealeii reflectin Al films
under similar conditions."®*® Overall, the measurements
suggested that Ref(2C), was a highly effective proton-
conducting material.

We further electrically probed the two-terminal devices from
the reflectin-derived polypeptide films as a function of
systematic changes in the environmental conditions. For this
purpose, we again leveraged EIS to facilitate straightforward
interpretation and benchmarking of our measure-
ments,'' 7191018192390 The representative Nyquist plots
obtained for our devices in the presence of H,O vapor at RH
values between 70% and 92% are shown in Figure 3D. The
Nyquist plots revealed semicircles consistent with the bulk
impedances of conductive films and inclined concave spurs
consistent with the interfacial impedances of non-ideal film/
electrode contacts (Figure 3D).'"®**® These experimental
measurements could again be faithfully modeled with our
equivalent circuit, reinforcing the likely accuracy of the physical
interpretation (Figure S2, Figure S4, and Table S2). The
model indicated that the conductivity of our representative film
systematically decreased from a value of ~0.31 mS/cm at an
RH of 92% to a value of ~0.04 mS/cm at an RH of 70%
(Figure 3D, Figure S4, and Table S2). Moreover, our films’
calculated conductivity featured a logarithmic dependence on
the relative humidity, which was consistent with expectations
for proton-conducting materials (Figure $5).*>*' Excitingly,
the device-integrated Ref(2C), films transported protons over
a distance of ~1 mm at different relative humidities, which was
~10-fold to ~20-fold greater than the distances previously
reported for device-integrated D. pealeii reflectin Al and
reflectin A2 films at comparable RH values.''”** Taken

together, these measurements further underscored Ref(2C),’s
excellent proton-conducting functionality.

B MORPHOLOGICAL AND STRUCTURAL
CHARACTERIZATION OF REFLECTIN-DERIVED
POLYPEPTIDE FILMS

To better understand the electrical functionality of the
reflectin-derived polypeptide films, we characterized their
microscale and nanoscale morphologies. For this purpose, we
imaged our films with SEM and AFM, enabling direct
comparisons with assembled architectures from other E.
scolopes reflectin variants.”>">" The SEM and AFM images
obtained for the Ref(2C), films are shown in Figure 4A,B. The
SEM images revealed that the films’ surfaces consisted of
randomly distributed and densely packed spheroidal domains
with estimated radii between ~50 nm and ~400 nm (Figure
4A). The three-dimensional topographic AFM images
analogously showed that the films’ surfaces consisted of
protruding comparably sized spheroidal domains and featured
substantial average root-mean-square (RMS) surface rough-
nesses of 240 nm (Figure 4B). Here, the constituent domains’
estimated sizes in the solid state were in reasonable agreement
with those found for Ref(2C), nanoparticles in solution
(Figure 2B), especially when accounting for crowding- and
substrate-induced geometric distortions.”® In addition, the
nanostructured topographies generally resembled those
reported for other E. scolopes recombinant reflectins in the
solid state.”>”” Notably, the significant roughness of our films
provided a physical explanation for the presence of non-ideal
(presumably rough) film/electrode interfaces in our two-
terminal devices, as indicated by our equivalent circuit model
(see Figure S2 and vide supra). Consequently, the microscopy
measurements revealed the Ref(2C), films’ micro- to nano-
scale organization and afforded added insight into the electrical
performance of our devices.

We subsequently assessed the presence of global structural
order, ie., specific secondary structure, within the reflectin-
derived polypeptide films. For this purpose, we used a
combination of FTIR spectroscopy and CD spectroscopy,
enabling comparisons with the secondary structural character-
istics reported for other E. scolopes reflectins.”*~>” The FTIR
and solid-state CD spectra obtained for our Ref(2C), films are
shown in Figure 4C,D. The FTIR spectra revealed a peak with
a maximum at ~1654 cm™! (in the Amide I band) and a peak
with two maxima at ~1536 cm™' and ~1520 cm™ (in the
Amide II band), thus indicating that Ref(2C), possessed
primarily an a-helical secondary structure and also some f-
character in the solid state (Figure 4C).** The solid-state
CD spectrum revealed a positive peak at ~194 nm and a
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Figure 5. (A) Representative 2D *C—"3C correlation ssNMR spectra obtained for uniformly *C- and '*N-labeled Ref(2C), (red contours) and
selectively Tyr-labeled Ref(2C), (green contours). (B) Representative 2D '*C—'3C correlation ssNMR spectra obtained for uniformly *C- and
'5N-labeled Ref(2C), (red contours) and selectively Arg-labeled Ref(2C), (blue contours). Note that identical spectra are shown in (A) and (B)
for uniformly *C- and '*N-labeled Ref(2C), (red contours) in order to facilitate direct comparisons.

negative broad peak between ~204 nm and ~240 nm, again
indicating that Ref(2C), contained both a-helices and f-sheets
in the solid state (Figure 4D).>>*® Notably, the secondary
structure of Ref(2C), in films was not only comparable to that
found for Ref(2C), nanoparticles in solution (Figure 2D) but
also matched prior observations of secondary structural
characteristics for full-length reflectin la and truncated
recombinant reflectin 1a.”>*° The spectroscopic measurements
thus suggested that the assembly state of Ref(2C), in
nanoparticles was generally maintained during the formation
of nanostructured proton-conducting films.

B MOLECULAR-LEVEL CHARACTERIZATION OF
REFLECTIN-DERIVED POLYPEPTIDE FILMS

After gaining insight into our films’ global morphologies and
structural order, we developed a strategy for better under-
standing the molecular-level conformations and secondary
structures of the reflectin-derived polypeptides in the solid
state. For this purpose, we expressed, purified, and isolated
uniformly *C- and '*N-labeled, selectively Tyr-labeled, and
selectively Arg -labeled Ref(2C), according to literature
procedures.”>™""** We then processed the labeled peptides
into films analogous to those used both for electrical
measurements and for global morphological and structural
characterization, i.e., casting followed by solvent evaporation.
We next transferred the various films to NMR rotors and
recorded the 2D *C—"3C correlation ssNMR spectra. In such
spectra, the positions of the different amino acids’ resonances
relative to the positions tabulated for the same amino acids in
random coils (i.e, the '3C signal upshifts and downshifts)
furnish insight into the likely associated secondary structures,
and the presence of cross-peaks for different amino acids (due
to polarization transfer between sites) furnishes insight into the
likely inter- or intra-residue contacts and/or proximities.*~**
Moreover, the linewidths of the resonances in the spectra
provide additional information on both the residues’ secondary
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structural characteristics and local molecular motion/flexibil-
ity.*’ 7% Accordingly, we postulated that a detailed analysis of
the obtained spectra would yield a nuanced understanding of
self-assembled Ref(2C),’s molecular-level order in the solid
state.

We initially identified and assigned the signals corresponding
to our reflectin-derived polypeptides’ Gly, Pro, Thr, and Ser
residues. For this purpose, we examined the aliphatic regions of
the 2D C—"3C correlation spectra collected for films from
uniformly *C- and “N-labeled Ref(2C),. The Gly residues
exhibited a single set of resonances centered at C, ~45.0 ppm,
for which the C, upshifts indicated an a-helical character
(Figure SA,B (red contours) and Table S3). The Gly residues’
signals featured relatively narrow linewidths of ~1.2 to ~2
ppm, suggesting ordered backbone conformations (Figure
5A,B (red contours) and Table S3). The Pro residues exhibited
two sets of resonances centered at C, ~62.9 ppm and C,
~29.9 ppm, for which the C, upshifts and C,, downshifts again
indicated a likely helical character (Figure SA,B (red contours)
and Table S3). The Pro residues’ signals featured quite narrow
linewidths of ~1 ppm, again suggesting an ordered backbone
conformation (Figure SA,B (red contours) and Table S3). The
Thr residues displayed multiple sets of resonances with a
particularly dominant signal centered at C, ~60.7 ppm and C,
~67.8 ppm, for which the C, upshifts and C,, downshifts again
indicated an a-helical character (Figure SAB (red contours)
and Table S3). The Thr residues’ multiple signals featured
relatively narrow linewidths of ~1.2 to ~2 ppm, suggesting
partially ordered but distinguishable backbone conformations
(Figure SA,B (red contours) and Table S3). The Ser residues
displayed multiple sets of strong resonances with signals
centered at C, ~55.4 ppm and Cy, ~59.4 ppm as well as at C,
~55.7 ppm and C, ~59.1 ppm, for which the Cy; downshifts
were consistent with multiple different helix arrangements
(Figure SA,B (red contours) and Table S3). The Ser residues’
signals all featured comparatively broad linewidths of >2 ppm,
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suggesting disordered backbone conformations (Figure SA,B
(red contours) and Table S3). Notably, the consistent
observation of a-helical character was in agreement with the
interpretation of the FTIR and CD spectroscopy measure-
ments performed for the films (Figure 4C,D). The detailed
analysis revealed that some of Ref(2C),’s aliphatic amino acids
(i.e, Gly and Pro) and polar uncharged amino acids (i.e, Thr)
were locally ordered (i.e., associated with a-helical structures).

We next identified and assigned the signals corresponding to
our reflectin-derived polypeptides’ Asp and Asn residues. For
this purpose, we examined the aliphatic and carbonyl regions
of the 2D *C—"C correlation spectra collected for films from
uniformly *C- and N-labeled Ref(2C),. The Asp residues
displayed multiple closely spaced resonances centered at C,
~48.8 ppm and C;, ~40.3 ppm within the aliphatic region, for
which the C, downshifts indicated a likely S-type character
(Figure SA,B (red contours) and Table S3), and these residues
also displayed characteristic C, resonances between ~177.7
ppm and ~179.5 ppm within the carbonyl region, which were
typical of aspartic acid and corroborated the initial assignment
(Figures S6 (red contours) and Figure S7 (red contours)). The
Asp residues’ pronounced C, and C, signals featured relatively
narrow linewidths of ~1.3 ppm, which were consistent with
conformational order, as well as reduced intensities compared
to the signals of amino acids less prevalent in Ref(2C),’s
primary sequence, e.g., Pro, suggesting high side chain motion/
flexibility (Figure S8 and Table S3). The Asn residues
displayed resonances centered at C, ~55.3 ppm and C,
~40.3 ppm within a congested area of the aliphatic region,
for which the C, upshifts indicated some a-helical character
(Figure SA,B (red contours) and Table S3), and these residues
also displayed strong overlapping C, resonances at ~176.8
ppm within the carbonyl region, which were typical of
asparagine and corroborated the initial assignment (Figure
S6 (red contours) and Figure S7 (red contours)). The Asn
residues’ C, signals featured relatively narrow linewidths of
~1.5 ppm, which were again consistent with conformational
order (Figure S6 (red contours), Figure S7 (red contours), and
Table S3). Notably, the observation of both fS-type character
and a-helical character further reinforced the interpretation of
the FTIR and CD spectroscopy measurements performed for
our films (Figure 4C,D). The detailed analysis revealed that
Ref(2C),’s negatively charged amino acids (i.e,, Asp) were not
only locally ordered (i.e., associated with f-type structures) but
likely mobile and that some of Ref(2C),’s polar uncharged
amino acids (i.e, Asn) were also locally ordered (i.e.,
associated with a-helical structures).

We in turn identified and assigned the signals corresponding
to our reflectin-derived polypeptides’ Tyr and Phe residues.
For this purpose, we examined the aliphatic and aromatic
regions of the 2D "*C—"C correlation spectra collected for
films from uniformly '*C- and "*N-labeled and selectively Tyr-
labeled Ref(2C),. The Tyr residues exhibited multiple sets of
overlapping resonances at C, ~57.2 to ~57.7 ppm and C,
~35.2 to ~35.6 ppm within the aliphatic region, for which the
C, upshifts and C, downshifts both indicated an a-helical
character (Figure SA (red and green contours) and Table S3),
and these residues also exhibited characteristic overlapped C,
resonances at ~155.3 to ~156.1 ppm within the aromatic
regions of both “C- and '’N-labeled and selectively Tyr-
labeled Ref(2C), (Figure S6, red and green contours). The
various Tyr residues’ C, and C, signals featured relatively
narrow linewidths of ~1.5 ppm, which suggested the presence

of ordered arrangements, and their distinctive C, cross-peaks
intimated that some of the tyrosines were in close proximity to
one another and likely interacting via pi—pi stacking (Figure
SA (red and green contours) and Table S3). The Phe residues
displayed a dense resonance cluster centered at C, ~55.3 ppm
and C, ~37.9 ppm, for which the C,, downshifts indicated an
a-helical character (Figure SA (red contours) and Table S3).
The various Phe residues’ clustered C, and C,, signals featured
broad linewidths of ~3 ppm, which suggested the likely
presence of significant local disorder (Figure SA (red
contours) and Table S3). The overall analysis showed that
Ref(2C),’s aromatic amino acids adopted either ordered and
presumably stacked arrangements (i.e., Tyr) or comparatively
disordered arrangements (i.e., Phe).

We subsequently identified and assigned the signals
corresponding to our reflectin-derived polypeptides’ Arg
residues. For this purpose, we examined the aliphatic and
imine regions of the 2D "*C—'3C correlation spectra collected
for films from uniformly *C- and "*N-labeled and selectively
Arg-labeled Ref(2C),. The Arg residues displayed multiple sets
of overlapping resonances between C, ~53.6 ppm to ~56.7
ppm and C, ~27.4 ppm to ~28.2 ppm within the aliphatic
region, for which the C, upshifts and C;, downshifts indicated
an a-helical character (Figure SB (red and blue contours) and
Table S3). The Arg residues also displayed multiple sets of
overlapping resonances between ~23.9 ppm to ~25.8 ppm and
~41.0 ppm to ~42.3 ppm in the aliphatic region and between
~156.3 ppm to ~157.4 ppm in the imine region for both '*C-
and "“N-labeled and selectively Arg-labeled Ref(2C), (Figure
SB (red and blue contours), Figure S7 (red and blue
contours), and Table S3). The different Arg residues’
numerous signals featured typically narrow linewidths of <2
ppm, suggesting multiple distinct but presumably ordered
backbone conformations (Figure SB (red and blue contours),
Figure S7 (red and blue contours), and Table S3). Here, a
subset of the signals observed for the uniformly and selectively
labeled polypeptides did feature imperfect agreement, presum-
ably due to slight differences in the film fabrication conditions.
The overall analysis showed that Ref(2C),’s positively charged
amino acids (i.e., Arg) formed a heterogeneous distribution of
ordered arrangements.

We last studied how our ssNMR spectra were affected by
subtle changes in the film preparation conditions. This effort
was motivated by the well-known sensitivity of reflectins to
their surrounding environment and to variation of processing
parameters.'”~>**73 Thus, we performed ssNMR experi-
ments for multiple films that were fabricated via casting of a
Ref(2C), solution onto a substrate and then directly
transferred to a rotor. The spectra obtained for these films
resembled one another in most respects when accounting for
expected inherent experimental variability (compare, for
example, the spectra in Figure S and Figure S9). Moreover,
we performed ssNMR experiments for films that were prepared
via repetitive casting of a Ref(2C), solution into a rotor and
evaporation of the solvent. The spectra obtained for such films
displayed some differences in their specific signals but generally
furnished similar molecular-level structural information
(compare, for example, the spectra in Figures S9 and S10).
Together, these observations underscored the reliability of our
general film fabrication approach and portended favorably for
the continued exploration of Ref(2C),’s self-assembly and
structure in the solid state.
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Figure 6. Proposed model for the hierarchical organization of Ref(2C), films across multiple length scales.

B CONCLUSIONS

We have investigated the electrical properties of films from a
known reflectin-derived polypeptide originally designed to
recapitulate some of the key characteristics of full-length E.
scolopes reflectins. Within the context of two-terminal devices,
these films’ conductivities demonstrated distinct kinetic
isotope effects, validating the functionality of the reflectin-
derived polypeptide as a bulk proton conductor, and possessed
high average values of ~0.4 mS/cm, which were ~4-fold to
~8-fold greater than those previously measured for D. pealeii
reflectin Al films under analogous conditions. Moreover, the
films’ conductivity demonstrated a logarithmic dependence on
the relative humidity, in agreement with expectations for a
proton-conducting material, and maintained a relatively high
value across millimeter-scale distances, which were ~10-fold to
~20-fold larger than the ones previously reported for device-
integrated D. pealeii reflectin Al and A2 films. Taken together,
these findings underscored the utility and promise of the
reflectin class of proteins as bioelectronic materials.

We have in turn globally characterized our reflectin-derived
polypeptide films with a suite of complementary techniques,
enabling us to propose a comprehensive model for their
hierarchical organization (Figure 6). At the macroscale (ie.,
tens of millimeters), the films appear uniform and continuous
(Figure 6, far left). At the microscale (i.e., tens of microns), the
surfaces of the films are covered by abutting densely packed
nanostructures (Figure 6, middle left). At the nanoscale (i.e.,
tens to hundreds of nanometers), the individual nanostructures
appear spheroidal and resemble deformed nanoparticles
(Figure 6, middle right). At the molecular scale (i.e., one to
several nanometers), the self-assembled polypeptides compris-
ing the nanoparticles exhibit distinct secondary structural
order, i.e., primarily a-helical character (Figure 6, far right).
The developed nuanced understanding of our films’ organ-
ization across multiple length scales provides a rationale for our
two-terminal devices’ electrical characteristics and appears
poised to enable more advanced device applications in the
future.

We have furthermore studied the local molecular-level
structural characteristics of the reflectin-derived polypeptides
comprising our films with ssNMR spectroscopy. Such
experiments allowed for the identification and assignment of
signals corresponding to nearly all of the amino acid types
within Ref(2C),’s four DPRYYDYYGRFNDYDRYYGRSMF
repeats (Table S3). Our systematic analysis of the assigned
signals revealed that the majority of the repeats’ aromatic and
aliphatic amino acids, i.e, Tyr, Gly, and Pro, were generally
associated with structurally uniform (a-helical) ordered
arrangements, whereas the repeats’ negatively and positively
charged amino acids (i.e, Asp and Arg) were associated with
mobile and/or structurally heterogeneous (various a-helical
and f-type) arrangements. These findings hint that the
reflectin-derived polypeptides’ amino acid composition may

cause local partitioning of our films into hydrophobic and
hydrophilic domains, wherein the conformationally promiscu-
ous charged amino acids facilitate efficient long-range proton
transport. Accordingly, our observations and analysis furnish
mechanistic insight into the likely molecular-level origins of
our reflectin-derived polypeptide films’ excellent proton-
conducting functionalities.

In summary, our findings hold fundamental and techno-
logical significance for several reasons. First, we have explored
the electrical properties of a proteinaceous material derived
from E. scolopes reflectins (rather than from D. pealeii reflectins,
as previously reported), hinting that the entire reflectin protein
class may exhibit proton-conducting functionality. Second, we
have demonstrated that our reflectin-derived polypeptide films
feature long-range proton conductivities on par with those
reported for other proteins and peptides, underscoring
reflectins’ potential as bioelectronic materials. Third, we have
developed a detailed understanding of our films™ hierarchical
organization and molecular-level ordering, providing reason-
able rationales for their performance within two-terminal
devices and generally excellent bulk electrical properties. Last,
we have added to the current understanding of the relationship
between the structure and electrical function of reflectin-based
materials, portending favorably for further study of both the
reflectin-derived polypeptides’ and full-length reflectins’
atomic-level structures in the solid state. Given such
considerations, our work appears positioned to guide the
continued development and engineering of not only reflectins
but also other proton-conducting proteins.
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