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Major Goals: The major goal of this project was to combine biophysical and genetic engineering approaches to
identify the molecular mechanisms by which the reflectin protein transduces neuronal signals to the precisely
calibrated finely tuned control of color and brightness of light reflected from intracellular Bragg reflectors in
specialized skin cells of squids. We also proposed to develop techniques to genetically couple reflectin to other,
non-tunable proteins, and demonstrate that such linkage will allow extension of tunable control to the conjugated
carrier proteins.

Accomplishments: A. ABSTRACT: Reflectin A1 (henceforth referred to simply as “reflectin” unless otherwise
specified) is a cationic, block copolymeric, initially disordered protein that mediates the neuronally triggered,
osmotically mediated, dynamic fine-tuning of the color and brightness of light reflected from nanostructured Bragg
reflectors in specialized skin cells of squids. Its structure consists of a peptide chain of ca. 350 amino acids, with 6
blocks of unique and highly conserved (essentially identical) sequence alterating with cationic linkers.

In our ARO-supported research (1-17), we discovered that progressive charge-neutralization of reflectin — either by
neurotransmitter-activated phosphorylation in vivo, or by pH-titration, genetic engineering or anionic screening of
the purified recombinant protein in vitro — drives its condensation, folding and hierarchical assembly to form liquid-
liquid phase-separated particles of precisely calibrated size exponentially proportional to the extent of charge-
neutralization. This assembly triggers the osmotic efflux of water from the Bragg lamellae, shrinking their thickness
and spacing, while increasing their refractive index contrast — thus dynamically tuning the color while
simultaneously increasing the intensity of the reflected light.

Our analyses suggest that reflectin’s behavior can be undersood as a consequence of its structure resembling a
concatenate of alternating and opposing expansion and contraction springs: Coulombic repulsion of the cationic
linkers (expansion) keeps the molecule in an extended and intrinsically disordered state until charge neutralization
sufficiently opposes that repulsion, relaxing the stress on the conserved domains to allow the entropic drive
encoded in their sequences to trigger condensation and secondary folding (contraction), with the resulting
emergence of hydrophobic surfaces and beta structures that facilitate hierarchical assembly (11, 15). Interestingly,
the precise calibration between the extent of charge-neutralization and size of assembly (with consequent
calibration between the initiating signal and biological effect) depends on a rapid “dynamic arrest” of assembly (17).

Formally, this dynamic arrest of assembly is determined by the balance of weak, short-range attractive forces and
strong long-range repulsive forces, as well understood for many colloidal systems (33, 34, 46). Once the reflectin
assemblies have reached or exceeded a critical size (in the range of ca. 10-20 nm spherical diameter), we find they
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transition to the liquid phase, as nanoscale droplets exhibiting liquid-liquid phase-separated (LLPS) behavior. Our
most recent results suggest that the charge neutralization-regulated size of these droplet assemblies — and hence,
the number of reflectin monomers in the assemblies - is regulated by the physical properties of the liquid state,
principally including Plateau Rayleigh Instability (48), in which the size of the droplets is determined by the ratio of
surface tension to charge. Thus, the precise calibration between the excitatory neuronal signal (with its resultingly
proportional neutralization of reflectin) and the consequent osmotic dehydration of the Bragg lamellae, precisely
tuning the color and brightness of the reflected light, are likely to be the direct result of the physics of the liquid state
of the protein assemblies.

B. DETAILS:
a. Introduction:
Cephalopods such as squid and octopuses possess an optically dynamic epithelium, enabling complex camouflage
and communication (18, 19). In addition to pigmentary chromatophores, these animals possess reflective cells —
leucophores and iridocytes - that act as structural reflectors through the interaction of light with their sub-
wavelength nanostructures (3, 4). While leucophores are broadband scatterers of white light, iridocytes reflect
specifically colored, iridescent light by angle- and wavelength-dependent constructive interference from intracellular
Bragg reflectors. The lamellae of these reflectors are densely filled with cationic block copolymer-like proteins
called reflectins and are separated from the low refractive index extracellular fluid by regular invaginations of the
cell membrane (4).

The structural reflectors of the iridocytes and leucophores of most cephalopods are static, but those in the Loliginid
squid family uniquely possess reversibly tunable versions of these reflectors (13) (Figure 1A). Ultrastructural
characterization of unactivated tunable iridocytes showed their intracellular lamellae to contain a heterogeneity of
discontinuous ~10-20 nm nanoparticles and nanofibrils, suggesting that the cationic reflectins within the lamellae
exist in a predominantly unassembled state dominated by inter-particle charge repulsion (21, 22). Upon iridocyte
activation initiated by binding of the neurotransmitter acetylcholine (ACh; released from nearby nerve cells) to cell
surface muscarinic receptors, a signal transduction cascade culminates in enzymatic phosphorylation of the
reflectins, consequently neutralizing their cationic charge and driving assembly of the reflectins to form
homogenously densely staining Bragg lamellae (21, 22, 1, 4). Measurements demonstrating the reversible efflux of
D20 and its re-uptake revealed that condensation of the reflectins drives the expulsion of H20 from the membrane-
bounded lamellae, simultaneously increasing the refractive index contrast between the intracellular and
extracellular layers of the Bragg reflector while shrinking their thickness and spacing, thus activating reflectance
and progressively tuning the color of the reflected light across the visible spectrum (2, 4, 5, 7). Proportionality of
these responses to the activating neuronal signal results in the precisely calibrated tuning of reflected color
(Figures 1B, C) (11, 15, 17).

Complete accomplishments and tables provided in uploaded file.
Training Opportunities: As described

Results Dissemination: As described

Honors and Awards: Nothing to Report
Protocol Activity Status:

Technology Transfer: 1. We transferred our newly developed low-voltage method for tuning folding and
assembly of proteins (as a surrogate for their normal in vivo control by phosphorylation), together with a responsive
protein and detailed instructions for use, to colleagues at the Army’s CCDC Soldier Center at Natick, MA.

2. We provided recombinant reflectin-plasmid DNA expressing reflectin protein, a high-yield producing bacterial
host stain, and detailed protocols for expression, purification and quality-control characterization of reflectin protein,
all developed in our lab with ARO support, to Dr. Krystina Hess, Biotechnology Branch, CCDC-Chemical Biological
Center (Aberdeen) and Dr. James Myslinski, US Army Futures Command, in assistance of their R&D Large-Scale
Production of Reflectin for distribution to ARO researchers.
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Article Title: Molecular mechanism of reflectin's tunable biophotonic control: Opportunities and limitations for
new optoelectronics

Authors: R. Levenson, D. DeMartini, D.E. Morse
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Abstract: Discovery that reflectin proteins fill the dynamically tunable Bragg lamellae in the reflective skin cells of
certain squids has prompted efforts to design new reflectin-inspired systems for dynamic photonics. But new
insights into the actual role and mechanism of action of the reflectins constrain and better define the opportunities
and limitations for rationally designing optical systems with reflectin-based components. We and our colleagues
have discovered that the reflectins function as a signal-controlled molecular machine, regulating an osmotic motor
that tunes the thickness, spacing and refractive index of the tunable, membrane-bound Bragg lamellae in the
iridocytes of the Loliginid squids. The tunable reflectin proteins, characterized by a variable number of highly
conserved peptide domains interspersed by positively charged linker segments, are restricted in intra- and
interchain contacts by Coulombic repulsion....
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Article Title: Neutralization of a Genetically Encoded Switch Followed by Dynamic Arrest Precisely Tunes
Reflectin Assembly

Authors: R. Levenson, R. C. Bracken, C. Sharma, P. Kohl, Y. Li, J. Santos, C. Arata, D. E. Morse

Keywords: biomaterials, biophotonics, intrinsically disordered protein, tunable, iridescence, protein aggregation,
protein assembly, protein self-assembly, protein phase separation, reflectins

Abstract: Only in Loliginid squids are the reflectins dynamically tunable, driving changes in skin color for
camouflage and communication. The reflectins are block copolymers with repeated canonical domains
interspersed with cationic linkers. Neurotransmitter-activated signal transduction culminates in catalytic
phosphorylation of the cationic linkers, with resulting neutralization overcoming Coulombic repulsion,
progressively allowing condensation and assembly of multimeric spheres of tunable size. Dynamic light scattering,
transmission electron microscopy, small angle x-ray scattering, circular dichroism and fluorimetry now reveal
details of assembly. We analyzed the assembly behavior of phospho-mimetic, deletion and other mutants in
conjunction with pH-titration as an in vitro surrogate of phosphorylation to discover a predictive relationship
between the extent of neutralization of the protein’s net charge density and the size of the resulting multimeric
protein condensates.
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Keywords: Doryteuthis opalescens, iridescence, iridophore, cephalopod, male mimicry, structural color
Abstract: We recently discovered that at least one species of Loliginind squids contains tunable leucophores —
skin cells that can be switched from transparency to progressively brighter, broadband white reflectivity. These
cells contain the same reflectin proteins in intracellular vesicles, that are found in Bragg lamellae in the color-
tunable iridocytes. The mechanism of tunability in these two kinds of cells, activated by the neurotransmitter,
acetylcholine (ACh) and mediated by the reflectin proteins, is apparently the same at the molecular level, with
differences in the structures containing the reflectins resulting in different photo-physics. While Bragg reflection
produces the tunable colors resulting changes in the refractive index, thickness and spacing of the Bragg
lamellae, it is Mie scattering from the condensed reflectins and the pycnotic vesicles that contain them that
produces the broadband white of the leucophores.
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Abstract: Analyses by confocal fluorescence microscopy, cryo-transmission electron microscopy and dynamic
light scattering reveal that the purified recombinant reflectins from a squid strongly interact with synthetic vesicles
similar to cellular membranes in a multivalent manner, driving agglomeration in a ratio-dependent and saturable
manner. Under specific conditions, reflectin A1 from this species, unlike reflectin C, can additionally drive fusion
and tubulation of these vesicles, indicating that A1 possesses an ability to substantially alter vesicle structure.
These results offer insights into the potential relationships of the reflectins with their confining Bragg lamellae, and
suggest the possibility that reflectin-membrane interactions may play a role in the formation and behavior of these
complex membrane nanostructures.
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Abstract: Assembly of reflectin dynamically tunes color and brightness of light reflected from photonic
nanostructures in squid skin. Neutralization by phosphorylation triggers assembly, driving osmotic dehydration of
the Bragg lamellae containing reflectin to simultaneously shrink their thickness and spacing while increasing
refractive index, thus tuning wavelength and brightness of reflectance. In vitro, reduction in net charge density of
recombinant reflectin by pH-titration charge screening or mutation drives a finely tuned increase in size of the
resulting multimeric assemblies, enabled by dynamic arrest of multimer growth and subsequent stability. This
ensures reciprocally precise control of the particle number concentration of the reflectin assemblies, thereby
encoding precise calibration between neuronal signaling, osmotic pressure, and the resulting optical changes.
Charge regulation of reflectin assembly precisely fine-tunes a colligative property-based biological machine.
Distribution Statement: 2-Distribution Limited to U.S. Government agencies only; report contains proprietary infc
Acknowledged Federal Support: Y
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Article Title: Calibration between trigger and color: Neutralization of a genetically encoded coulombic switch and
dynamic arrest precisely tune reflectin assembly

Authors: R. Levenson, C Bracken, C Sharma, J. Santos, C. Arata, B Malady, D. E. Morse

Keywords: biomaterials, biophotonics, intrinsically disordered protein, tunable, iridescence, protein aggregation,
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Abstract: Reflectins are block copolymers with repeated canonical domains interspersed with cationic linkers.
Neurotransmitter-activated catalytic phosphorylation of the linkers results in charge neutralization, overcoming
Coulombic repulsion to progressively allow condensation, folding and assembly to form multimers of tunable size.
Structural transitions of phospho-mimetic, deletion, and other mutants were analyzed by DLS, CD, TEM, AFM,
SAXS and fluorimetry, using pH-titration as an in vitro surrogate of phosphorylation to discover a previously
unsuspected, precisely predictive relationship between the extent of neutralization and size of the multimers that
form via dynamically arrested liquid-liquid phase separated intermediates, with dynamic arrest enabling the
observed fine-tuning by charge and resulting calibration between neuronal trigger and color in the squid. These
results open new paths for the design of new materials with tunable properties.
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Authors: J Song, J. Santos, R. Levenson, L. Velazquez, F. Zhang, D. Fygenson, W. Wu, D. E. Morse
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Abstract: To better understand the interactions between the reflectins and the photonic membrane structures
that encompass them, we analyzed the interactions of two purified reflectins with synthetic phospholipid
membrane vesicles (similar in composition to cellular membranes), using confocal fluorescence microscopy, cryo-
transmission electron microscopy and dynamic light scattering. The purified recombinant reflectins were found to
interact with the vesicles in a multivalent manner, driving agglomeration in a ratio-dependent and saturable
manner. Under specific conditions, reflectin additionally drives vesicle fusion and subsequent tabulation, in
marked contrast to reflectin C. These results offer insights into the potential relationships of the reflectins with their
confining Bragg lamellae, and suggest the possibility that reflectin-membrane interactions may play a role in the
formation, structural maintenance and/or dynamic behavior of these biophotonically active membrane
nanostructures.
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Authors: Daniel E. Morse, Esther Taxon
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Abstract: Underwater camouflage and communication in a family of recently evolved squids are controlled, in
part, by the reflectin proteins, which regulate dynamic changes in the color and intensity of light reflected from
intracellular Bragg reflectors and Mie scatterers. The reflectins act as a signal transducer, precisely tuning the
dimensions and refractive index of the membrane-bounded structural reflectors containing them to an extent
exactly proportional to neuronal signaling. This calibration between the activating signal and the output color and
intensity of reflectance is governed by the physics of the liquid state of reflectin assemblies, which osmotically
fine-tune the dimensions and refractive index of the membrane-bounded structural reflectors containing them.
While thin-film or genetically engineered assemblies of reflectin deliver changes in the colors of reflection
approximating those of the biological system.....
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Abstract: The reflectin proteins have been extensively studied for their role in reflectance in cephalopods. In the
recently evolved Loliginid squids, these proteins and the structural color they regulate are dynamically tunable,
enhancing their effectiveness for camouflage and communication. In these species, the reflectins are found in
highest concentrations within the structurally tunable, membrane enclosed, periodically stacked lamellae of
subcellular Bragg reflectors and in the intracellular vesicles of specialized skin cells known as iridocytes and
leuocophores, respectively. To better understand the interactions between the reflectins and the membrane
structures that encompass them, we analyzed the interactions of two purified reflectins with synthetic phospholipid
membrane vesicles similar in composition to cellular membranes, using confocal fluorescence microscopy and
dynamic light scattering.
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Abstract: Reflectin is a cationic, block copolymeric protein that mediates the dynamic fine-tuning of color and
brightness of light reflected from nanostructured Bragg reflectors in iridocyte skin cells of squids. In vivo,
neuronally activated phosphorylation of reflectin triggers its assembly, driving osmotic dehydration of the
membrane-bounded Bragg lamellae containing the protein to simultaneously shrink the lamellar thickness and
spacing while increasing its refractive index contrast, thus tuning the wavelength and increasing the brightness of
reflectance. In vitro, we show that reduction in repulsive net charge of the purified, recombinant reflectin — either
(for the first time) by generalized anionic screening with salt, or by pH titration - drives a finely tuned, precisely
calibrated increase in size of the resulting multimeric assemblies. The calculated effects of phosphorylation in vivo
are consistent with these effects observed in vitro. X-ray scattering analyses confirm the sphericity
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(1) Number of Undergraduate STEM Students: 3
(i) Number of Graduate STEM Students 2
(ii1) Number of students that received a STEM degree 5

e. Technology transfer:

1.

We transferred our newly developed low-voltage method for tuning folding and
assembly of proteins (as a surrogate for their normal in vivo control by phosphorylation),
together with a responsive protein and detailed instructions for use, to colleagues at the
Army’s CCDC Soldier Center at Natick, MA.

We provided recombinant reflectin-plasmid DNA expressing reflectin protein, a high-
yield producing bacterial host stain, and detailed protocols for expression, purification and
quality-control characterization of reflectin protein, all developed in our lab with ARO
support, to Dr. Krystina Hess, Biotechnology Branch, CCDC-Chemical Biological Center
(Aberdeen) and Dr. James Myslinski, US Army Futures Command, in assistance of their
R&D Large-Scale Production of Reflectin for distribution to ARO researchers.



f. SCIENTIFIC PROGRESS AND ACCOMPLISHMENTS:

1. MAJOR GOALS:

The major goal of this project was to combine biophysical and genetic engineering approaches
to identify the molecular mechanisms by which the reflectin protein transduces neuronal signals to the
precisely calibrated finely tuned control of color and brightness of light reflected from intracellular
Bragg reflectors in specialized skin cells of squids. We also proposed to develop techniques to
genetically couple reflectin to other, non-tunable proteins, and demonstrate that such linkage will allow
extension of tunable control to the conjugated carrier proteins.

2. ACCOMPLISHED UNDER GOALS:

A. ABSTRACT: Reflectin Al (henceforth referred to simply as “reflectin” unless otherwise
specified) is a cationic, block copolymeric, initially disordered protein that mediates the neuronally
triggered, osmotically mediated, dynamic fine-tuning of the color and brightness of light reflected from
nanostructured Bragg reflectors in specialized skin cells of squids. Its structure consists of a peptide
chain of ca. 350 amino acids, with 6 blocks of unique and highly conserved (essentially identical)
sequence alterating with cationic linkers.

In our ARO-supported research (1-17), we discovered that progressive charge-neutralization of reflectin
— either by neurotransmitter-activated phosphorylation in vivo, or by pH-titration, genetic engineering or
anionic screening of the purified recombinant protein in vitro — drives its condensation, folding and
hierarchical assembly to form liquid-liquid phase-separated particles of precisely calibrated size
exponentially proportional to the extent of charge-neutralization. This assembly triggers the osmotic
efflux of water from the Bragg lamellae, shrinking their thickness and spacing, while increasing their
refractive index contrast — thus dynamically tuning the color while simultaneously increasing the intensity
of the reflected light.

Our analyses suggest that reflectin’s behavior can be undersood as a consequence of its structure
resembling a concatenate of alternating and opposing expansion and contraction springs: Coulombic
repulsion of the cationic linkers (expansion) keeps the molecule in an extended and intrinsically
disordered state until charge neutralization sufficiently opposes that repulsion, relaxing the stress on the
conserved domains to allow the entropic drive encoded in their sequences to trigger condensation and
secondary folding (contraction), with the resulting emergence of hydrophobic surfaces and beta structures
that facilitate hierarchical assembly (11, 15). Interestingly, the precise calibration between the extent of
charge-neutralization and size of assembly (with consequent calibration between the initiating signal and
biological effect) depends on a rapid “dynamic arrest” of assembly (17).

Formally, this dynamic arrest of assembly is determined by the balance of weak, short-range attractive
forces and strong long-range repulsive forces, as well understood for many colloidal systems (33, 34, 46).
Once the reflectin assemblies have reached or exceeded a critical size (in the range of ca. 10-20 nm
spherical diameter), we find they transition to the liquid phase, as nanoscale droplets exhibiting liquid-
liquid phase-separated (LLPS) behavior. Our most recent results suggest that the charge neutralization-
regulated size of these droplet assemblies — and hence, the number of reflectin monomers in the
assemblies - is regulated by the physical properties of the liquid state, principally including Plateau
Rayleigh Instability (48), in which the size of the droplets is determined by the ratio of surface tension to
charge. Thus, the precise calibration_between the excitatory neuronal signal (with its resultingly
proportional neutralization of reflectin) and the consequent osmotic dehydration of the Bragg lamellae,



precisely tuning the color and brightness of the reflected light, are likely to be the direct result of the
physics of the liquid state of the protein assemblies.

B. DETAILS:

a. Introduction:
Cephalopods such as squid and octopuses possess an optically dynamic epithelium, enabling complex
camouflage and communication (18, 19). In addition to pigmentary chromatophores, these animals
possess reflective cells — leucophores and iridocytes - that act as structural reflectors through the
interaction of light with their sub-wavelength nanostructures (3, 4). While leucophores are broadband
scatterers of white light, iridocytes reflect specifically colored, iridescent light by angle- and wavelength-
dependent constructive interference from intracellular Bragg reflectors. The lamellae of these reflectors
are densely filled with cationic block copolymer-like proteins called reflectins and are separated from the
low refractive index extracellular fluid by regular invaginations of the cell membrane (4).

The structural reflectors of the iridocytes and leucophores of most cephalopods are static, but those in the
Loliginid squid family uniquely possess reversibly tunable versions of these reflectors (13) (Figure 1A).
Ultrastructural characterization of unactivated tunable iridocytes showed their intracellular lamellae to
contain a heterogeneity of discontinuous ~10-20 nm nanoparticles and nanofibrils, suggesting that the
cationic reflectins within the lamellae exist in a predominantly unassembled state dominated by inter-
particle charge repulsion (21, 22). Upon iridocyte activation initiated by binding of the neurotransmitter
acetylcholine (ACh; released from nearby nerve cells) to cell surface muscarinic receptors, a signal
transduction cascade culminates in enzymatic phosphorylation of the reflectins, consequently neutralizing
their cationic charge and driving assembly of the reflectins to form homogenously densely staining Bragg
lamellae (21, 22, 1, 4). Measurements demonstrating the reversible efflux of D,O and its re-uptake
revealed that condensation of the reflectins drives the expulsion of H,O from the membrane-bounded
lamellae, simultaneously increasing the refractive index contrast between the intracellular and
extracellular layers of the Bragg reflector while shrinking their thickness and spacing, thus activating
reflectance and progressively tuning the color of the reflected light across the visible spectrum (2, 4, 5,
7). Proportionality of these responses to the activating neuronal signal results in the precisely calibrated
tuning of reflected color (Figures 1B, C) (11, 15, 17).
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Figure 1. (A) Photomicrograph showing cascade of colors reflected from squid skin iridocytes (ca. 10 um). Activation
by the neurotransmitter, ACh, induced a wave of color to ripple through the explanted skin, with cells progressively
reflecting first red, then orange, yellow, green and then blue, as reflectins in the intracellular Bragg reflector lamellae
condensed to osmotically shrink the thickness and spacing of the lamellae, thus activating reflectance and progressively
changing its color. (10)

(B) Schematic of reflectin’s mechanism of action controlling the iridocyte Bragg lamellae, as described in text. (4)

(C) Details of the molecular mechanism, by which ACh-triggered progressive phosphorylation of reflectin proportionally
neutralizes its Coulombic repulsion, proportionally driving assembly, thus driving proportional osmotic dehydration of
the Bragg lamella, resulting in precisely calibrated tuning of reflected color (11, 15, 17).




The role of the reflectins as a tunable driver of this biophotonic behavior has generated interest in
understanding

the principles underlying their responsiveness to signal-activated phosphorylation and their resulting
changes in conformation and assembly. The reflectins are essentially block copolymers, composed of
highly conserved reflectin domains (RMs, for “Reflectin Motifs”) interspersed with cationic linkers, as
seen for the reflectins A1 and A2 of the Loliginid squid Doryteuthis opalescens (Figure 2A). The
reflectins exhibit a unique amino acid composition with some heterogeneity across their sequences, being
highly enriched in methionine, arginine and tyrosine residues, and possess almost no (<1%) aliphatic
residues (20). The sequence architecture of the reflectins suggests that attractive interactions are likely to
be primarily driven by tyrosine-aromatic (pi-pi), arginine-tyrosine (cation-pi) and methionine-tyrosine
(sulfur-pi) interactions, forming a complex interaction network of both intra- and inter-strand non-
covalent bonding (15, 23, 36).

We demonstrated that progressive pH-titration can be used to drive the progressive assembly of purified
recombinant reflectin (11, 15, 17) as an in vitro surrogate for the neutralization resulting from
neurotransmitter-activated phosphorylation in vivo (1). Analyzing the tunable reflectins and a variety of
mutant derivatives, we discovered in vitro a predictive relationship between the extent of charge
neutralization of the positively charged linker peptides and the size of the resulting assembled reflectin
multimers (15) . This discovery further elucidates the mechanistic origin of the synergistic effects of
reflectin neutralization on the color and brightness of light reflected in vivo. Mutational (deletion) analyses
reveal that the “switch” controlling the neutralization-dependent structural transitions underlying
tunability is not localized, but instead is spatially distributed in the multiple linkers along the reflectin’s
length (15).

b, Bioinformatic analyses predict the reflectins are initially disordered:

The tunable reflectins from the Loliginid squid Doryteuthis opalescens are essentially block-copolymeric,
composed of unique and highly conserved peptide domains alternating with weakly polycationic linkers
(Figures 2A, 3) (13, 15). Secondary structure algorithms do not predict significant alpha or beta structure,
indicating that the reflectins are intrinsically disordered (11, 13, 15, 17). Comparison of D. opalescens
reflectins A1 and A2 overall net charge and mean hydropathy with those of a collection of proteins
previously analyzed for structure also indicates that the unmodified reflectins are intrinsically disordered
(Figure 2B). Use of the FOLD-INDEX tool, which performs this same calculation using a moving
window across the protein sequence, yields uniform scores across the entire reflectin Al and A2
sequences, also indicating that the conserved domains and linkers do not vary in their drive to fold when
analyzed in their unmodified, native state (15). Use of the meta-predictors PONDR-FIT and Metadisorder
further support this assessment, assigning either disordered or borderline ordered scores that show no
correlation with conserved domain or linker sequences (15). These bioinformatic analyses agree with
previous experimental analyses of reflectin nanoparticles by x-ray scattering, circular dichroism (CD),
and Fourier-transform infrared spectroscopy (FTIR), as well as the CD analyses discussed below, all
indicating that unmodified reflectins are largely disordered (2, 11, 13, 28-31). Interestingly, D.
opalescens reflectins A1 and A2 show overall greater predicted levels of intrinsic disorder than reflectins
from other cephalopod species, which do not display tunable iridescence (13). This marginally greater
drive of the D. opalescens reflectins towards disorder encoded within their sequences may play a role in
enabling tunable assembly by shifting the equilibrium in vivo between the monomeric and assembled
states, favoring disassembly in the absence of a triggering stimulus (13). In contrast, reflectins from
tunable and non-tunable species show no significant differences in hydropathy (13).
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Figure 2. A) Sequences of D. opalescens reflectins Al and A2. Conserved N-terminal domains are
highlighted with dark yellow, other repeat domains with pale red. Histidine residues are green; other
positively charged residues are blue; negatively-charged residues are bright red; phosphorylation sites are
highlighted with bright yellow. B) Absolute mean net charge vs. hydropathy of a previously determined
library of proteins (circles) and the reflectins (triangles). Yellow triangles designate mean net charge at
neutral pH, where histidine residues are neutralized; red triangles designate acidic pH conditions, where
histidines are presumed uniformly charged. In all other reference proteins histidines are considered
neutral. Mean hydropathy calculated using the Kyte-Doolittle scale (35). C) DLS of A1 monomers (H2O
and pH 4.5; black and green, respectively), multimers (pH 7.0; red), and oligomers (reversed from pH 7.0
— 4.5; blue). Minority (generally <5% of total reflectin chain volume/mass) populations of substantially
larger aggregates, seen previously and by other methods described in this work, are excluded from this
panel for clarity (11, 15). Data show “volume distribution,” which is directly proportional to the mass of
reflectin, and compensates for the exponentially greater scattering intensity of larger particles. D) Circular
dichroism spectra of Al in monomeric, oligomeric, and multimeric states. Colors correspond to
conditions as indicated for previous panel. (15)

c. Initially unstructured monomeric reflectin reversibly forms nanoparticles of well-defined size
Dynamic light scattering (DLS) of 9 uM purified recombinant reflectin A1 WT in H2O-solubilized or
acidic pH 4.5 conditions measures particles consistent with monomeric states (Figure 2C) (15). Dilution
of H2O-solubilized monomer into low-salt buffers at pH >6.5 drives reversible assembly of spherical
nanoparticle multimers of tunable size, estimated to contain between tens to thousands of reflectin
monomers. Sizes estimated by DLS were previously found to agree closely with those measured by TEM
(11, 15). Following neutralization and assembly of the reflectins, minority populations of larger
aggregates (typically <5-10% of total reflectin mass as indicated by DLS volume distributions) often were
observed in addition to the majority population of predicted assemblies, consistent with our findings by
SAXS and TEM described below and our previous observations (11). This neutralization-driven assembly
can be reversed by acidification with low concentrations of acetic acid, driving disassembly to form
particles with Ry values of approximately 6 nm. These particles can be cycled back to a multimeric state
by dialysis into higher pH buffer, as shown previously (11).

Circular dichroism (CD) spectra of monomeric D. opalescens A1 WT in both H>O-solubilized and acidic
pH 4.5 conditions show strong minima near 200 nm and weak shoulders near 218 nm with both spectra,
consistent with highly disordered states with a small degree of beta structure (Figure 2D) (15). Multimeric
assembly triggered by neutralization at pH 7.0 or pH 8.0 causes a substantial change in the CD spectrum,




shifting the strong minimum and shoulder, suggesting significant structural changes during assembly.
Although it is difficult to assign precise proportions of specific structures from these data, the spectra are
consistent with the presence of both alpha helices and beta structures. Interestingly, the spectra of
multimers at pH 7.0 and pH 8.0 are highly similar, despite the substantial difference in their sizes (Ru =
10 nm vs 20 nm, respectively). Acid-induced disassembly largely restores the CD spectrum to that of the
disordered form, consistent with reversibility of reflectin conformation between the unassembled and
assembled states (15).

d. Design of reflectin mutants

As summarized above, previous work showed that the tunability of D. opalescens reflectins is regulated
by a neurotransmitter-triggered signal transduction cascade culminating in phosphorylation and
consequent progressive charge-neutralization of the cationic reflectins, driving their progressive
condensation and hierarchical assembly in a reversible and cyclable manner (1, 4, 11, 15). Plotting the
distribution of electrostatic charge along the reflectin A1 sequence reveals a regular patterning of charges
across the linkers under both acidic and neutral conditions (i.e., conditions in which the histidines are
either protonated or deprotonated, respectively) (Figure 3A) (15). These features are generally conserved
across the reflectins found in diverse cephalopods (15). We generated and analyzed a collection of D.
opalescens reflectin A1 mutants to better analyze the effect of charge on condensation and assembly in
vitro (Figure 3B) (15). A1 was chosen as the mutational platform based on its readily reproducible,
tunably reversible assembly (11, 15). All mutants were expressed in bacteria and purified by methods
identical to those used for the wild-type (WT), with no substantial differences from WT observed during
purification. Purity of all proteins was closely similar to that of WT (11, 15).

Scale

o 04 02 0 02 04 o6 o8
A His + o W I w ] ] e ] [T msl
Ly RMy Ly RM; Ly RMy Ly RMz  Lg RM, Lg RMs Lg
b el L i [ e L
ATWT
Y14E *RMN)
Y14E/Y127E
Y14EEE
Y127EEE
Y14EE/Y127EE “RMy) ¥ [RM2 RM3
Y14EEE/Y127EEE  ==aRMIN) RM e RMg) RMs;
A(LRM,) RM3
A(LRM;)
A(RMsLc) RMN RM1 RM2 RM3} {RMy)

Figure 3. A) Scaled net charge across reflectin Al, in the histidine protonated (top) and histidine
deprotonated (bottom) states. Color is plotted from a centered 5 residue moving window, using color key
shown in figure. B) D. opalescens reflectin A1 mutationally altered proteins investigated in this work.
Dotted gray lines designate deleted segments in respective mutants. In both A and B, boxes indicate
conserved domains; lines indicate linkers. Stars in WT= identified phosphorylation sites. (15)

We investigated two classes of Al mutants (15). For the first, we created a progressive series of
phosphomimetic glutamate insertion mutations at two sites we previously found for in vivo
phosphorylation (Y14 and Y127) associated with the activation of tunable iridescence in dorsal D.
opalescens iridocytes (10). Mutants containing progressively increasing numbers of added glutamate
residues allowed investigation of the incremental effects of charge neutralization on assembly, under
conditions closely mimicking the effects of the physiological addition of 2 negative charges with each
covalently attached phosphate. The second class of mutants consisted of deletions of conserved domain-
linker segments from the N-terminal, central, or C-terminal regions of the protein. In D. opalescens Al,




as in other reflectins (15), the N-terminal linker is highly positive charged, whereas the more central
linkers exhibit a lower but still significant net positive charge, while the C-terminus itself is negatively
charged. To maintain the linker/motif balance seen in WT A-type reflectins, all deletions removed paired
linker and conserved domain segments. Due to the heterogenous charge distribution across reflectin Al,
each deletion therefore uniquely modified the overall charge distribution of reflectin Al.

e. Assembly size is precisely calibrated by net charge density

We analyzed the pH-dependent assembly behavior of A1 WT and mutationally altered derivatives by
DLS (Figures 4 and 5), transmission electron microscopy (TEM) and atomic force microscopy (AFM)
(Figure 6) and fluorescence (15). Reliable interpretation of DLS volume distributions and Ry values
requires particles to be spherical, a requirement that is justified both by the X-ray scattering discussed
above, and by the TEM and AFM imaging of the WT and mutant reflectin assemblies presented below.
Analyses by DLS, TEM and AFM, show that WT reflectin Al and the phosphomimetic (glutamate
addition) and deletion mutants all form spherical assemblies of low polydispersity that are
morphologically similar to those previously observed for WT (11, 15). Also like WT, assemblies of the
reflectin mutants with Ry < 100 formed rapidly (within seconds or less), while larger assembles with Ry
> 100 nm were seen by DLS to grow more slowly (15). After their initial rapid growth, assemblies were
relatively stable with time (growing no more than ca. 5-10% over several days at 25 °C), although particles
with Ry > 100 nm particles were observed to settle after approximately 30 min and could not usually be
recovered by resuspension. Sizes measured by DLS were reproducible, with standard deviations between
experimental replicates generally < 10% when Ru < 100 nm, although larger standard deviations between
replicates (up to 49%) were observed for large particle sizes (R >> 100 nm).

Significantly, reductions in reflectin’s net charge through mutagenesis, mimicking the effects of
neurotransmitter-activated phosphorylation in vivo, resulted in large, systematic and highly reproducible
effects on the size of neutralization-induced assemblies. Mutationally altered reflectins with increasing
numbers of additional glutamates formed progressively larger assemblies of well-defined size upon
neutralization under identical conditions of pH, with this effect being enhanced at progressively higher
pH (Figure 4A-D) (15). Both single-site single glutamate mutants, A1 Y14E and A1 Y127E, assembled
to sizes in the range of A1 WT, showing that abolition of native tyrosines at those positions does not
significantly perturb assembly. Further addition of negatively charged glutamates to Al nonlinearly
increased assembly size under identical pH conditions, with the effects of mutational neutralization
producing exponentially greater effects as pH is increased. Interestingly, both single-site triple glutamate
mutants, Al Y14EEE and A1 Y127EEE, exhibited similarly increasing sizes across the entire range of
increasing pH tested, with those sizes being intermediate to those of the double A1 Y14E/Y 127E mutant
(with a total of two glutamates added) and those of the A1 YI14EE/Y 127EE mutant (with a total of four
glutamates added), indicating a relative insensitivity to the precise location of the added negative charges.
Al Y14EEE/Y 127EEE, being maximally neutralized of these glutamate mutants, resulted in the largest
assemblies, with well-defined sizes up to Ry =~ 350 nm. All glutamate mutant assemblies were reversible
by acidification with 15 mM acetic acid, pH 4.5, as previously observed for A1 WT (11).
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Figure 4. Experimentally determined Ry measured by DLS vs. calculated net charge density for: A) Al
WT. B-D) Selected A1 phosphomimetic mutants. E-G) A1 (conserved domain-linker)-deletion mutants.
H) Data for WT and all mutants collected on a single graph. pH at each data point is labeled with arrows
in panels. Discontinuous gray line is the single exponential least squares fit of all Al data for the
multimers and is plotted as flat for all monomers. Position of discontinuity between monomeric and
multimeric states is estimated. Representative DLS intensity and volume data are analyzed in detail in the
text and supplementary information of the publication (15). Each data point is the average of 3 replicate
assembly measurements, where each assembly measurement is an average of 8 individual DLS
measurements taken over the course of approximately 20 minutes immediately after sample preparation.
Error bars signify + one standard deviation between technical replicates. (15)

Deletions of conserved domain-linker pair deletions also yielded reproducible effects on assembly size
upon neutralization (Figure 4E-G). (15). An N-terminal conserved domain-linker pair deletion (A1l
ALNRMN) formed particles similar in size to the maximally-neutralized phosphomimetic Al
Y 14EEE/Y127EEE, while middle and C-terminal conserved domain-linker pair deletions (A1 AL4sRM3
and ARM;sLc, respectively) assembled to slightly decreased sizes relative to WT. Notably, A1 ARMsLc
formed Ry = 4 nm particles at pH 6.5 of likely monomeric form, (Figure 4G), similar to pH 4.5 conditions
for WT and other mutants, and unlike the multimers normally observed at this pH. Interestingly, deletion
mutants showed inconsistent reversal upon acidification with 15 mM acetic acid, pH 4.5, with oligomers
only being intermittently detectable by DLS (data not shown).

f- It’s the net charge density of the cationic linkers that precisely determines reflectin assembly
size:
Strikingly, we found that the 30 min assembly sizes of the WT and all mutants from both classes fall on
the same plot when graphed as a function the net charge density calculated for each protein. (Figure 4,
particularly H) (15). Our calculation of net charge density assumed invariant sidechain pK,’s for N-




terminal, C-terminal, internal residues, and 6.5 for the histidine pKa (11, 32). Spatial distributions of
charge, calculated protein net charge and linear net charge density as a function of pH were analyzed in
detail for A1 WT and the mutants discussed here. (15). An apparent discontinuity is observable between
monomeric Al at high net charge densities (typically acidic, acetate-buffered conditions), and the
formation of multimers of tunable size. This suggests that a discrete neutralization threshold must be
passed to trigger D. opalescens reflectin assembly, after which the predictive exponential relationship
between net charge density and reflectin assembly size is revealed.
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Figure 5. Experimentally measured Ry vs net charge density calculated for each entire protein or its
conserved domains or linkers, for A1 WT and mutants at different pH values. Colors correspond to
specific mutants as in Figures 2 & 3. Each data point is the average of 3 replicate assembly measurements,
where each assembly measurement is an average of 8 individual DLS measurements of a sample,
measured continuously, immediately after assembly. Error bars signify + one standard deviation between
averages of replicates. Gray lines are exponential fits to all multimer data in A and B, respectively. (A)
Ry as a function of net charge density calculated for entire A1 WT and mutant proteins. (Data from Figure
4 replotted for this comparison.) (B) Ry as a function of net charge density calculated only for the linkers
of A1 WT and mutants. (C) Ry as a function of net charge density calculated only for the conserved
domains (both RMn and RMgs) of A1 WT and mutants. (15)

Decomposition of theses sequences into their component linker and domain segments shows that the net
charge density of the conserved domains is poorly predictive of assembly size, while the net charge
density of the linkers yields a predictive relationship with measured particle size similar to that observed
for the entire protein (Figure SA-C) (15). We thus conclude that the neutralization-sensitive “switch”
resides in the linkers, which function like a sensor in this respect. Because reflectin assembly size appears
insensitive to both the location (cf. above) and the means of charge-neutralization (whether through
progressive glutamate addition, deletion, or pH titration), the switch therefore appears to be distributed
among the spatially segregated linkers. These results, as illustrated in Figures 4-5 (15), all are consistent
with the behavior of a charge-stabilized colloidal system (33, 34).

Although we have shown that increases in ionic strength can drive reflectin assembly (11) by anionic
charge screening (17; cf. section 4 below), the analyses reported above (15) all were conducted at low




buffer concentrations (5 mM) to minimize changes in ionic strength with pH, and comparable results were
observed with MES, MOPS, and Tris buffers, with pK, values ranging from 6.1 to 8.0. We subsequently
extended these analyses to pH values as low as 4.5 (using low concentration acetate buffers) (17) with no
significant differences from those shown above, indicating the absence of any large specific buffer effects.
Further, the large progressive increase in assembly size of the reflectins observed as a function of added
glutamate residues, all at the same value of pH, demonstrates that the assembly size differences observed
between the mutants at the same pH cannot be explained by any change in ionic strength, but instead are
well-predicted solely by each protein’s net charge density (Figures 4 and 5) (15).

This precise relationship between charge density and size has a profound, direct bearing on the
physiological mechanism by which reflectin controls biophotonic behavior: Because the size of the
reflectin multimers is directly and inversely proportional to the number-concentration of reflectin
particles within their membrane-bounded compartment, the charge vs. size relationship directly controls
the osmotic pressure within that compartment, and thus precisely controls the osmotic dehydration of that
compartment - driving the observed changes in the wavelength and intensity of the reflected light (4). The
resulting dependence of this colligative property — osmotic pressure — on the extent of phosphorylation of
reflectin thus ensures a precisely calibrated relationship between the neuronal delivery of ACh and the
resulting color and brightness of the iridocyte. [Two other mechanisms contribute to the signal-dependent
dehydration of the Bragg lamellae: “dewatering” of the reflectin molecules by steric exclusion resulting
from the induced folding and hierarchical assembly of the protein, and the Gibbs-Donnan re-equilibration
resulting from the similar steric displacement of some of the protein’s neutralizing small counterions,
transmembrane migration of these ions to maintain electrical neutrality, and the consequent movement of
water to equalize osmotic pressure (4). Both mechanisms would operate in strict proportionality to the
extent of assembly as well.]

g. Characterization by electron microscopy, atomic force microscopy, and fluorescence

TEM analyses confirm that the reflectin A1 WT and mutants form assemblies of spheroidal morphology
and relatively low polydispersity, with sizes measured by TEM agreeing well with those determined by
DLS and SAXS (Figure 6A-E) (15). Similarity between A1 WT and Al Y14E confirms that tyrosine
mutagenesis itself does not generate aberrant assemblies. Particle size analysis from the TEMs of A1 WT
and Al YI14EEE/Y127EEE TEM assemblies show similar magnitudes of size variation (A1 WT
polydispersity = 9%; Al Y14EEE/Y127EEE polydispersity = 16%) (15). Imaging of the N-terminal
deletion ALNRMn shows that it also assembles to form spheres consistent in size with the results from
DLS. Close correspondence in assembly sizes measured in the hydrated state by DLS and upon drying on
TEM grids suggests that the assemblies are stable and likely to have low water content and internal
dynamics, since they do not destructively shrink or collapse upon drying following application to the grid
or exposure to vacuum in the electron microscope. Some larger assemblies, while appearing round in
isolation, show distortions in morphology when packed into clusters, indicating that they are deformable
(Figure 6F). Examination of air-dried reflectin particles by atomic force microscopy confirmed the highly
symmetrical and smooth morphology of the reflectin assemblies (Figure 6G, H). Air-dried particles
showed signs of flattening vertically with concomitant lateral expansion on the glass surface,
demonstrating the same deformable nature observed by TEM for packed particles.
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Figure 6 A-E) Transmission electron microscopy (TEM) images of A1 WT and glutamate mutants in 5
mM MOPS, pH 7.5. Scale bar = 50 nm. All TEM images in A-E have not been post-processed. Assemblies
measured by DLS before application to the EM grids were: A) A1 WT; DLS Ry =25 nm. B) A1 Y14E /
Y127E; DLS Ry =35 nm. C) Al Y14EE / Y127EE; DLS Ry =55 nm. D) A1 Y14EEE / Y127EEE; DLS
Ry = 100 nm. E) Al ALxRMxy; DLS Ry = 77 nm. F) Cluster of A1 Y14EEE / Y127EEE particles,
demonstrating deformation. Image was processed using a digital bandpass filter to enhance contrast®*. G)
Atomic force microscope image of an A1 ALNRMn multimeric particle assembled in 5 mM MOPS, pH
7.5. H) Height profiles of portions of the A1 ALNRMn particle shown in previous panel, as indicated. (15)

The spheroidal and highly smooth appearance of the assemblies, particularly marked for larger assemblies
such A1 Y14EEE/Y127EEE and ALNRMN, strongly suggests that a liquid-like phase transition occurs
during assembly. However, the observed stability of these assemblies over time and their stability after
drying suggest that such a liquid-like phase possesses high interfacial energy and/or may rapidly gel in a
reversible manner, although the deformable viscoelastic behavior of the large particles indicates that they
are not entirely solidified.

Reflectin A1 is strongly UV-fluorescent, as it contains 10 tryptophans, 7 of which are in highly conserved
positions. Tryptophan fluorescence of the various phosphomimetic mutant nanoparticulate assemblies
varied with charge neutralization-driven size in a manner indistinguishable from that of WT (11, 15),
demonstrating that the substitution mutations produced no significant changes in internal structure
observable by this method.

h. As predicted, anionic screening is another in vitro surrogate for neutralization by
phosphorylation:
We recently characterized the drive of reflectin A1 assembly by ionic screening (17), as seen in Figure
7, below. Results demonstrate that assembly of reflectin is driven by anionic screening of its positive
charges, resulting in an effective neutralization of electrostatic repulsion that is similar to, and interacts
with, the effect of pH-titration. For these experiments, purified reflectin A1 was first extensively
equilibrated by dialysis into 25 mM sodium acetate
buffers at pH 4.0, 4.5, and 5.0. Dilution into the corresponding buffers containing varying concentrations
of NaCl then triggered the appearance of turbidity (measured as absorbance at 350 nm) at pH-dependent
salt concentration thresholds, indicating assembly, with salt concentration thresholds decreasing as pH is
increased (Figure 7A).




Figure 7. A) Turbidity (Asso) of reflectin A1 solutions in 25 mM sodium acetate as a function of pH and
NaCl concentration. B) Percent of soluble protein remaining in the supernatant after centrifugation of
samples in A, relative to parallel controls with no salt. C) Sizes of majority populations of assembled
reflectin assemblies, as measured by DLS. Each data point is an average of 40 min continuous DLS
measurement (see Methods). D-E) Comparison of NaCl- and CaCl-induced assembly at pH 5.0, as a
function of D) salt concentration and E) Cl™ anion concentration. F) Reflectin A1 assembly as a function
of pH and NaCl concentration. Point sizes are scaled to particle size as measured by DLS. For this panel,
all particles with Ry > 7.5 nm are considered assembled. From (17).

Centrifugation analyses confirmed that turbidity was due to the formation of precipitable protein
assemblies (Figure 7B). Virtually all of the reflectin was removed by centrifugation of precipitate at
higher salt concentrations and pH, demonstrating assembly of the bulk population in accord with the
turbidimetric data. Measurement of these samples by DLS confirmed assembly above the threshold salt
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concentrations, showing the size of these reflectin assemblies increasing reproducibly and progressively
with salt concentration (Figure 7C). These salt-driven assemblies of tunable size consisted of single
majority populations as judged by DLS, with minority populations of larger particle sizes occasionally
observed at lower salt concentrations. The majority populations were stable over >40 min (not shown),
suggesting that they undergo dynamic arrest similar to that undergone by assemblies formed through pH-
neutralization (cf. below). Below the salt concentration thresholds for assembly, DLS shows a majority
population of stable particles of Ry = 4-5 nm, indicating the stability of the unstructured monomers under
these conditions. In contrast, parallel analyses of bovine serum albumin (BSA; not shown) under identical
buffer conditions showed no aggregation or assembly at all values of pH and salt concentration tested.

Significantly, twice as much monovalent NaCl is required to drive the same extent of reflectin assembly
as driven by divalent CaCl, (Figures 7D, E), showing unequivocally that it the increasing concentration
of the anion (CI') that is driving assembly, by progressively screening (effectively neutralizing) the effect
of reflectin’s excess positive charges.

Plotting of assembly size as a function of both pH and NaCl concentration shows that the effects of charge
screening and pH are interdependent, with both the salt concentration threshold and range for tunable



assembly varying systematically with pH (Figure 7F). The progressively lower threshold concentration
for assembly at progressively higher pH is readily explained by the progressive neutralization of the
protein with increasing pH, thus reducing the requirement for neutralization by charge-screening. TEM
analyses (not shown) of negatively stained reflectin Al at pH 5.0 confirm the formation of assemblies
with spherical morphologies exhibiting progressively larger sizes with progressively higher salt
concentrations, consistent with assemblies formed by pH-neutralized reflectin A1 wildtype and mutants
(11, 15).

i. X-ray scattering and EPR confirm and extend results of dynamic light scattering, TEM and
computational modelling:
Synchrotron small angle X-ray scattering (SAXS) data collected from reflectin samples in a pH-
neutralized, multimeric state show characteristic features of sphere-like particles (Figure 8) (17). The
broad peaks observed fit closely to the form factor scattering arising from the Fourier Transform of a
solid sphere. The data fit closely to a model (solid line) consisting of a group of randomly dispersed solid
spheres, with an average radius = 23.2 + 3.0 nm. The fit of the data to this model is remarkably faithful
except at very low Q range, where deviation can be explained by the presence of a small number of larger
aggregates that were not included in the model. Details of methods and calculations were presented (17).
The average radius measured by SAXS agrees well with the Ru (20 nm) measured by DLS for the same
sample, and the observed polydispersity (ca. 13%) is consistent with previous estimates by DLS and TEM
(11, 15). Samples prepared under different conditions exhibited a similar low polydispersity, with
calculated spherical radii also closely consistent with the Ry values measured by DLS.

" Figure 8. Synchrotron SAXS data for reflectin Al
multimers (4 mg/mL) in 15 mM MOPS, pH 7.5, after
subtraction of buffer background. The data were fit to a
spheroid model using SAXS modelling package IRENA,
yielding an average particle radius of 23.2 nm + s.d. = 3.0
nm. DLS indicates the same sample to have Ru = 20 nm.
From (17).
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Recent extension of our X-ray analyses to wide-angle X-ray scattering (WAXS; Figure 9) reveals
convincing evidence that progressive beta-sheet stacking accompanies the progressive assembly of
reflectin with increasing pH, as evidenced by the emerging peak corresponding to ca. 10 A° spacing
characteristic of the beta-sheet (71).



Figure 9. WAXS analyses reveal progressively
increasing beta-stacking — indicated by the emerging
peak at ca. 10 A° spacing - with progressive assembly
of reflectin from pH 4.5 (bottom set of traces) to pH 7.0
(top set). Each set of traces shows progressively higher
reflectin concentrations, from orange to dark blue,
corresponding to the range from 0.1to 10 micromolar
reflectin.
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EPR analyses also reveal reflectin’s assembly-dependent growth of beta-sheet structure (Figure 10).
Reflectin A1l contains cysteine residues at positions199 and 232; accordingly, we genetically replaced
each, separately, with glycine, enabling us then to covalently couple the sulfur-linked spin-label, MTSL,
to either the remaining 199 or 232 cysteine, yielding the corresponding two different, pure, singly spin-
labeled proteins (Figure 10, top). EPR analyses of both as a function of pH-dependent assembly showed
similar results; results for the C199-MTSL reflectin are seen in Figure 10, bottom. The strong J-coupling
exhibited by the reflectin assemblies (ca. 27 and 67 nm diam.; pH 7 and 8, respectively), indicative of

beta-sheet structure, is absent from the EPR signature of monomer (pH 4.5).
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C199-MTSL CW-EPR Spectra

Figure 10. (top) Diagram of reflectin Al, showing
conserved domains and cationic linkers to scale, with
positions of the single-labeled MTSL-cysteines 199
(green) and 232 (blue).

J-Coupling J-Coupling

(bottom) EPR spectra of the C100-MTSL reflectin at
pH 4.5 red trace), pH 7 (blue trace) and pH 8 (green
trace). These samples were analyzed by DLS and
shown to have du values of 7.7, 26.5 and 67.1 nm,
respectively.
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These WAXS and EPR findings are consistent with our earlier prediction from quantitative simulations
that reflectin’s conserved domains have a strong potential to form amphiphilic beta structures (15), and
with earlier, WAXS analyses from our lab (2) and Prof. Gorodetsky’s (30) showing the emergence of
beta structure with reflectin assembly.



J. Reflectin assemblies are stabilized by dynamic arrest:

Figure 11 shows the rapid dynamic arrest of growth and stabilization of reflectin assemblies. Incremental
additions of reflectin monomer added successively to a buffered solution at pH 7.5 do not progressively
augment the size of the initially formed multimers, but instead assemble independently upon each new
addition, forming new assemblies of approximately constant size as measured by DLS (Figure 11A). The
total particle scattering signal, a function of both particle size and concentration, increases linearly with
new incremental additions of protein, showing that each newly added aliquot of reflectin does not
substantially aggregate with the previously added population or precipitate (Figure 11B). This also is
seen by comparison of changes in the intensity and volume distributions as a function of the incremental
additions (Figure 11C-D). Significantly, the constancy of sizes indicated in the volume distribution
(Figure 11D) confirms that the majority of reflectin monomers independently assemble to the same
predetermined size upon each new addition to the same solution at fixed pH. We have noted several
features of the reflectin sequence, especially including an unusually high frequency and exceptionally
regular spacing of potential arginine-tyrosine cation-pi linkages, predisposing reflectin to rapidly form a
network of extensive, non-covalent (intra- and inter-chain) cross-links that may contribute to such
dynamic arrest (11, 15, 17). Reflectin also contains an unusually high content of tyrosine (aromatic)
residues spaced with remarkably regular periodicity across the entire protein (11, 15, 17), a feature
recently identified as a strong determinant of extensive pi-pi cross-linking and liquid phase behavior (36).
These also may contribute to the dynamic arrest we observe.
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Figure 11. Assemblies of reflectin are dynamically arrested and stable, as seen in these results of incremental additions of
reflectin A1 monomers to the same 5 mM MOPS, pH 7.5 (neutralizing, assembly-driving) solution. A) Reflectin assembly
sizes (measured as the predominant DLS volume distributions; cf. Methods) as a function of monomer aliquots added. B)
Total scattering count rate as a function of monomer aliquots added (bottom x axis) and cumulative concentration (top x
axis). Each point in A-B is the average of 3 replicate experiments, in each of which every aliquot addition was analyzed
by 3 individual DLS measurements; error bars signify + one S.D. between averages of replicates. Samples showed no
significant variation over time following each aliquot addition, consistent with our previous results (11, 15). Representative
Intensity (C) and Volume (D) distributions observed after addition of the 6th aliquot of monomer, with results after each
aliquot shown in a different color. From (17).

k. Reflectin assemblies > 10-20 nm diameter are liquid:

Our most recent experiments have confirmed and extended our previous finding (15) indicating that the
reflectins are liquid-liquid phase-separated nanodroplets. First suggested by our observation that the
assemblies large enough to be well-resolved by TEM (i.e., > 10-20 nm diameter) are spherical (11),
liquidity has now been confirmed by fluorimetric analyses, taking advantage of the larger assemblies
afforded by anionic screening (17; cf. 48) that make confocal microscopic analyses possible. Two lines
of evidence now unequivocally confirm liquidity of these assemblies: FRAP (fluorescence recovery after
photo-bleaching) and merger of fluorescein-labeled reflectin droplets (Figures 12, 13); a third



observation (exchange of fluorescein- and rhodamine-labeled reflectins in droplets) further
supports that conclusion.

For these analyses, one of the two cysteine residues in the reflectin A1l sequence was genetically
replaced with glycine, and the sulfhydryl side-chain of the remaining cysteine then used to
covalently and site-specifically couple an appropriately modified fluorescein (that fluoresces
green).

! Figure 12. FRAP analysis. Fluorescein-labeled
] MWMM reflectin was assembled to ca. 1 micrometer diam.
. (pH 4.3, 100 mM NaCl, photobleached and
scanned for fluorescence recovery in the laser
confocal microscope (red trace). Blue = relative
fluorescence of unbleached assembly; yellow =
background fluorescence. X-axis =relative
fluorescence; y-axis = time (sec).
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FRAP analyses (e.g., Figure 12) show recovery of fluorescence after photobleaching of a small
zone within a reflectin assembly labeled with fluorescein, on a time scale comparable to that of
other proteins identified as LLPS droplets (71). FRAP analyses in which one-half of the
fluorescein-labeled reflectin droplets were bleached showed the bleached sections to recover
extensively over an average of 65 sec. Because the confocal microscope permits complete z-
section analysis, confirming total bleaching of all of the fluorescein-reflectin in the volume
irradiated by the high energy laser, and the photobleaching is irreversible, the observed recovery
indicates relatively rapid diffusion of fluorescent reflectin molecules into the bleached volume,
indicative of liquidity, either from other, non-bleached regions of the assembly, from other
neighboring assemblies, or from the very low-concentration of unassembled monomers in the
background.

Liquidity of reflectin assemblies also was convincingly evidenced by the observed fusion of
fluorescein-labeled reflectin droplets, as seen in Figure 13A. Independently, fusion of reflectin
assembly droplets also was observed by TEM (Figure 13B.)

As noted in section g, above, reflectin contains an unusually high content of aromatic (tyrosine)
residues with remarkably regular periodicity across the entire protein (11, 15, 17), a feature
recently identified as a strong determinant of protein liquid phase behavior (e.g., 36, 45).



Figure 13A. Fusion of two fluorescein-
labeled reflectin assembly droplets (ca.
1,000 nm diam. each). Fluorescent
images taken ca. 20 sec. apart (from top
to bottom), with cross-sectional scans of
fluorescence intensity (indicated by
white lines in fluorescent images)
confirming fusion.

(B) TEM showing early stage of fusion
of three reflectin assembly droplets (ca.
200 nm diam. each),
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l. Reflectin can be used as a carrier to assemble other proteins:
As proof of principle for our proposed follow-on studies with amylin or the Tau-derived K18, we
successfully used reflectin as a carrier for the tunably controlled, calibrated assembly of mCherry,
a genetically engineered, red-fluorescing variant for the Green Fluorescent Protein. Using methods
in daily use in our lab, and described below, we first genetically coupled mCherry to both the
amino- and carboxy-terminal ends of reflectin Al, purifying the resulting chimeric proteins as
inclusion bodies after expression in E. coli. Of these new recombinant proteins, the N-terminal
adduct proved most useful, with the mCherry moiety refolding normally (after solubilization and
chromatographic purification in urea), to reconstitute its red fluorescent core while assembling as
part of the chimera, with assembly sizes progressively increasing with increasing pH (Figure 14).
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