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Abstract

Four is Not a Crowd: Unexpected Multiphase Separation of Reflectin Proteins
by

Reid Gordon

Reflectins are a unique class of proteins found in the specialized iridescent cells, iri-
docytes, in cephalopods. The colors reflected by dorsal iridocytes from the California
market squid Doryteuthis opalascens are neuronally tunable, and these cells are enriched
in reflectins A1, A2, B, and C. The phosphorylation of cationic reflectin proteins result
in reflectin assembly: the degree of assembly controls the extent of dehydration of the
light-scattering Bragg lamellae, adjusting their dimensions and therefore wavelengths of
light that are reflected. I show that reflectin A1l assemblies are in dynamic exchange
through a dilute monomeric phase and characterize the aging of dynamic exchange using
DLS (dynamic light scattering) and FRET (Forster resonant energy transfer). Reflectin
A1l phase behavior is determined by protein net charge density and ionic strength. At
high net charge densities, increasing salt concentration drives liquid-liquid phase sep-
aration of reflectin Al via nanoscale assembly intermediates. The hydrophobic effect
and electrostatic screening of intra- and inter-protein Coulombic repulsion progressively
drive reflectin A1 folding, assembly, and LLPS. Using fluorescence recovery after photo-
bleaching (FRAP) and droplet fusion dynamics I demonstrate the liquidity of reflectin A1
condensates is tuned by protein NCD and ionic strength. Reflectins A2, B, and C from
tunable iridocytes of Doryteuthis opalascens also show similar phase behavior to reflectin
Al. Reflectin C co-phase separates and drastically increases the liquidity of reflectin Al.
Condensates formed from physiologically relevant mixtures of reflectins A1, A2, B, and C

show complex layered droplet formation in which the relative miscibility of each reflectin

viil



varies with pH, ionic strength, and proportions of reflectin species. The many inputs
that define multi-reflectin phase behavior in vivo shows reflectins usefulness for creating
soft biomaterials with tunable spatial organizations and liquid properties. These findings
also demonstrate that LLPS of reflectins A1, A2, B and C could occur upon iridocyte
activation, and that ratios of these reflectin species found in tunable iridocytes could

enhance the tunability of lamellar dehydration induced by reflectin phosphorylation.
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Chapter 1

Introduction

1.1 Cephalopod Molecular Strategies for Dynamic
Structural Color

Cephalopods are renowned for their rapid, dynamic, and complex displays of color.
Their skin is a complex optical system combining both pigmentary and structural col-
oration working in tandem [I} 2, B]. Iridocytes and leucophores are specialized dermal
cells that produce structural color [4, B [6]. Leucophores contain leucosomes: regu-
larly sized spherical sub-cellular bodies of high refractive index structures that scatter
broadband light. Iridocytes are marked by their extensive and highly regular membrane
invaginations that form intracellular protein-dense lamellae 7], [8, 9]. The regular spacing
of these high-refractive index lamellae alternating with low refractive index extracellular
fluid create Bragg stacks which produce iridescence by reflecting light coherently in an
angle- and wavelength-dependent manner [9, 10, [IT]. The leucosomes of leucophores and

Bragg lamellae in iridocytes are enriched in reflectin proteins [12], [13].
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1.2 Dynamic Iridescence and Broadband Scattering
in Loliginid Squids

In the recently evolved loliginid squids, both leucophores and iridocytes are dynamic
structures under neuronal control [14] [15, 16]. In iridocytes, neuronally released acetyl-
choline binds muscarinic receptors which activate a G-protein calcium-calmodulin me-
diated signal transduction pathway [13, [I7]. This results in the activation of specific
kinases and phosphatases that reversibly alter the phosphorylation of reflectin proteins
within the Bragg lamellae, neutralizing the Coulombically-repulsed cationic reflectins to
drive their resulting folding and condensation [9, 10} 1], T2 [13].

The release of counter-ions upon reflectin condensation results in the Gibbs-Donnan
mediated net efflux of water out of the lamellae upon activation and a net influx upon re-
versal [I8]. This reversible dehydration increases both the refractive index of the lamellae
as well as precisely and uniformly tuning their thickness and spacing, thus progressively
changing the reflected wavelengths of light [9, [10, 11]. TEM of inactive iridocytes in Do-
ryteuthis opalescens show Bragg lamellae filled with regularly-sized dense spheres of ca.
100 nm size resembling beads on a string whereas Bragg lamellae in activated iridocytes

stain uniformly and densely [9] [19].

1.3 Reflectin Protein Family

Found in many cephalopods, reflectin proteins are enriched in arginine, aromatic
residues and methionine, while being devoid of lysine and aliphatic residues [12} 13} 20,
21]. They are block-copolymers of cationic linkers and anionic reflectin repeat motifs
(RMs) as well as a strongly conserved N-terminal sequence (RMn) [21, 22]. RMs and
RMns are strongly conserved methionine-rich sequences (figure 1.3 A,B) that show little

2
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sequence similarity to non-reflectin proteins . The enrichment of arginine and tyrosine
residues, specifically RY- and GRY- peptides in reflectins A1 and A2 from Doryteuthis
opalescens suggests that pi-cation interactions are a major driving force of reflectin fold-
ing and assembly [23 24]. Similarly, the enrichment of methionine residues in reflectins
suggests sulfur-pi bonds could also contribute to inter- and intra-protein interactions in
reflectin [25, 26, 27]. NMR of a truncation of reflectin Al from Doryteuthis pealeii,
which has high sequence similarity to reflectin Al found in D. opalescens, shows signif-
icant overlaps of chemical shifts of tyrosine and arginine residues. In these structures,
methionines were also shown to cluster around a single tryptophan residue, providing ev-
idence for pi-cation and sulfur-pi bonds in reflectin A1 [28]. Reflectins A1, A2, B, and C
are found in leucophores and iridocytes of D. opalescens. Tunable iridocytes in the dorsal
epithelium of the mantle respond to exogenous acetylcholine by a dramatic increase in
wavelength-specific reflection of light and are enriched in reflectins B and C relative to
non-tunable iridocytes in the ventral epithelium that show little or no optical response
to acetylcholine [5] [12], [13]. Reflectins B and C from D. opalescens are less enriched in
tyrosine and arginine than the A types, and do not share the alternating block copoly-
meric organization of conserved reflectin motifs (RMs) and linkers seen in reflectins Al
and A2 as well as the entire reflectin protein family (Figure 1.1C). Reflectin B lacks RMs
but contains the RMn. Reflectin C lacks the RMn, contains only one weakly conserved
RM, and has a unique proline-enriched GMXX repeat region (Figure 1.1C). All four
are highly basic, with pKas ranging from 8.59 to 8.88. Upon iridocyte activation with
acetylcholine, reflectins A1 and are phosphorylated, reflectin B is dephosphorylated, and
no change in phosphorylation has been detected in reflectin C [12, I3]. The net charge
density of the reflectins, tuned by phosphorylation, has been shown to correlate with the
calibrated dehydration of the Bragg lamellae, determining the wavelength and intensity

of light reflected by tunable iridocytes in D. opalescens, as described below.
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Reflectin A1

1-MNRYLNRQRLYNMYRNKYRGVMEBPMSRMIMD EQGRYMD SQGRMVDBRY YDHYGRMHD YDR~- 60
61-YYGRSMFNQGHSMDSQRYGGWMDNEERENDNS G ONDNOGRNMDROEHE Y NN PFSQMWHSR-120
121-QGHYPGYMSHHSMYGRNMHY PYHSHSASRHFDS BERNNDNSCEONDNOCRNMDNEE v VN 180
181 - PFHHHMYGRNMFY PYGSHCNNRHEME H SRS G oD CRNMBIGHE  CN PLGQMWH -2 40
241-NRHGYYPGHPHGRNMF QRN SO DO CRMDANER Y VN PFSHNYGRHMNY PGGH-300
301-YNYHHGRYMNHEERONDNS GO HGRNMDNOGE Y I DNFDRNY YDYHMY - 350

Reflectin A2

1-MNRYMMRHRPMY SNMYRTGRKYRGVMEPMSRMTMDFQOGRYMDSQOGRMVDPRY YEYGRCHD-60
61-YDRYNGRSMFNNGPYMDGQRYGGWMD FE DN RO RMDSOEHR Y CNPMGHSW-120
121-SNRQGYYPGSNYGRNMFN RN CHONDNO GBI VN PF SHSMYGRNMFNPS - 180
181-YFSNRHMDN BRI CHOND MO CRNMDIOEH Y D P SMSNMYDNYNYWY - 230

Reflectin B

1-MSSFMD Pm{YDGMGMSHSKSGDFSHNQIRSFHKSQRDGMRRDIMGKSS!QTRRFGNL-- 60

61 - SRMTMDFHGRLIDSQGRIVDBGHY FAMDDHYMENDRFLY PHDMLRNRHGMYGFMQGDYGN-120

121 -NMHRGMFADGMYRDMHHSGMNPSSYMHGGSMONRPMMYMOGRYLDDSYFMNYHDPPVIVH-180
181-SHYNDQEGRHQGMYDRHSDSYGSHRRHGDSHSMPRRPSESHSPQRRPSEGHIIQVRPEGG-240
241-SSRKTSRAQLFPDDKLTDSA-260

Reflectin C
1-MNKHSS SHGMHGENY SRTGARGLHRGMEHESKSMYGKGRERSTDHGDMESSRHGMPGGMN - 60

61 - PGMYGGMPSGMPGGMY PGMY GGMPGFGVPQOMMOCPPDM R DRSNS G RN — 1 2 0

121 - @8R YMS SQDRLMHMMHNRHLY GRMMDQGRMGE PMEGNMENRGRNMENYE-170

Figure 1.1: Reflectin proteins contain unusual but highly conserved repeat motifs. Se-
quence logo from the alignment of the (A) N-terminal repeat motif and (B) reflectin
repeat motifs from 51 reflectin proteins found in Octupus bimaculoides, Euprymna
scolopes, Sepia officinalis, Doryteuthis opalascens and Doryteuthis pealeii. The re-
flectin repeat motif begins and ends with completely conserved prolines, suggesting it
is a stretch of secondary structure when reflectin is folded. C) Sequences of reflectins
Al, A2, B, and C from Doryteuthis opalascens. N-terminal motifs are highlighted
in green and repeat motifs in red. Reflectin C contains one poorly conserved repeat
motif (red) and the GMXX proline-rich region (gray). Sequence logo created using
U.C. Berkeley WebLogo
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1.4 Protein Net Charge Density Tunes Reflectin As-
sembly sizes

Increasing pH progressively deprotonates abundant histidine residues in reflectin A1,
reducing the number of positive charges and acting as an in vitro surrogate for in vivo
phosphorylation of reflectin A1 upon iridocyte activation [22, 29]. This reduction in
protein net charge density causes the reversible folding of reflectin A1 and assembly into
higher order multimers [22]. Sizes of reflectin A1 assemblies measured as a function of
pH, and sizes of assemblies of A1l mutants in which the net charge had been altered
by insertion of glutamate or histidine residues demonstrate that the net charge density
of the cationic linker regions opposes assembly, and reducing coulombic repulsion by
decreasing net charge density controls the sizes of assemblies [29]. Reflectins A2, B,
and C also demonstrated pH-dependent assembly, and mixtures of these species in the
proportions found in dorsal (tunable) iridocytes reversibly co-assembled [22]. Reflectin
A1l folding and assembly sizes have been tuned by electrochemical reduction of native
histidine residues, increasing ionic strength [30], and are sensitive to low concentrations
of aromatic compounds as well as histidine [31], 32 B3]. Increasing reflectin assembly size
reciprocally reduces particle number concentration, thereby regulating osmotic pressure
of the membrane-bound Bragg lamellae vesicles of the tunable iridocytes and leucophores.
In combination with the Gibbs-Donnan effect, this osmotic motor further increases the
efflux of water across the semipermeable membranes of the Bragg lamellae tunability. In
combination with the Gibbs-Donnan effect, this osmotic motor could further increase the
efflux of water across the cell membrane and drive the dehydration of Bragg lamellae [12].
The remarkable in vivo tunable iridescence of the Bragg lamellae as well as the in vitro
tunability of reflectin A1 assembly sizes by pH-titration, genetic engineering, and most

recently electrochemical reduction of histidine residues has drawn much bioengineering

5
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interest for creating optically tunable materials. Reflectins have been used to manufacture
reflective thin films, diffraction gratings, electronic and protonic-conducting materials, as
well as optical biomaterials that can be tuned by electrical, chemical, and mechanical

activation [34] 35] 36} 37].



Chapter 2

Reflectin A1 Assemblies
Dynamically Exchange Monomer

Through Dilute Phase

2.1 Illuminating the Mechanism by Which Protein
Net Charge Density Determines Reflectin A1 As-
sembly Sizes

Reflectin A1 assembly sizes are precisely determined by the extent of coulombic re-
pulsion in the cationic linker regions, with decreasing protein net charge density (NCD)
forming progressively larger assemblies [29]. However the physical process that enables
this relationship is unknown. The rapid arrest of reflectin A1 assembly size growth, the
stability of assembly sizes with time and dilution, and their robustness to AFM prob-
ing and TEM sample preparation [22] 29]. These observations are consistent with a

kinetic mechanism in which spinodal decomposition is rapidly followed by glass-like ar-
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rest which controls the sizes of thermodynamically unstable assemblies, but do not rule
out an equilibrium process. Reflectin A1 assemblies can also be described as dynamic
equilibrium clusters, where assemblies exist in thermodynamic equilibrium and sizes are
determined by a balance of short range attraction and long range repulsion (SALR)
[38, 39, 401, 4T}, 42, 43]. We begin to shine light on these mechanisms by using Forster
Resonant Energy Transfer (FRET) to demonstrating that reflectin A1 assemblies are ini-
tially in dynamic exchange via a dilute monomeric phase and this exchange ages rapidly.
Dynamic light scattering (DLS) shows that the arrest of assembly size growth strongly

correlates with the arrest of dynamic exchange between assemblies.

2.2 Reflectin A1 Assemblies Coexist with Dilute Monomer

Phase

Following assembly of reflectin A1, a centrifugation assay was used to determine the
coexistence of a dilute phase of monomers and a dense phase of assemblies [44]. Reflectin
A1 by dilution to a final concentration of 4 pM 25 mM MOPS buffer at pH 7 ,and after 5
d at 20°C, samples were centrifuged at 20,000 x g for 6 hours to remove assemblies (Fig.
2.1A). A Bradford assay revealed that Cg; increases with Cpyy for Cpyup between 1-10
uM (Fig. 2.1B) and the increase is linearly proportional. For reflectin A1, Cg4; depends
on Gy for a range of Cyyp in which the system coexists as monomer and assembly.
Although Cdense for reflectin Al assemblies is unknown, the ratio of moles protein in
monomer to moles protein in assemblies is constant for Cy,;, > 2 M. This value decreases
from 99.4 + 2.7% for Cyr = 1 uM to 94.7 £ 0.1% for Cpup= 2 uM and stays relatively
constant up to Cpyp = 10 uM (95.4 £ 0.18%). This differs from classical bulk phase

separation where Cgy;; increases with Cy,, until it exceeds the saturation concentration
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Csat, and any additional increase in Gy, is partitioned into the dense phase and Cg, =
Cair [24, 45]. Reflectin A1 assembly sizes for Cp, between 1-10 uM do not increase with
increasing protein concentration as has been recently reported for FUS protein clusters
[44]. Instead, reflectin A1 assembly sizes decrease as Cy,y is increased from 1-4 yM (Fig.
2.2A-C). Notably, the size distribution of assemblies narrows as Cy,, is increased from
1-10 uM (Fig. 2.2A-F) . Assembly sizes range from 70-500 nm diam. for Cbulk of 1 pM.
At Cpur = 2 puM, size distributions are bimodal with a larger proportion by volume of
assemblies in the smaller size distribution (Fig. 2.2B). As Cy, is further increased to 10
M, this bimodality decreases (Fig. 2.2D-F). Reflectin A1 assembly size as a function of
concentration mirrors the dependence of Cg; on Cyyy . Partitioning of reflectin Al into
assemblies for Cpy < 2 uM varies from Cypyy > 4 pM which is relatively constant (Fig.
2.1). Assembly sizes for Cy, < 2 uM vary from assembly sizes for Cpyp > 4 pM, which
is then relatively constant (Fig. 2.2), suggesting that the mechanisms for both formation
of assemblies and restriction of assembly size are coupled and are incomplete for Cy, >

2 uM.
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Figure 2.1: Reflectin A1l assemblies coexist with monomer at pH 7 25 mM MOPS.
A) Bradford assay showing standards (light blue), the fit curve (light blue), and
experimental data points (multiple colors). The y-axis is absorbance at 595 and
the x-axis is reflectin Al concentration in M. B) Reflectin Al dilute concentration
(y-axis) depends on bulk concentration (x-axis). C) For bulk concentrations between
2-10 puM, the percent of reflectin in the dense phase is constant. All data points
represent 3 experimental replicates with 3 measurement replicates each. Error bars
represent = 1 S.D.
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Figure 2.2: Size distributions of reflectin A1 assemblies in MOPS buffer (pH 7, 25
mM) determined by dynamic light scattering for bulk protein concentrations of A) 1
uM, B) 2 uM, C) 4 uM, D) 6 uM, E) 8 uM, F) 10 uM. 3 technical replicates of 3
experimental replicates each were performed for each condition. 3 technical replicates
of 3 experimental replicates each are shown as individual lines. Y-axis is volume
percent and x-axis is diameter in nm. DLS experiments were performed in parallel to
Bradford assays. .
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2.3 Reflectin A1 assemblies are in dynamic exchange
with dilute phase

FRET (Forster resonant energy transfer) analyses revealed that reflectin A1 assem-
blies dynamically exchange monomer through the dilute phase. Reflectin A1 assemblies
labeled with either fluorescein (donor) or rhodamine (acceptor) were mixed and after
excitation at 488nm showed FRET exchange as seen by rhodamine emission at 590nm
(Fig. 2.2B). As the length of time between assembly and mixing of separately labeled
assemblies, tgeqy, increased, the FRET signal decreased (Fig. 2.2B) and is interpreted
as a time-dependent decrease in assembly exchange dynamics. However, these data do
not rule out the possibility that FRET exchange is due to new formation of non-dynamic
assemblies, or unidirectional protein transport into the assemblies. To distinguish bidi-
rectional protein transport between assemblies from these alternative hypotheses , as-
semblies labeled with both donor and acceptor fluorophores were diluted with unlabeled
Al assemblies (Fig. 2.3A). A decrease in FRET signal would represent a decrease in the
concentration of fluorophores within assemblies, which necessitates influx of unlabeled
and efflux of labeled reflectin A1l. After diluting fluorescently labeled reflectin A1 with
unlabeled A1 immediately after assembly formation, a decrease in FRET was observed
in emission spectra (Fig. 2.3B). Replotting FRET as a function of time demonstrates
the dynamic exchange of reflectin between assemblies ages rapidly (Fig. 2.4A). Reflectin
A1l assemblies diluted immediately after formation are completely dynamic as FRET
decreases to the positive control value (Fig. 2.4A). Relative to the range of the positive
control (fully dynamic) to the negative control (fully arrested), 75.6% of the population
of assemblies is dynamic after 1 minute (Fig. 2.3A), while at 2 hours 48% of the popula-
tion is dynamic, and only 19% was dynamically exchanging after 37 hours. Reflectin A1l

assembly sizes increased over the same time scale as FRET measurements of dynamic

12
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Figure 2.3: A) Design of FRET exchange experiment. Mixtures of reflectin A1 con-
taining either 5% fluorescein-labeled single cysteine mutant C232S (A1 C199-F) or 5%
rhodamine sulfate-labeled C232S (A1 C199-R) were separately but simultaneously as-
sembled by dilution into pH 7 25 mM MOPS buffer. After tgjeq, assemblies containing
5% A1 C199-F were mixed with those containing 5% A1 C199-R and incubated 24
hours at 20C. Samples were excited with 488nm light corresponding to the absorp-
tion spectra of donor fluorophore fluorescein and emission spectra from 510-700 nm
recorded. Mixtures containing both labels were driven to assembly as the positive
control. For the negative control tgeqy, was 24 hours and tpeqsure Was 5 seconds.
B) Spectra normalized to 520 nm (fluorescein emission maximum). C) Fluorescence
emission of reflectin A1 assemblies labeled with 5% fluorescein (green), 5% rhodamine
sulfate (red) and the positive control (blue) excited at 488 nm.

13



Reflectin A1 Assemblies Dynamically Exchange Monomer Through Dilute Phase Chapter 2

exchange (Fig. 2.4 B). Initial assembly diameter was 24 + 1.6 nm diam. and the
assemblies grow to 33.9 + 0.35 nm diam. after 24 hours. Remarkably, the change in
assembly size mirrors the decrease in dynamic exchange monitored by FRET, coupling
the rate of decrease of dynamic exchange and the rate of change in assembly size. In
the following chapter we demonstrate that reflectin A1 does undergo liquid-liquid phase
separation into coexisting protein-dense and protein-dilute phases. In terms of the phase
diagram for reflectin A1 defined by protein net charge density and NaCl concentration,

reflectin A1l assemblies are intermediate to liquid condensates.
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Figure 2.4: A) Design of FRET dilution experiment. Mixtures of 100 M reflectin A1l
containing 5% fluorescein-labeled single cysteine mutant C232S (A1 C199-F) and 5%
rhodamine sulfate-labeled C232S (A1 C199-R) were driven to assemble by dilution
into MOPS buffer (pH 7, 25 mM). Simultaneously, unlabeled reflectin was driven to
assembly under the same conditions. As a function of post-assembly time, labeled
assemblies were diluted 1:4 with unlabeled assemblies, then incubated 24 h. Sam-
ples were excited at 488 nm light corresponding to the absorption maximum of the
donor fluorophore fluorescein and emission spectra from 510-700 nm recorded. For the
negative control, fluorescently labeled assemblies were diluted 1:4 with buffer only. Re-
flectin A1 solutions containing 5% A1l C199-R and 5% A1 C199-F were diluted 1:4
with unlabeled reflectin prior to assembly for the positive control. B) Emission spec-
tra normalized to 520 nm ( Empse, of fluorescein) as a function of tgeqy, the time
between assembly and mixing of labeled and unlabeled assemblies. C) FRET emis-
sion at 588 nm normalized to 520 nm plotted as a function of time. The red line
is the negative control representing zero dynamic exchange and the blue line is the
positive control representing complete dynamic exchange. D) In parallel, assemblies
of reflectin A1l were formed by dilution of same protein stock into MOPS buffer (pH
7, 25 mM) and sizes determined by dynamic light scattering. For DLS, data points

represent 3 experimental replicates. Error bars (C) and error bands (D) represent +
1S.D.
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Chapter 3

Reflectin A1 Condensates Tuned by
Net Charge Density and Ionic

Strength

3.1 Cellular Liquid-Liquid Phase Separation

Intrinsically disordered proteins and proteins with disordered regions can exert their
function not only through direct structural interactions, but through their dynamic prop-
erties by undergoing liquid-liquid phase separation (LLPS) into coexisting dense and di-
lute phases [46] 47, [48]. Recently, phase separation of proteins into protein-dense and
protein-dilute phases has been demonstrated to form membraneless organelles in living
cells that are often regulated by post translational modifications such as phosphorylation
[49, 50, 5T, 52]. These can act to sequester other proteins and RNA, organize and regulate
signaling complexes, and buffer intercellular protein concentrations [53), 54} [55]. Intra-
cellular protein-driven LLPS is increasingly associated with neurodegenerative diseases

[56]. Liquid condensates of tau act to seed cytotoxic insoluble amyloid fibrils implicated
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in Alzheimer’s [57] and aging of FUS condensates produces insoluble aggregates that are
found in the neurons of those afflicted with ALS [58], however these processes are increas-
ingly seen as probable secondary effects rather than causes of such diseases [59] . For
intrinsically disordered proteins such as FUS, LAF-1, and DDx4, low complexity domains
(LCDs) enriched in glycine, arginine, and aromatic residues drive LLPS [23], 24] 60, [61].
In the ‘sticker and spacer’ model pi-cation interactions, typically between tyrosine and
arginine, and electrostatic interactions act as intermolecular stickers between proteins.
Smaller and more flexible residues such as serine and glycine serve as relatively weakly
interacting spacers that confer flexibility to LCDs. The patterning, valence, and strength
of stickers often dominates the phase behavior of IDPs, with increasing valency or clus-
tering of stickers driving LLPS [62], [63]. Reflectin A1 is an intrinsically disordered protein
enriched in arginine and tyrosine residues and exhibiting pronounced charge patterning,

all of which are consistent with proteins that undergo LLPS [23], 62].

3.2 Increasing Ionic Strength Drives Liquid-Liquid
Phase Separation of Reflectin Al

The dilution of 100 uM reflectin A1l containing 5% single cysteine mutant C232S
co- valently labeled with fluorescein (referred to as A1 C199-F to denote the location
of fluo- rescein) into acetic acid buffer (pH 4, 25 mM) in 250 mM NaCl forms liquid
condensates that wet untreated glass coverslips (Fig. 3.1A). Wetting is prevented using
polyethylene glycol (PEG) passivated coverslips (Fig. 3.1B) and the condensates are
spherical and undergo fusion and relaxation to sphericity upon contact (Fig. 3.1C). The
rate of change of aspect ratio of newly fused droplets fits well to an equation of exponential

decay that is commonly used to characterize liquid droplet dynamics [54, 64] (Fig. 3.1D)
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yielding a relaxation time, tau, of 1.95 + 1.16 seconds. Surface wetting and relaxation
of newly fused droplets indicate that the condensates exhibit surface tension which is
characteristic of a liquid. These results show that under these conditions, reflectin Al
undergoes liquid-liquid phase separation to form protein-dense and protein-dilute liquid
phases. Comparison of the mean fluorescence intensity of reflectin Al containing 2%
Al C199-F in acetic acid buffer (pH 4 25 mM) 250 mM NaCl to that of 100% Al
C199-F monomeric standards in acetic acid buffer (pH 4 25 mM) determined the dense
phase protein concentration to be 9517 + 965 uM, or 416 + 42 mg/mL (Fig. 3.1D).
This concentration is within the range of dense phase protein concentrations reported for
many other liquid protein condensates [65] 66}, [67] and is physiologically relevant: reflectin
protein concentration within the Bragg lamellae of Doryteuthis opalescens iridocytes was

previously estimated to be 381 mg/mL [I8].

3.3 Reflectin A1 Phase Diagram Defined by Ionic

Strength and Protein Net Charge Density

The phase diagram for reflectin A1l as a function of ionic strength and calculated net
charge density (NCD) of the protein is defined by three species: monomer, multimer (both
of which are colloids), and liquid-like condensates (Fig. 3.2A). DLS was used to determine
the boundary between monomer (Ry = 4.45 4+ 2.3 nm) and assembly using the previously
established Ry of reflectin A1 monomer (Fig. 3.2D). This experimentally determined Ry
is slightly smaller than 6.5 nm, the R¢ calculated using worm-like coil theory [68], [69] [70].
The boundary between reflectin A1 assemblies and liquid condensates was determined
by confocal microscopy of reflectin Al containing 5% Al C199-F. Droplets with the

previously mentioned liquid characteristics (Fig. 3.1) were easily distinguished from
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[C199-F] = 190.4 + 19 uM
[A1] = 9517 + 965 M
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T =195+ 1.16s

Flourescence Intensity

Aspect Ratio

0 50 100 150 200 250 300
Seconds MM C199-F

Figure 3.1: Reflectin A1 undergoes LLPS. 100 M reflectin A1 containing 5% fluores-
cently labeled single-cysteine mutant C232S (referred to as C199-F for the amino acid
location of fluorescein) was diluted to a final protein concentration of 4 M in pH 4 25
mM acetic acid 250 mM NaCl. A) Reflectin condensates were untreated glass cover-
slips. B) Condensates are spherical. C) Condensates fuse and relax to sphericity. The
change in aspect ratio over time can be quantified and fit to an equation of exponential
decay to obtain the characteristic relaxation time 7. C) Reflectin A1 droplet protein
concentration is 9517 + 965 uM, or 416 + 42 mg/mL . Monomeric standards of 100%
A1l C199-F in pH 4 25 mM acetic acid were used to relate fluorescence intensity to
concentration. Intensities of droplets of 2% C199-F were averaged (n=147 droplets
from 5 experiments). Error bars represent + 1 S.D. All scale bar = 5um.
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observable and sub-resolution assemblies (Fig. 3.2 B, C). As the liquid phase boundary
was approached by increasing ionic strength at a given pH (and its corresponding protein
NCD), assemblies increased from sub-resolution (Fig. 3.3A) to microscopically resolvable
(Fig. 3.3B) sizes. Upon crossing the liquid phase boundary, partitioning into the dense
phase increased markedly (Fig. 3.3 B, C, D). At high protein NCDs (pH 4-5) reflectin
Al can exist as monomer, multimer, or liquid droplet. The decreasing slopes of both
phase boundaries at high NCDs reveal that decreasing protein NCD requires lower ionic
strength to drive assembly or LLPS. For lower protein NCDs (pH 5.5-8), reflectin A1l is
not monomeric at any salt concentration in 25 mM buffers. For all protein NCDs tested,
the assembly/LLPS boundary shares the same trend of decreasing protein NCD requiring
decreasing ionic strength to drive LLPS. This trend at relatively low to moderate salt
concentrations suggests ionic screening may contribute to salt-driven assembly and LLPS
[T, (72, [73].

Notably, as a function of salt concentration, assemblies always precede LLPS for high
NCDs (Fig. 3.2A, 3.3A-C),suggesting that salt-driven reflectin A1 assembly and LLPS
may result from a continuum of the same physical process. The finding that reflectin
A1 assembly sizes progressively increase with increasing NaCl concentration until liquid
droplets are formed (Fig. 3.3A-D) is consistent with the hypothesis that salt-driven
reflectin A1 assemblies are caused by spinodal decomposition immediately followed by
dynamic arrest [40, [74, [75] [76] and that above a threshold protein NCD to ionic strength
ratio, dynamic arrest of assemblies is bypassed and spinodal decomposition forms liquid
droplets. The observed trend of decreasing ionic strength for decreasing protein NCD is
consistent with a reduction in the repulsive protein net charge density that is required to
drive liquid phase separation. However, the sequence of reflectin Al suggests a plethora
of molecular interactions could dictate the response of reflectin A1 phase behavior to

increasing ionic strength [23].In addition to increasing ionic strength’s contribution to
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Figure 3.2:  A) Depending on the pH and ionic strength, reflectin Al can exist
as a colloid of monomers or assemblies, or a liquid two-phase system. Net charge
density is calculated from the pKa of reflectin Al at each experimentally manipulated
pH. 100 uM reflectin A1 was diluted to a final protein concentration of 4 M for
each data point. At high pH deprotonation of histidines decreases the protein net
charge density per 100 amino acids. B) Liquid droplets were distinguished from (C)
light-resolvable assemblies by size discrepancy as well as surface wetting and droplet
fusion. D) Assemblies were distinguished from monomer by using DLS to measure
particle size distributions. At pH 4 70 mM NaCl reflectin A1 forms 7.9 + 3.5 nm d.
monomers and at pH 4 80 mM NaCl reflectin A1 forms 106 + 39 nm d. assemblies.
3 DLS replicates at each condition are shown cumulatively. Scale bars are 5um.
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screening of repulsive charges, it can also strengthen pi-cation and pi-pi interactions
between arginine and tyrosine residues within reflectin A1 [77], [78, [79] and increase sur-
face tension, thereby increasing the strength of the hydrophobic effect. It should be
noted that the dielectric constant within protein condensates is not equal to that of the
dilute phase. Estimates for the dielectric constant of protein-dense condensates range
from 40-50 [80), RI]. The high concentration of protein will decrease the polarity within
the droplet, especially with reflectins’ high concentration of aromatic residues and me-
thionine. This will change the chemical potential of any ionizable side chains that define
the calculated net charge density of reflectin within condensates [82]. Incorporating pH-
sensitive fluorophores into reflectin liquid droplets would allow for determination of the
pH of the dense phase [83], however fluorophores with quantum yields that are relatively

insensitive to the surrounding dielectric constant should be used [84].
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Figure 3.3: Reflectin Al assembly sizes increase until strongly partitioned liquid
droplets are formed. 100 puM reflectin Al containing 5% A1-C199F diluted into
increasing NaCl concentrations at pH 4 25 mM acetic acid until the liquid phase
boundary is crossed. A) At 80 mM NaCl no light-resolvable structures are detected
but assemblies are present as determined by DLS. B) At 90 mM NaCl 500 nm d. par-
ticles are present. C) at 100 mM NaCl surface-wetting liquid droplets are present with
stronger partitioning into the dense phase. D) Same image as C but at the same ex-
posure values as (A,B) to confirm strong protein partitioning into dense phase. Scale
bars = 5 pm.
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3.4 Surface Tension and Electrostatic Screening Con-
tribute to Salt-Driven Assembly and LLPS of

Reflectin A1

To determine the possible role of the hydrophobic effect in driving reflectin A1 assem-
bly and liquid-liquid phase separation (LLPS), the protein’s behaviors were compared in
the presence and absence of 5% 1,6- hexanediol (1,6-HD). This water-soluble aliphatic
alchohol lowers the surface tension of water [53] and has been shown to dissolve liquid
protein condensates that are formed by the hydrophobic effect [53], 77, [85] 86]. Turbidity
measurements of reflectin Al diluted into acetic acid buffer (pH 4 25 mM) from 80 to
100 mM NaCl demonstrate that 5% 1,6-HD inhibits the salt-driven formation of large,
light-scattering particles of reflectin A1 (Fig. 3.4A). In the absence of 1,6-HD, turbidity
increased at 90 mM NaCl and reaches approximately 2.5 at 130 mM NaCl. In marked
contrast, In the presence of 5% 1,6-HD, turbidity increases at 110 mM NaCl and reaches
only 1.5. Similarly, while the dilution of reflectin A1l into pH 4 80 mM NaCl formed 52.7
+ 18.3 nm D. assemblies, the inclusion of 5% 1,6-HD prevented assembly (Fig. 3.4B). In
100 mM NaCl at pH 4, reflectin A1 formed liquid droplets (Fig. 3.4C), but the inclusion
of 5% 1,6-HD abrogated LLPS and droplets were no longer observed (Fig. 3.4D).

These results indicate that increasing ionic strength drives reflectin A1 assembly and
LLPS in part by increasing the strength of the hydrophobic effect. This would be expected
because of the large gain in entropy typically resulting from burying hydrophobic side
chains away from water [82, 87, [88] and LLPS is primarily a segregative process [24] driven
by differences in polymer and solvent polarity. Although the primary sequence of reflectin
A1l does not have any significant stretches of hydrophobic amino acids, computational

analyses of hydrophobic moments show the RMs have maximal hydrophobic moments at

24



Reflectin A1 Condensates Tuned by Net Charge Density and lonic Strength Chapter 3

side chain angles consistent with a-helical (100° ) and S-sheet (160 ) secondary structures
[21], and these secondary structures emerge upon folding and assembly of reflectin A1 [29,
33]. In contrast, the analyses of hydrophobic moments show that the linker domains of the
protein exhibit no significant hydrophobicity in any possible conformation [21]. Thus,
the emergent hydrophobicity of the RMs likely provides the main contribution to the
protein’s overall hydrophobicity,, and decreasing solvent quality increases the energetic
contributions of these segments in driving folding, assembly, and LLPS of reflectin A1 .

It previously was demonstrated that the progressive increase in size of reflectin Al
assemblies with salt concentration is well predicted by the concentration of the anionic
species as opposed to total ionic strength of the solution (30). To investigate if this
relationship is also true for salt-induced LLPS of reflectin A1, the liquid phase boundary
of reflectin A1 was determined as a function of CaCl2 concentration in addition to NaCl
concentration for pH values 4-5 (Fig. 3.4 D). The liquid phase boundaries as a function
of Cl- concentration (Fig. 3.4F) differ by 9.6% for pH 4, 21% for pH 4.5, and are identical
for pH 5. In comparison, the liquid phase boundaries as a function of ionic strength (Fig.
3.4 C) vary by 62% for pH 4, 48.9% for pH 4.5, and 20.4% for pH 5. Therefore, the
concentration of anionic species better predicts the liquid phase boundary determined
by addition of either NaCl or CaCl, than does ionic strength, strongly suggesting that
electrostatic screening of cationic Coulombic repulsion within and between reflectin Al
molecules contributes to the drive of reflectin A1 to undergo LLPS. I conclude that the
screening of long-range repulsion at high protein NCDs allows short-range attractive
forces such as cation-pi, sulphur-pi, and hydrophobic interactions to drive reflectin Al

folding, assembly, and LLPS.
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Figure 3.4: Effects of 1,6-hexanediol and anion concentration on reflectin A1 phase
transitions. . A) Turbidity measured at 35 Onm for reflectin Al solutions in acetic
acid buffer (pH 4, 25 mM) in 80 mM NaCl (red) with 5% 1,6-HD (blue) B) DLS of
dilution of reflectin Al into pH 4 80 mM NaCl (black) results in 106 + 39 nm d.
assemblies and dilution into pH 4 80 mM NaCl, 5% 1,6-HD with yields monomers
of 9.0 £ 2.6nm diam. C) Reflectin A1 droplet formation upon dilution into pH 4
100 mM NaCl and pH 4 100 mM NaCl 5% 1,6-hexanediol. Turbidity measurements
are shown as the average of 3 experimental replicates with 3 measurement replicates
each; error bands represent + 1 S.D. The same numbers of DLS replicates are shown
cumulatively, and images in (C) are characteristic of 3 experimental replicates. Scale
bar = 10 um. D) Liquid phase boundaries determined presence or absence of droplets
upon addition of NaCl (Black) or CaCly (Red). E) Same data as (D) displayed as a
function of ionic strength and (F) Cl- concentration . X-axis for (D,E,F) is calculated
protein net charge density. Data for NaCl addition is the same as that used for Figure
3.2.
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3.5 Net Charge Density and Ionic Strength Tune Re-
flectin Liquid Condensate Dynamics

Using FRAP (Fluorescence Recovery After Photobleaching) and droplet fusion dy-
namics, we determined that the liquidity of reflectin A1 condensates is tuned by protein
NCD and ionic strength. Videos of reflectin A1 condensates in 250 mM NaCl at pH 4,
6, and 7 (Fig. 3.5A, B, C) were used to determine the change in aspect ratio over time
of newly fused droplets. Fitting of this data to an equation of exponential decay (Fig.
3.5D, E, F) reveals that relaxation time 7 increases from 1.95 + 1.16s at pH 4 to 36.95
+ 29.32s at pH 6, and ultimately to 84.86 + 22.77s at pH 7 (Fig. 3.5G). Droplet fusion
and relaxation rates increase by almost two orders of magnitude from pH 4 to pH 7,
demonstrating that liquidity (64) of reflectin A1 condensates decreases as protein NCD
decreases.

For FRAP experiments a small region in liquid droplets at pH 4, 6, and 7 at 250
mM NaCl was photobleached (Fig. 3.6A) and fluorescence recovery in that region was
characteristic relaxation 7 for each experiment. The proportion mobile component of
the droplets decreases as pH increases (Fig. 3.6D), indicating that the population of
liquid-like protein molecules in the droplet is decreasing. Fluorescence recovery rates
T increase from 192.3 + 31.1s at pH 4 to 641.6 + 220.2s at pH 6, and at pH 7 the
dynamics within reflectin condensates are too slow to determine accurate Tvalues (Fig.
3.6C). These demonstrate that the liquidity of reflectin A1 liquid condensates decreases
as protein net charge density decreases for range of conditions tested. This could be
due to more rapid aging of non-covalent inter-protein cross-links at lower protein NCDs
(higher pHs) than higher protein NCDs (lower pHs), as more extensive protein-protein

interactions would be expected for decreasing Coulombic repulsion at low protein NCDs.
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Figure 3.5: Aspect ratios of newly fused droplets in 250 mM NaCl were calculated from
videos at pH 4, 6 and 7. Representative time series of droplet fusion and relaxation
at (A) pH 4, (B) pH 6 and (C) pH 7. Aspect ratio as a function of time was fit to an
exponential equation of decay to determine 7 for (D) pH 4, (E) pH 6, and (F) pH 7.
G) Changes in aspect ratio over time between each pH were found to be statistically
significantly different using a one-way ANOVA test. Box and whisker plots display
the median (center line), 2nd and 3rd quartile (solid box) and the complete range
(black fences) of the data. N=23 for pH 4, n=26 for pH 6, and n=22 for pH 7. Total
protein concentration is 4 uM. Scale bars = 5 um.
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Figure 3.6: FRAP of reflectin Al condensates demonstrate pH-dependent FRAP re-
covery. A) characteristic images of droplets before, immediately and 1400 s post pho-
tobleaching for pH 4,6, and 7. B) Data were corrected for photobleaching and fully
normalized fluorescence intensity of bleach spots plotted as a function of time. C)
Fitting of individual experiments to an exponential decay equation shows the charac-
teristic relaxation time 7 decreases as pH increases. D) Percent fluorescence recovery
for pH 4, 6, and 7 also decreases as pH increases. Examples of fits to individual ex-
periments at (E) pH 4, (F) pH 6 and (G) pH 7. N=8 for pH 4, n=9 for pH 6 and n=7
for pH 7. 7 for pH 4 and pH 6, as well as percent recovery for all pHs were found to
be statistically significant using a one-way ANOVA test. Accurate 7 values for pH 7
could not be obtained by fitting. Error bands in FRAP plots represent + 1 SD. Scale
bars = 5 pm. Total protein concentration is 4 pM.
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3.6 Effect of pH on Droplet Liquidity is Ionic Strength
Dependent

FRAP of reflectin Al liquid condensates at pH 4,6, and 7 at varying NaCl concen-
trations reveal a complex relationship between droplet liquidity, pH, and ionic strength.
For increasing ionic strength from 200 mM to 250 mM Nacl at pH 4 7 decreases, then does
not change significantly upon increasing NaCl concentration to 300 mM (Fig. 3.7A). A
similar trend is seen for pH 6 where droplets were not liquid enough to estimate 7 at 200
mM NaCl and increasing NaCl concentration to 250 mM increases liquidity (fluorescence
recovery increases enough to estimate 7) then no significant change comparing 250 mM
to 300 mM NaCl (Fig. 3.7B). Percent fluorescence recovery for pH 4 and 6 followed the
same trend, demonstrating that liquidity has a non-monotonic response to increasing
NaCl concentrations (Fig. 3.7C, D). Contrary to pH 4 and 6, fluorescence recovery for
pH 7 does not significantly change for 200 mM vs. 250 mM NaCl but decreases when
ionic strength is increased to 300 mM NaCl (Fig. 3.7E). There is an optimal ratio of
pH to ionic strength that maximizes droplet liquidity. In terms of salt concentration,
conditions farther from the liquid phase boundary become more liquid-like (increasing
ionic strength from 200 to 250 mM at pH 4 and 6), then less dynamic even further into

the liquid phase (increasing ionic strength from 250 to 300 mM at pH 7).
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Figure 3.7: Effect of ionic strength on A1 droplet liquidity is dependent on pH. A,B)
FRAP demonstrates that at pH 4 and 6, relaxation time 7 decreases from 250 to 300
mM NaCl. C,D) Percent mobile component for pH 4 and pH 6 follow the same trend.
E) Percent mobile component decreases significantly from 250 to 300 mM NaCl for
pH 7. All pH 7 conditions and pH 6 200mM NaCl were not dynamic enough to obtain

accurate values for 7.
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3.7 Reflectin A1 Droplets Show Liquid Characteris-

tics Up To 96 Hours

The percent fluorescence recovery from FRAP of reflectin A1 condensates in pH 4 25
mM acetic acid 250 mM NaCl decreases significantly from 0-24 hours and 72-96 hours,
while there is no significant change from 24 to 72 hours (Fig. 3.8A, B). Remarkably, 7
does not change significantly from fresh droplets to 72 hours, then increases drastically
from 72-96 hours (Fig. 3.8C). From 0-72 hours the liquid-like population of the droplets
decreases (Fig. 3.8C) . Reflectin A1 droplets show no visible changes in morphology such
as jaggedness or fibrillization for the duration of the experiment (Fig. 3.8D). Interestingly,
despite the stability of 7 in these conditions, droplet size did not change significantly over
96 hours suggesting that Ostwald ripening is either arrested or too slow to detect (Fig.
3.8D) [74, 89, 90]. An arrest of ripening for droplets between 2-24 hours could explain
the stability of 7 up to 72 hours despite a significant decrease in the mobile component
from 91.6 + 3.6% at 0-2 hours to 64.8 + 8.4% at 24 hours. This decrease in mobile
component may represent the contribution of diffusion of monomer between the dense
and dilute phase to the fluorescence recovery in fresh droplets. Reflectin A1 FRAP
experiments performed on droplets between 10-120 minutes old did not demonstrate a
time dependence and show slow and incomplete fluorescence recovery compared to many
other in vitro and in vivo protein systems [50, 54, 55l 57, O] 02, 03, 94, ©5]. Coupled
with the lack of Ostwald ripening observed over 96 hours, these observations suggest that
reflectin A1 condensates have already aged significantly between the time of formation
and time of FRAP measurement. Although 96 hours well exceeds the seconds it takes
for iridocytes to respond to acetycholine by expelling water from the Bragg lamellae, this

demonstrates promise for bioengineered systems based on reflectin A1 condensates.
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Figure 3.8: A) FRAP of reflectin Al liquid condensates in pH 4 25 mM acetic acid
250 mM NacCl for 0-4 (red), 24 (green), 48 (purple), 72 (orange), and 96 hours (blue).
B) Data were corrected for photobleaching and fully normalized fluorescence intensity
of bleach spots plotted as a function of time. C) Fitting of individual experiments to
an exponential decay equation yields the characteristic relaxation time 7. Statistical
significance determined by one-way ANOVA testing. Box and whisker plots display
the median (center line), 2nd and 3rd quartile (solid box) and the complete range
(black fences) of the data. D) Droplet morphologies for 0-96 hours. N=8 for Oh, N=8
for 24h, N= 6 for 48h, N=7 for 72h, N=7 for 96h. Total protein concentration is 4uM.
Scale bars = 10 pm
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Chapter 4

Reflectins A1, A2, B and C Form

Multiphase Liquid Condensates

4.1 Reflectins A2, B and C Undergo Liquid-Liquid
Phase Separation in Ionic Strength and Protein
Net Charge Density Dependent Manner

In addition to reflectin A1, lamellae of iridocytes in D. opalescens contain reflectins
A2, B, and C (Fig. 4.1 D) which also undergo liquid-liquid phase separation (LLPS)
upon dilution into high ionic strength buffers. Reflectin A2 (Fig. 4.2A.), reflectin B
(Fig. 4.2B) and reflectin C (Fig. 4.2C) form liquid droplets that wet untreated glass
slides and fuse and relax to sphericity upon contact (Fig. 4.31, J, K). To investigate
the possibility that the lamellar contents in tunable iridocytes could exist, conditions, in
a liquid state, reflectins A2, B, and C were each mixed with reflectin Al in the molar
ratios found in dorsal (maximally tunable) iridocytes (Fig. 4.1B). Reflectins A2 (Fig.
4.2D), B ( Fig. 4.2E) and C (Fig. 4.2F) all liquid phase-separated with reflectin Al
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when diluted into high ionic strength buffers to form homogeneous droplets at 4 M final

protein concentration.
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Al A2 B C Ventral

1 3.3 14 2.4

Figure 4.1: Reflectins A1, A2, B and C are enriched in iridocytes of D. opalascens.
A) Diagrams of reflectins A1, A2, B and C showing the location of RMns (green),
RMs (blue) and GMXX motif (purple). Stars mark the known phosphorylation sites
in vivo in dorsal iridocytes. B) Molar ratios of the four protein species in the tunable
(dorsal) and (C) non-tunable (ventral) iridocytes.
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Figure 4.2: A) Reflectin A2 diluted into 250 mM NaCl at pH 6. B) Reflectin B diluted
into 150 mM NaCl at pH 6. C) Reflectin B diluted into 400 mM NaCl at pH 4. D)
Reflectin C diluted into 150 mM NaCl at pH 6. Co-phase separation of: (E) 53%
reflectin A1 with 47% reflectin A2 in same conditions as (A). E) 75.6% reflectin B
with 24.4% reflectin Al in same conditions as (B). F) 75.6% reflectin B with 24.4%
reflectin A1l in same conditions as (C). H) 78.3% reflectin C with 21.7% reflectin
A1 in same conditions as (D).Time series of fusion and relaxation of two droplets of
(I) reflectin A2, (J) reflectin B and (K) reflectin C. Stock solutions of 100 uM total
protein concentration in acetic acid buffer (pH 4, 25 mM) were diluted to final protein
concentrations of 4 M in respective buffers. Covalent fluorescent protein labeling for
reflectins A1, A2, B and C respectively: 5% Al C199-F, 2% rhodamine, 1% Alexafluor
405 and 1% Alexafluor 660. These labeling percentages were used for all experiments
unless stated otherwise. Scale bars= 5 ym.
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4.2 Diffusivity is Greatly Increased in Liquid Con-

densates of Reflectins B and C

FRAP analyses of reflectin C containing 5% fluorescein labeled protein (to ensure
power settings for photobleaching as that used for reflectin A1) diluted into 250 mM
NaCl at pH 6 (Fig. 4.3A) and pH 7 (Fig. 4.3B) reveal that the diffusivity within
reflectin C liquid condensates is dependent on protein net charge density. Fluorescence
recovers completely for both conditions (Fig. 4.3C) demonstrating that 100% of reflectin
C liquid droplets are mobile under these conditions.

At pH6 7 =39+ 0.7s and pH 7 7 = 12.2 £ 5.3 for reflectin C (Fig. 4.3D). FRAP
analyses of reflectin B containing 1% Alexafluor 405-labeled reflectin B (Fig. 4.4 A,
B) reveal that the diffusivity of reflectin B liquid condensates is intermediate between
to that of reflectins A1 and C. A comparison of the extent of fluorescence recovery for
reflectins A1, B and C in 250 mM NaCl at pH 6 shows that the proportion of mobile
components in liquid condensates of reflectins B and C is significantly greater than in
the liquid condensates of reflectin A1. The liquid condensates of reflectins B and C each
exhibit faster diffusivity than seen in

Reflectin A1 may exhibit the slowest dynamics because it has a greater number of
potential arginine and tyrosine residues, as well as RMs, and possibly thus potentially
more extensive inter-protein interactions than reflectins B and C [74, 47]. It is also the
largest of the three proteins followed by reflectins B and then C. Reflectin C contains the
unique GMXX motif with proline occurring every 5-6 residues in this glycine-rich stretch.
This region may remain disordered in the liquid phase, potentially conferring greater
flexibility and increased dynamics of reflectin C in liquid condensates [88] relative to
reflectins A1 and B, although increased backbone flexibility does not necessarily increase

the translational dynamics of proteins within condensates [47].
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Figure 4.3: Reflectin C condensates demonstrate pH-dependent FRAP recovery.
Characteristic images of reflectin C containing 5% fluorescein labeled reflectin C show-
ing droplet pre-bleach, immediately post- bleach, and final in (A) 250 mM NaCl at
pH 6 and (B) 250 mM NaCl at pH 7. C) Fluorescence intensity of the photobleached
regions were corrected for photobleaching, fully normalized and the average of ex-
periments plotted as a function of time. D) Fitting of individual experiments to an
exponential decay equation yields the characteristic relaxation time 7. Differences
of 7 and percent recovery were found to be statistically significant using a one-way
ANOVA test. Box and whisker plots display the median (center line), 2nd and 3rd
quartile (solid box) and the complete range (black fences) of the data. N=12 for each
condition. Error bands in FRAP plots represent + 1 SD. Scale bars =5 um.
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Figure 4.4: FRAP analyses of reflectins A1, B and C in 250 mM NaCl at pH 6. A)
Fluorescence intensity of the photobleached regions were corrected for photobleach-
ing, fully normalized and the average of experiments plotted as a function of time
for reflectins A1, B and C C) Comparison of normalized fluorescence recovery for
reflectins Al (orange), B (blue) and C (purple). D) Comparison of relaxation time
7 for reflectins Al (orange), B (blue) and C (purple). Statistical significance tested
for as previously described. N=9 for reflectin A1, n= 6 for reflectin B and n=12 for
reflectin C. Error bands in FRAP plots represent + 1 SD. Scale bars= 5 um.
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4.3 Reflectin C Increases Liquidity of Reflectin A1l
in Liquid Condensates

FRAP analysis of reflectin A1 combined with reflectin C in the ratio found in max-
imally tunable dorsal iridocytes (21.7% reflectin A1, 78.3% reflectin C ) shows that
reflectin C greatly increases the rate and extent of fluorescence recovery for reflectin A1l
at pH 6 and 7 (Fig. 4.5A, B). For reflectin Al, 7 = 641.6 + 220.2s at pH 6 , yet in
mixtures of reflectin A1 and C 7 decreases to 141.7 + 26.3s at pH 6 and 182.6 £+ 13.2s at
pH 7 (Fig. 4.5C). Similarly, reflectin C increases the mobile component of reflectin Al in
condensates of both species from 50.5 4 4.4% to 93 £ 8.2% at pH 6 and remarkably from
31 + 2.6% to 90.7 + 1.7% at pH 7 (Fig. 4.5D). Reflectin C may increase the diffusivity
of reflectin A1 by increasing the overall liquidity of the condensate, although it also could
do so through heterotypic interactions with reflectin A1 that would disrupt homotypic
interactions of reflectin A1 [96]. The enrichment of reflectin C in the maximally tunable
dorsal iridocytes thus could have the effect of increasing the diffusivity of the lamellar
condensates, facilitating activation of the signal activated assembly of the reflectins and

its consequent tuning of photonic behavior on the observed sub-second timescale.
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Figure 4.5: FRAP analyses of selective photobleaching of reflectin Al in dorsal mix-
ture with reflectin C. Fluorescence intensities in the bleached region were corrected
for photobleaching, fully normalized and plotted as a function of time from FRAP
experiments of reflectin Al mixed in dorsal ratio with reflectin C at (A) pH 6 and (B)
pH 7. C) Comparison of relaxation times and (D) normalized fluorescence recovery
for reflectin Al (orange) and reflectin A1 mixed with reflectin C (purple) at pH 6 and
7. N= 11 for reflectin A14+C at pH 6, N=8 for reflectin A14+C at pH 7, n=9 for Al
at pH 6, and n=7 for pH 7. Statistical significance tested for as previously described.
Error bands in FRAP plots represent & 1 SD.
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4.4 Diverse Responses of Liquid Phase Boundaries
of Reflectins A2, B and C to Changes in Ionic

Strength and Protein Net Charge Density

The liquid phase boundaries of reflectins A2, B, and C are dependent upon protein
net charge density (NCD) and ionic strength (Figs. 4.6A, B, A.1, A.2). The locations and
slopes of these liquid phase boundaries as functions of protein NCD and ionic strength
are most similar for reflectins A1 (green line) and A2 (red line) that are most similar in
sequence, showing nearly linear responses to ionic strength as a function of protein NCD
(Figs. 4.6A, B, A.1). In terms of ionic strength, reflectin A1l exhibits a stronger drive
to LLPS than reflectin A2 at any given protein NCD. This is expected in the context of
the number of potential intra- and interprotein attractions: reflectin A1 has 38 arginine
and 44 tyrosine residues compared to A2’s 27 arginine and 28 tyrosine residues. The
predicted emergent hydrophobicity of the folded RMs, whether they facilitate interprotein
hydrophobic attractions or as simple mediators of the hydrophobic effect, also follows this
trend as reflectin A1 contains 5 RMs compared to 3 RMs in reflectin A2. Reflectin B (Fig.
4.6), which contains the N-terminal RMn but lacks internal RMs exhibits a weaker drive
to LLPS as a function of increasing ionic strength relative to the A-types at high protein
NCDs but a greater drive at lower protein NCDs (Figs. 4.6A, B, A.2). Unlike reflectins
A1, A2 and C, reflectin B forms arrested gel-like clusters (Fig. 4.2C) at high protein
NCDs for salt concentrations up to 500 mM (Figs. 4.6A, B, A.2). The phase boundary
of reflectin C (purple line), which lacks the RMn and contains only one weakly conserved
RM, shows the widest range of salt concentrations of these four reflectins, ranging from
600 mM at the highest protein NCD (pH 4) to zero added salt at low protein NCD (pH

7) (Figs. 4.6C, D, A.2). Despite the wide range of salt concentrations that drive LLPS
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Figure 4.6: A) Liquid phase boundaries of reflectins Al (green), A2 (red), B (blue)
and C (orange) as a function of NaCl concentration and calculated protein net charge
density as determined by presence or absence of fluorescently labeled droplets with
the previously mentioned liquid characteristics. Reflectin B forms arrested gel-like
bodies (blue dashed line) for pH 4-4.5. B) Inset of (A) C) Same data as (A) re-plotted

as a function of pH. D) Inset of (C). Total protein concentration is 4 M for reflectins
A1, A2, B and C.
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of reflectins A1, A2, B and C at high protein NCDs, the liquid phase boundaries
all converge to within 15 mM NaCl as their protein NCDs approach zero (Figs. 4.6,
A2, A.3). This is expected as proteins are typically least soluble as they approach their
isoelectric point and zero net charge [87, [8§].

Relative to reflectins A1 and A2, reflectins B and C require more salt to liquid phase
separate at high protein NCDs and less salt at low protein NCDs (Figs. 4.6, A.2, A.3).
They thus exhibit a greater switch-like response to decreasing protein NCD than reflectins
Al and A2. The primary sequences of reflectins B and C differ markedly from those of A1
and A2 as well as from each other, suggesting that analyses of the effects of mutational
insertion and deletion of key sequences within reflectins B and C may be needed to further
resolve how these sequence features inform their liquid phase boundaries.

It appears that at high protein NCDs ( pH values lower than pH 6-6.5, a reasonable
assumption for the pKas of native histidine residues) the contribution to the drive to
LLPS by non-covalent intra- and inter-protein interactions is greatest, as reflectins A1 and
A2 have the highest drive to LLPS. For lower protein NCDs (pH values greater than 6-6.5)
this relationship is inverted and the species with the greatest valencies have the weakest
drive to undergo LLPS. This relationship is especially evident when viewed as a function
of pH (Fig. 4.6C, D), . showing that ionic strength differentially affects the drivers
of reflectin LLPS at different protein NCDs. At high protein NCDs, increasing ionic
strength may contribute more to the drive to LLPS by increasing intra- and inter-protein
interaction strengths by screening Coulombic repulsion and increasing the strength of
pi-cation interactions, while at lower protein NCDs, ionic strength may contribute more

to the drive to LLPS by decreasing the quality of the solvent [24] .
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4.5 Reflectins A2, B and C Enable Switch-like Re-
sponse of Reflectin Liquid Phase Boundary to
Changing Protein Net Charge Density

The liquid phase boundary of reflectin A1l as a function of salt concentration and
protein net charge density (NCD) is shifted in mixtures with either reflectin A2, B or
C in the ratios found in tunable (dorsal) iridocytes. Such mixtures of reflectins A1 and
A2 (53% reflectin A1, 47% reflectin A2) require less salt to drive LLPS than for reflectin
A2 at all protein NCDs (Figs. 4.7A, A.3 A). At higher protein NCDs these mixtures
require more salt to drive LLPS than reflectin A1, but surprisingly less salt to drive
LLPS for protein NCDs less than ca. 9. The ratio of reflectins A1 and A2 found in
tunable iridocytes also has a less linear response to salt concentration as a function of
protein NCD than either protein alone (Figs. 4.7 A, A.3 A).

The ratio of reflectins A1 and B found in dorsal iridocytes (24.4% reflectin A1, 75.6%
reflectin B) reveals that at higher protein NCDs the liquid phase boundary of reflectin
B dominates that of the mixture (Figs. 4.7B, A.3B, C). These mixtures required higher
salt concentration to drive LLPS relative to reflectin A1 at protein NCDs greater than
ca. 8. Arrested gel-like clusters of reflectins A1 and B were observed for protein NCDs
greater than ca. 11 (Fig. 4.2G) which is consistent with reflectin B alone (Fig. 4.2C).

The liquid phase boundary of the ratio of reflectins A1 and C found in dorsal iridocytes
(21.7% reflectin A1, 78.3% reflectin C) reveals that reflectin C is more effective than
reflectins A2 and B at shifting the liquid phase boundary of reflectin A1 (Figs. 4.7C, A.3
D,E). As a function of pH, the liquid phase boundaries of reflectin C and reflectin A1/C
mixture are identical except for a 10 mM NaCl deviation at pH 6 (Fig. A.3D |E). As

a function of NaCl, Reflectin C shifts the liquid phase boundary of reflectin A1 up to 6
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Figure 4.7: Liquid phase boundaries for maximally tunable dorsal iridocyte ratios
of reflectins as a function of calculated protein net charge density and NaCl concen-
tration. A) The liquid phase boundary of 53% reflectin Al and 47% reflectin A2
(orange) compared to those of reflectin A1 (green) and reflectin A2 (red). B) Liquid
phase boundary for 24.4% reflectin A1 and 75.6% reflectin B (purple) compared to re-
flectin B (blue) and reflectin A1 (green). C) Phase boundary for mixtures of reflectin
A1 and C (orange) compared to that of reflectin C (purple) and reflectin A1 (green).
D) Phase boundaries of reflectins Al, A2, B and C in the molar ratios found in tun-
able (red) and non-tunable (blue) iridocytes. Reflectin B and mixtures containing
it form arrested gel-like clusters at high protein NCDs (dashed lines). Total protein
concentration is 4 uM for A-D.
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fold for protein NCDs greater than ca. 13 (Fig. 4.7C, Fig. A.3 D,E), demonstrating the
significant influence of reflectin C on reflectin A1 phase behavior.

Molar ratios of reflectins A1, A2, B, and C found in both tunable (dorsal) and non-
tunable (ventral) iridocytes have highly similar liquid phase boundaries and most closely
resemble that for reflectin B alone (Fig. 4.7D, Fig. A.4), despite the enrichment of
reflectins B and C in the tunable molar ratios compared to non-tunable (Fig. 4.1B, C).
Thus, the relative concentration of reflectin B in both dorsal and ventral molar ratios is
sufficient dominate the phase behavior of these mixtures.

Phase diagrams of dorsal and ventral mixtures of reflectins Al, A2, B and C were
determined by diluting 100 uM protein stock to 4 uM final protein concentration in
respective buffers. For dorsal mixtures, slight heterogeneity suggestive of multiphase
separation was observed in 200 mM NaCl at pH 6 (Fig. 4.8A, B). Upon dilution of
200 uM protein stock to 8 uM final protein concentration in the same buffer, striking
multiphase separation was observed in which reflectins A1 and A2 became less miscible
in reflectins B and C (Fig. 4.8C, D). Droplets rich in reflectins A1 and A2 were present
on the interior of larger droplets of reflectins B and C (Fig. 4.8C, D).

Notably, for all mixtures at all conditions tested, the species within each mixture
showed coordinated phase behavior (Fig. 4.9), including conditions that produce multi-
phase condensates. pH 4 120 mM NaCl is above the liquid phase boundary for reflectin
A1 (Fig. 4.9A) but below that of reflectin A2 yet for mixtures of both reflectins, reflectin
Al-only droplets are never observed at this condition. Instead, a sub-resolution haze or
resolvable assemblies are detected (Fig. 4.9B). The same phenomena are observed for
mixtures of reflectins B and C with A1. 100 mM NaCl at pH 5.5 is above the liquid phase
boundary for reflectin A1 (Fig. 4.9C) but below that form mixtures of reflectin A1 and B
(Fig. 4.9D). In 250 mM NaCl at pH 5 reflectin A1 exists as a liquid condensate (Fig. 4.9

E) yet in in mixtures with reflectin C, reflectin Al-only droplets are not observed (Fig.
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Figure 4.8: Multiphase separation of reflectins A1, A2, B and C at 4 uM and 8 uM
final protein concentrations. A) Reflectins Al (green) and C (magenta), and (B)
reflectins A2 (red) and B (blue) at 4 © M total protein concentration in 200 mM NaCl
at pH 6 showing slight heterogeneity in distributions of individual proteins throughout
the droplet. C) Reflectins Al (green) and C (magenta), and (D) reflectins A2 (red)
and B (blue) at 8 uM total protein concentration in same buffer conditions as (A).
A.B and C,D are separate channels of the two images.
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4.9F). Client/scaffold recruitment of reflectins B and C by reflectin A1 is not observed
as has been shown for some multicomponent protein condensates [67, 07, 08]. Instead,
reflectins B and C inhibit LLPS of reflectin A1 (Fig.s 4.7B, C, 4.9B, C) and reflectin A2
(Fig.s 4.7A, 4.9A).

With respect to the ability of arginine and tyrosine to form inter- and intraprotein
cation-pi bonds, reflectin A1 is has the greatest valency (38R : 44Y) followed by reflectin
A2 (27R : 29Y), reflectin B (27R:15Y) and reflectin C (18R : 11Y). Unlike reflectins A1l
and A2, reflectins B and C do not have near equimolar ratios of R : Y. In mixtures with
reflectin A1, reflectins B and C and exert the greatest influence the liquid phase boundary
of reflectin A1 (Fig. 4.7A, B) and reflectin B dominates the phase behavior of both dorsal
and ventral mixtures of all four reflectins as seen by the similarity of the liquid phase
boundaries of these mixtures to those of reflectin B (Fig. 4.7B, D). In the proposed model,
when reflectins B and C interact with reflectin A1 and A2, the uneven ratios of arginine
and tyrosine of reflectins B and C cap and exhaust the valences of reflectins Al and
A2, arresting condensate growth and subsequently bulk LLPS [74, 9] 100, T01]. Once
the liquid phase boundaries of reflectins B and C are reached, homotypic interactions of
both reflectins B and C out compete heterotypic interactions of reflectins B and C with
reflectins A1 and A2. This leads to dissociation of reflectins B and C from A1l and A2,
freeing sufficient valences of the latter to allow LLPS of all species. Importantly, once
the liquid phase boundary is crossed at final protein concentrations of 4 uM, mixtures of
reflectins A1 and B as well as Al and C co-phase separate, demonstrating that reflectins
B and C have favorable interactions with reflectin A1 that can screen homotypic reflectin

A1 interactions.
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Figure 4.9: Coordinated phase behavior of ratios of reflectins found in maximally
tunable iridocytes. A) Reflectin Al and (B) mixture of reflectins Al (green) and A2
(red) in 120 mM NaCl at pH 4. C) Reflectin Al and (D) mixture of reflectins Al
(green) and B (blue) in 100 mM NaCl at pH 5.5. E) Reflectin A1 and (F) mixture of
reflectins A1l (green) and C (purple) in 250 mM NaCl at pH 5.5. Exposure values for
B, D, F have been increased 190-210 fluorescence intensity units compared to A, C,
E. Total protein concentration is 4 pM. All scale bars=5 um.
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4.6 Immiscibility of Reflectins A1, A2, and C in B
is Controlled by Ionic Strength

Increasing protein stock concentration from 100 to 200 M and final protein concen-
tration from 4 to 8 uM exceeded the inter-miscibility of these four species, leading to
multi-phase separation of reflectins A1, A2, B, and C (Fig. 4.8). Mixtures of reflectins
Al, A2, B, and C in the dorsal ratio show salt-dependent demixing of reflectins A1, A2,
and C from reflectin B. At the liquid phase boundary, 20 mM NaCl at pH 7, reflectin A2
is distributed heterogeneously throughout the droplets while A1, B and C appear homo-
geneous (Fig. 4.10 A). As the salt concentration increases, the heterogeneity of reflectin
A2 becomes more pronounced and is also apparent for reflectin A1 (Fig. 4.10B). Increas-
ing the salt concentration further results in heterogeneity of reflectin C (Fig. 4.10C) and
this trend continues up to 300 mM NaCl (Fig. 4.10D, E). Thus, at pH 7 reflectin C is
the most miscible with reflectin B, followed by reflectin A1 then reflectin A2. Note that
for all conditions shown here reflectins A1, A2 and C are partially miscible with reflectin
B.

At pH 7 the drive to phase separate as a function of NaCl concentration, from greatest
to weakest, is : reflectin B = C > A1 >A2. If the increase in surface tension by increasing
ionic strength was the sole driver of reflectin LLPS and these organizations are at thermo-
dynamic equilibrium, then multiphase separation at pH 7 would be expected to produce
droplets with reflectins B and C on the interior, shielded from solvent by reflectins Al
and A2 in order to minimize the surface energy of the system [24, [102]. Measurements of
the surface tensions of individual reflectin condensates are needed to begin to understand
the energies determining droplet organizations. However, if ionic strength drives LLPS at
high protein NCDs in part by screening repulsive charges and/or increasing the strength

of pi-cation interactions, then the concentration of NaCl needed to drive LLPS of each
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reflectin does not solely reflect the surface tension of liquid condensates of each reflectin.
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Figure 4.10: : Individual fluorescent channels and DIC images of reflectins Al
(green), A2 (red), B (blue) and C (magenta) in dorsal ratio at pH 7 in (A) 20 mM,
(B) 50 mM, (C) 100 mM, (D) 200 mM and (E) 300 mM NaCl on untreated glass
coverslips. 200 uM total protein stock was diluted into respective buffers to a final
protein concentration of 8 uM. Scale bar = 5 pm.
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4.7 Molar Ratio of Reflectins Found in Tunable Iri-
docytes Shows Greatest Change of Multiphase

Organization in Response to Changing Protein

NCD

The dorsal and ventral molar ratios of reflectins Al, A2, B, and C demonstrate
different pH-dependent morphologies. The dorsal ratio at pH 5.5 250 mM NaCl (Figure
4.11A) appears homogenous and as pH is increased to 7 and 8, the condensates exhibit
internal puncta that are relatively devoid of reflectins A1 and A2 (Fig. 4.11B, C). The
multiphase organization of condensates formed from the dorsal ratio of reflectins A1, A2,
B and C demonstrate a greater change upon increasing pH and differ significantly from
those of the ventral ratios. At pH 5.5 250 mM NaCl condensates formed from the dorsal
ratios exhibit a shell-like organization of reflectins A1 and A2 around reflectins B and C,
although some A1 and A2-rich microdroplets are seen in the interior of the condensates
(Fig. 4.11D). As pH increases, the shell-core arrangement is lost and microdroplets of
both reflectins A1 and A2 are seen in the interior of the condensates (Fig. 4.11D, E). It
is currently unclear if these organizations are at, or are on, the path to thermodynamic
equilibrium; however these data were captured on PEG-passivated coverslips up to four

hours after droplet formation.
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Figure 4.11: Individual fluorescent channels of dorsal and ventral ratios of reflectins
at 250mM NaCl as a function of pH. Dorsal ratio of reflectins Al, A2, B and C (A)
pH 5.5, (B) pH 7 and (C) pH 8. Ventral ratios of reflectins Al, A2, B and C at (D)
pH 5.5, (E) pH 7 and (F) pH 8. Protein stock (200 pM) was diluted to final protein
concentration of 8 uM. Droplets imaged in PEG-passivated microchambers. Scale
bar=>5 pm.
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4.8 Reflectins A2, B and C Control Multiphase Or-
ganization of Reflectin Condensates at High Pro-
tein Net Charge Densities.

The organization of reflectins Al, A2, B, and C also depends on the molar ratios
of the species. Of the four protein species, the relative concentrations of reflectins A2
and B change the most between the dorsal and ventral mixture. At pH 5.5 250 mM
NaCl dorsal ratios the of the four species have a shell-like layer of reflectins Al and
A2 shielding reflectins B and C from solvent (Fig. 4.11A). A fluorescent intensity profile
across the length of the dashed white box confirms that reflectins A1 and A2 co-segregate
from reflectins B and C (Fig. 4.11B). However in the same conditions, ventral ratios of
the four species are relatively homogeneous (Fig. 4.11C), with very slight increasing
distribution of reflectins B and C on the outside of the droplets as seen by the fluorescent
line profiles for all four species.

To decipher their roles in organizing the multiphase organization, solutions of dorsal
ratios of reflectins absent of reflectin A2, B, or C were driven to LLPS by dilution into pH
5.5 25 mM acetic acid 250 mM NaCl and compared to liquid condensates of dorsal ratios
of all four reflectin species. This salt and pH condition was chosen because it showed
the greatest differences between dorsal and ventral multiphase organizations. Dorsal
mixtures of reflectins that lack reflectin B still demonstrate the layered architecture as
seen for dorsal mixtures that do contain reflectin B (Fig. 4.11 E, F), revealing that the
increase in reflectin B for dorsal compared to ventral mixtures is not solely responsible
for the multi-layered organization of droplets. This organization is abolished in dorsal
mixtures that lack reflectin A2 (Fig. 4.11 G, H) These results show that the relative

ratios of both reflectins A2 and B dictate the multiphase droplet structures. Reflectin
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Figure 4.12: Multiphase organization of dorsal mixtures of reflectins with and without
reflectins A2, B and C at pH 5.5 25mM acetic acid 250mM NaCl. A) Dorsal ratios of
reflectins A1, A2, B and C. B) Fluorescence intensity profile across the length of the
white dashed box for reflectins A1, A2, B and C in (A). C) Ventral mixture of reflectins
A1, A2, B and C with (D) corresponding fluorescence intensity profile. E) Mixture of
dorsal ratios of reflectins A1, A2 and C with (F) corresponding fluorescence intensity
profile. G) Mixture of dorsal ratios of reflectins Al, B and C with (H) corresponding
fluorescence intensity profile. I) Mixture of dorsal ratios of reflectins Al, A2 and
B with (J) corresponding fluorescence intensity profile. 200 pM protein stock was
diluted to final protein concentration of 8 uM. Droplets imaged in PEG-passivated
microchambers. Scale bar= 5 ym.
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A2 is necessary to drive the multiphase structure in these salt and pH conditions (Fig.
4.11 G, H), however it is decreased in the dorsal ratios, where the multiphase organization
appears (Fig. 4.11 A). Reflectin B is enriched in the dorsal ratios, however its presence
alone does not drive the multiphase organization. The omission of reflectin C reverses
the shell/core organization observed in dorsal mixtures of all four reflectin species and
microdroplets rich in reflectins A1 and A2 in the interior of reflectin B droplets are
observed (Fig. 4.11 1, J).

Remarkably, multiphase separation of this four protein system can be reorganized
in constant salt and pH conditions by changing the ratios of reflectins A2, B and C. A
systematic analysis of varying the relative concentration of each protein while holding the
others constant across a wide pH and salt range would establish consistent organizational

rules that would be the basis for a complete model of this multiphase behavior.

4.9 Reflectins B and C Affect Inner-Droplet Mor-
phology at Low Protein Net Charge Densities

Solutions of dorsal and ventral ratios of reflectins absent of reflectin A2, B or C
were driven to LLPS by dilution into pH 7 25mM MOPS 250mM NaCl and compared
to liquid condensates of dorsal ratios of all four reflectin species. Omitting reflectin B
from dorsal ratios at these conditions shows a change in the internal structure formed
by the segregation of reflectins Al and A2 from B (Fig. 4.12 A, 4.10 E). The removal
of reflectin C has a similar effect, and seems to form hollow spheres of reflectins A1 and
A2 segregated from reflectin C (Fig. 4.12 B, 4.10 E). Omitting reflectin B from ventral
mixtures produces a similar inner droplet morphology but with apparent finer structure

of reflectins A1 and A2 (Fig. 4.12 C, 4.10 B). Omitting reflectin C from ventral mixtures
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C Ventral

Al

Figure 4.13: Dorsal and Ventral ratios of reflectins lacking reflectin B or C in 250 mM
NaCl at pH 7. A) Mixture of reflectins Al, A2 and B in dorsal ratio. B) Mixture
of reflectins A1, A2 and C in dorsal ratio. C) Mixture of reflectins Al, A2 and B
in ventral ratio. D) Mixture of reflectins Al, A2 and C in ventral ratio. 200 uM
protein stock was diluted to final protein concentration of 8 M. Images captured in
PEG-passivated microchambers. Scale bar=5 pm.
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produces inner droplet structures of reflectins A1 and A2 that are more similar to that
seen for the dorsal ratio (Fig. 4.11 D, 4.10 B). The high surface area presented by these
intricate interfaces suggests that this system is not at thermodynamic equilibrium[?].
Further considering the role of reflectin C in greatly increasing the liquidity of reflectin
A1, these inner structures formed by the omission of reflectin C may be kinetically
defined. Further investigation of the liquidity of these inner structures including droplet
fusion and FRAP would help determine the role of arrested dynamics in defining these

structures.
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Conclusion

5.1 Molecular Mechanisms of Reflectin A1 Assembly

and LLPS

The phase behavior of reflectin A1 adds to recent reports of proteins with both as-
sembly and liquid-liquid phase-separation (LLPS) behavior [44], [103] 104]. FUS protein
forms heterogeneous 100s nm diameter clusters in solutions when Cy, is less than C,qyy
for LLPS (44). These clusters are described as a pre-percolation state in percolation-
coupled phase separation of FUS [44]. Reflectin A1l assemblies differ from FUS clusters
in several aspects. 0.15-1% of total FUS protein was partitioned into these clusters, 2-3
orders of magnitude weaker partitioning into clusters than seen with reflectin A1 assem-
blies ( 95%). FUS clusters exhibited a broad heavy-tailed distribution of cluster sizes
[44] whereas reflectin A1 assemblies are relatively monodisperse and display a normal
distribution of sizes as detected by dynamic light scattering (DLS) here and previously
[22, 29, [30]. Finally, Reflectin A1 assembly sizes did not increase with increasing con-

centrations for the range of 1-10 uM (Figure 2.2), in contrast to predictions for the
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pre-percolation model in which the size of protein clusters increases with increasing con-
centration [24, [44]. Therefore, the assembly of reflectin Al appears to result from a
different mechanism.

Comparison of reflectin A1 to IDPs such as FUS and attempts to describe reflectin A1
phase behavior in the context of ‘linkers’ and ‘stickers’ used to describe noncovalent asso-
ciations for other LLPS systems [24), [74, [T05] proves to be of limited usefulness. Although
reflectin A1 shares key sequence features with proteins like FUS and hnRNPA1, such as
an abundance of arginine and tyrosine favoring cation-pi interactions, and a relative lack
of aliphatic amino acids [23], [60, 62], the sequence of reflectin A1 differs in key aspects.
Typically, ‘stickers’ (residue pairs capable of noncovalent interactions) are often clustered,
and the length, flexibility, and solvation volume of ‘linkers’ (regions between stickers en-
riched in small, flexible amino acids such as serine and glycine) modulates phase behavior
as well [24, 99]. In contrast, in reflectin A1 tyrosine and arginine are relatively evenly dis-
tributed throughout the length of the entire sequence, and charged amino acids capable
of inter-protein interactions are abundant in the stretches between tyrosine and arginine
(Fig. 1.1). In further contrast, reflectin A1 lacks regions of low complexity such as prion-
like domains (PLDs) [62], 104] , exhibits a pronounced block copolymeric organization
of alternating cationic and conserved regions at neutral pH, with the methionine-rich,
highly conserved reflectin repeat motifs predicted to show emergent hydrophobicity upon
folding [21, 29]. Thus, the sequence of reflectin A1 with respect to possible inter- and
intra-protein interactions is incompletely described by the ‘sticker and linker’ framework
of multivalent protein LLPS.

Reflectin A1’s net charge density (NCD) has been shown to finely control the pro-
tein’s assembly sizes, and it has been hypothesized that progressive neutralization of
the protein’s excess cationic charge, minimizing Coulombic repulsion both within and

between reflectin molecules, mediates this relationship [29], both physiologically in re-
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sponse to neuronally activated phosphorylation [12, [13] and in vitro by various surrogates
[29, 32, 33]. The dependence of the liquid phase boundary of reflectin A1 on the con-
centration of anions at high protein NCDs (Fig. 3.4) supports the hypothesis that ionic
screening of Coulombically-repulsed cationic reflectin A1 allows short-range attractive
forces (including cation-pi and sulfur-pi interactions and thehydrophobic effect) to drive
LLPS of reflectin Al. Importantly, this matches the recent finding that salt induces
reflectin A1 assembly by ionic screening [30], and both mechanisms are in line with the
findings that reducing reflectin A1 NCD by pH titration or genetic engineering control
reflectin A1 assembly sizes [29]. In contrast to my results with reflectin A1, it has been
found that solutions of proteins FUS, TDP-43, BrD4, Sox2 and A11 undergo LLPS un-
der low salt concentrations (j50 mM KCl) and exist as a single phase under intermediate
salt concentrations (125 mM-1.5 M KCl), and it was shown that electrostatic screening
at intermediate salt concentrations prevent LLPS by disrupting attractive ionic protein
interactions [77]. Hence, it is not without precedent that intermediate salt concentrations
can dictate liquid phase transitions of proteins by screening ionic interactions.

The physical mechanism by which Coulombic repulsion controls assembly size is in-
completely understood. The dynamic exchange of reflectin A1 assemblies ages rapidly
(Fig.s 2.3, 2.4 ), and this aging is tightly correlated with the decrease of the rate of assem-
bly growth (Fig. 2.4), both together suggesting the arrest of Ostwald ripening is limiting
assembly sizes (105). Reflectin A1 exhibits a progressive increase in secondary structure
as assembly sizes increase with decreasing protein NCD, demonstrating that reflectin Al
folding is incomplete in smaller assemblies [29]. Notably, as salt concentration increases,
assemblies increase in size [30] and reflectin A1 assembly always precedes LLPS, suggest-
ing that reflectin A1 assembly and LLPS are on a continuum of the same physical process
[74, 105]. Reflectin A1 condensates with liquid properties show no significant growth in

size via Ostwald ripening up to 96 hours, demonstrating that ripening arrests after bulk

64



Conclusion Chapter 5

LLPS. These observations are consistent with the model that salt-driven reflectin A1 as-
semblies are caused by spinodal decomposition immediately followed by dynamic arrest
of assemblies [40, [75], [76], and that above a threshold in the ratio of protein NCD to ionic
strength, assembly arrest is bypassed and spinodal decomposition forms a bulk liquid
phase. Dynamic arrest could occur due to exhaustion of potential inter-protein interac-
tion sites [74], T06]. In this model reflectin A1 assembly sizes are kinetically determined
by the rate of protein transport into assemblies and the rate of dynamic arrest. However,
an equilibrium mechanism for controlling reflectin A1 assembly size is also supported
by these observations. Thermodynamic equilibrium could define reflectin A1 assembly
size by a trade-off between short range attractive forces and long-range repulsive forces
(SALR) [39]. Equilibrium protein clusters well described by SALR models have been re-
ported [43], [107] in which long range electrostatic repulsion competes with Van der Waals
forces and the hydrophobic effect to control cluster size. The strong dependence of re-
flectin A1 assembly sizes on protein net charge density can be described as long-range
repulsive forces that, in tandem with short range attractive forces such as cation-pi and
hydrophobic interactions, define assembly sizes. Screening of coulombic repulsion, which
is proportional to equilibrium cluster sizes in both lysozyme and hemoglobin solutions
[43), 107, 108, 109], could control reflectin A1 assembly sizes similarly. In model lysozyme
systems the formation of equilibrium clusters can be followed by a glass transition that
arrests cluster dynamics [43], which is consistent with the formation and arrest of re-
flectin A1 assemblies as demonstrated by FRET. In silico modeling demonstrated that
mesoscopic metastable clusters can be intermediates to the condensation of a bulk liquid
phase, and that increased ionic screening lowers the repulsive energy barrier and allows
bulk transition to two liquid phases [110]. Reflectin A1 phase behavior is likely influenced
by the valency of potential interprotein non-covalent bonds, and thus one shortcoming of

relating this behavior to that of lysozyme and hemoglobin-based model systems is that
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these do not depend on the valency of such bonds. Further, the observed and predicted
numbers of monomers in those cluster are typically in the 10s [43] 107, 111], whereas
30 nm diam. reflectin A1 assemblies contain ca. 500 individual proteins assuming close

packing and 4 nm diam. of individual proteins.

5.2 Biological Insights From Dense-Phase Interac-
tions of Reflectins A1, A2, B and C

The liquid phase behavior of reflectins A1, A2, B and C adds to our understanding
of the possible states of matter in the tunable iridocytes of D. opalescens. While in vitro
analyses did not exceed 8 uM bulk protein concentration, while the reflectin concentration
in activated Bragg lamellae of the tunable iridocytes from D. opalescens was estimated
to be 381 mg/mL, which near the estimated 416 £+ 42 mg/mL reflectin concentration in
the dense phase [1§].

There is evidence from TEM analyses of the tunable iridocytes from D. opalescens,
and from the iridocytes and purified Bragg lamellae from the related squid, Lolliguncula
brevis, that a phase transition from monodisperse 10-100 nm diam. spherical puncta
to a gel or liquid may occur upon iridocyte activation, but these may be artifacts from
fixation and staining [112] [19]. Further, expression of reflectin Al from D. pealeii [113]
and individual expression of reflectins Al, A2, B and C from D. opalescens, both in
HEK 293T cells, results in spherical puncta consistent with liquid-liquid phase separa-
tion [114]. In maximally tunable iridocytes, a liquid phase transition would maximize
the lamellar protein density relative to a solution of assemblies and therefore enhance the
refractive index contrast resulting from activation, while maintaining a dynamic environ-

ment essential for the controlling activities of reflectin-specific kinases and phosphatases.
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Decreasing the protein’s NCD by phosphorylation could provide a mechanism for tuning
lamellar dehydration and the consequent photonic behavior [10) 11l [I8]) by controlling
the dense phase protein concentration.

For ventral and dorsal mixtures of the four reflectins, decreasing protein NCD within
the physiological range of 200-300 mM NaCl takes the system farther from the liquid
phase boundary and deeper into the two-phase region, thus potentially increasing pro-
tein concentration in the dense phase [105]. By increasing the density of reflectin in the
condensed phase this effect could thereby increase lamellar dehydration and the conse-
quent photonic response to reduction of reflectin’s NCD by phosphorylation. The finding
that reflectin C increases the diffusivity of reflectin A1l in the dense phase suggests the
possibility that reflectin C could act to increase the diffusivity the lamellar contents and
therefore facilitate the rapid reactions that tune lamellar dehydration. The increased
liquidity of reflectin A1 imposed by reflectin C could also maintain a fluid, non-arrested
condensate and facilitate reversibility of lamellar dehydration. Optically active but non-
tunable iridocytes are found in many cephalopod families [7, 8, 115] and the evolution of
an ‘off” state is what likely enables reversible tunability in iridocytes only observed in the
Loliginidae family. The in vitro inhibition of LLPS of reflectins A1 and A2 by reflectins
B and C, which are unique to Loliginidae, may represent this ‘off” state that allows the
lamellar contents to exist as a colloid of assemblies at the physiologically relevant salt
concentration of ca. 250 mM. Multiphase condensates have been previously observed in
living cells, most notably in the nucleoulus where rDNA transcription, rRNA processing
and ribosome assembly are spatially separated into three distinct immiscible condensate
compartments [98] [IT6]. The specific multiphase organizations of reflectins A1, A2, B
and C observed in vitro have limited biological relevance in the absence of a cell mem-
brane. Indeed, previous immune-TEM analyses revealed that reflectin C appears to be

preferentially localized adjacent to the inner face of the lamellar membrane, in contrast
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to reflectins A1, A2 and B that are uniformly distributed throughout the lamellar lu-
men [12]. Possible roles of reflectin C as a physical link between the reflectin assemblies
and the membrane, or as a buffer or insulator protecting the membrane, may thus be
suggested. These multiphase organizations are nonetheless valuable in deciphering the
strength and hierarchies of interactions between the four protein species and therefore
their roles in facilitating lamellar dehydration in iridocytes. Further, the possibility of
multiphase organization of reflectin condensates within the lamellae offers the opportu-
nity for differential phosphorylation/dephosphorylation of reflectins A1 and A2 compared
to reflectin B.

Reflectin B is phosphorylated at serine and threonine residues, whereas reflectins A1l
and A2 are phosphorylated primarily at tyrosine residues [12, [13], suggesting the actions
of different kinases. Further, the targeted serine and threonine residues in reflectin B are
contained within a motif (RRPSESH/RRPSEGH) that differs from that of the targeted
tyrosine residues in reflecting A1 and A2 [12, [13], further supporting the suggestion that
different, specific kinases act on the different reflectins. . Whenever in vitro multiphase
separation was observed in reflectin mixtures containing reflectin B, B was always segre-
gated from A1l and A2 (Figs. 4.8-4.10). This spatial segregation might increase the rate
of phosphorylation of reflectins A1 and A2 as well as the dephosphorylation of reflectin
B upon iridocyte activation, and thereby might enhance the rate of lamellar dehydration
and its photonic consequences by concentrating kinases and phosphatases with their re-
spective reflectin targets. Similar effects have been documented in other cellular systems
in which LLPS of proteins can increase kinase or phosphatase activity when these en-
zymes co-partition into the condensate with their target proteins [511, 117, 118, [1T9] 120].
Additionally, multiphase separation of reflectins A1 and A2 from reflectin B could mod-
ulate the ‘off” response of tunable iridocytes. Rehydration of the Bragg lamellae occurs

upon removal of exogenous acetylcholine [18], suggesting constitutive dephosphorylation
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of reflectins A1 and A2, concomitant with phosphorylation of reflectin B in the ‘off” state
[13]. Positive or negative feedback loops controlling these rates could be enhanced or
disrupted by multiphase segregation and thus further contribute to the rapid tunability
and reversibility of lamellar dehydration.

Because reflectin B is dephosphorylated while reflectins A1 and A2 are phorphorylated
upon activation of the tunable iridocytes, and phosphorylation of reflectin C has not
been detected [12] [13], simultaneous pH titration or electroreduction of mixtures of all 4
reflectins cannot recapitulate the complex changes in phosphorylation and its control of
protein NCD in vivo. True dynamic recapitulation of the differential phosphorylation and
dephosphorylation of reflectins A1, A2 and B thus far can only be achieved by employing
and controlling reflectin-specific kinases and phosphatases.

The findings summarized above illuminate a significant extension of the remarkable
tunability of the reflectin system. Reflectin A1 can be driven to liquid-liquid phase
separate by changing protein net charge density and ionic strength. The phase boundary
of this transition can be tuned by the addition of reflectins A2, B and C. The liquidity of
reflectin condensates and their multiphase organization can similarly be tuned, presenting
promise for increasing the control over the design of more complex reflectin-based tunable

materials.

5.3 Future Directions

These analyses have provided a narrow window into complex multiphase behavior
defined by colloidal reflectin A1 assembly and liquid-liquid phase separation. A combi-
nation of thermodynamic analyses, solution state NMR, and molecular modeling would
illuminate the molecular mechanism by which increasing ionic strength drives the phase

behavior of reflectin A1. Van’t Hoff analyses of the saturation concentrations for re-
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flectin A1 LLPS at varying temperatures would determine the entropic and enthalpic
contributions of the transition of reflectin from the dilute phase to the dense phase [99]
. This would begin to resolve the role of the entropic hydrophobic effect from the role of
enthalpic pi-cation and salt-bridge interactions. Such analyses would need to encompass
a range of pH values (protein NCDs) as well as salt concentrations as the molecular
drivers likely change across these conditions. Combining this approach with solution
state NMR would correlate changes in reflectin A1 structure and overlaps of chemical
shifts of amino acids such as arginine and tyrosine with phase transitions [28, 47, [65].
Finally, a combination of molecular simulations and analyses of form factors of reflectin
A1 assemblies would begin to distinguish between hypotheses that reflectin A1 assembly
sizes are kinetically determined by the rate of dynamic arrest or are thermodynamically
determined by a combination of short-range attraction and long range repulsion (SALR)
[43, 121}, 122, [123]. The phase behaviors of reflectins A1, A2, B and C in the Bragg lamel-
lae and in the cellular environments of both tunable and non-tunable iridocytes from D.
opalescens are currently unknown. The determination of the pH and salt concentration
within the lamellae would be valuable in guiding future in vitro investigations of biolog-
ically relevant reflectin phase behavior. Cryo-EM could characterize the condensate or
assembly state of reflectin within the Bragg lamellae as well as structural interactions
between reflectins and the membranes of the lamellae [124, [125]. Time-resolved Cryo-EM
could also be a powerful tool in characterizing physical phase transitions both in vivo
[126], [127] and in vitro [I128]. Super-resolution microscopy of fixed and immunostained
tunable iridocytes could determine any possible multi-phase organization of reflectins

within their membrane enclosures.
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Materials and Methods

6.1 Protein Expression and Purification

Reflectins A1, A1 C232S, A1-6E, A2, B, and C were purified as previously described
(29). Codon-optimized sequences of reflectins Al, A2, B, and C were cloned into pj411
plasmids. Proteins were expressed in Rosetta 2 (DE3) cells grown in 1 or 2 liter LB
cultures at 37° C from plated and sequenced transformants in the presence of 50mg/mL
kanamycin. Expression was induced at OD 0.06-0.07 with 5 mM IPTG. After 16 hours,
cultures were pelleted by centrifugation and frozen at -80 C. All four reflectins expressed
in inclusion bodies, with similar yields for reflectins A1 and A2, and decreasingly smaller
yields for C and B as judged by SDS-PAGE. Inclusion bodies were purified using Bug-
Buster medium (Novagen, Inc., Madison, WI) per manufacturer protocol, then resolubi-
lized in 8 M urea 5% acetic acid. All reflectins were purified using cation exchange with
a 10mL Hitrap cation-exchange column (Cytiva, Marlborough, MA) and eluted using a
step gradient of 5% acetic acid, 6 M guanidinium chloride. Reflectins A1 and A2 were
loaded at 5% eluting buffer whereas reflectins B and C were loaded onto the column

with no eluting buffer. All reflectins eluted at 10% eluting buffer. Purity of collected
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fractions was determined by A260/A280 and SDS-PAGE, then pooled and concentrated.
Concentrated reflectin was loaded onto reverse-phase HPLC waters Xbridge 4.6 mL. C4
column equilibrated with 10% (reflectins A1 and A2) or 5% (reflectins B and C) ace-
tonitrile with 0.1% trifluoroacetic acid and eluted over a gradient of 100% acetonitrile
0.1% TFA. Fractions were frozen at -80° C or shell frozen using an ethanol and dry ice
bath, lyophilized, and stored at -80° C until solubilization. Purity was determined by
SDS-PAGE and A260/A280. Lyophilized reflectin was solubilized using 0.22 pm-filtered
acetic acid buffer (pH 4 25 mM) and dialyzed using 2 changes (12 hours each) of 1000X
sample volume of the same buffer at 4C. Protein concentration was calculated using

absorbance at 280 nm and molar extinction coefficients for each protein.

6.2 Bradford Assay

0.5, 1, 2, 3, 4, and 5uL of 100uM reflectin A1 in pH 4 25mM acetic acid was driven to
assembly by dilution into neutralizing buffer to a total volume of 50ul. and final protein
concentrations of 1, 2, 4, 6, 8, and 10uM, then incubated at 20C for five days. Samples
were then centrifuged at 20C 20,000g for 6 hours and a small portion of supernatant
immediately removed. Supernatant was combined with Bradford dye and absorbances
at 450 and 595nm recorded after 30 minutes. A serial dilution of BSA standard was
used to create standard curve. All experimental data points represent averages of three
experimental replicants with three measurements each.

In parallel, centrifugation was omitted, and sizes were determined by dynamic light
scattering (DLS) using a Malvern Zetasizer Nano. All DLS measurements were repli-
cated with three individual experiments, each with three technical replicates spanning

15 minutes each.
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6.3 Fluorescent Labeling

Reflectin A1 C232S, Al 6E, A2, and C were covalently labeled using cysteine specific
fluorescein- or rhodamine-methanethiosulfonate. 50uM proteins were incubated with 500
uM FMTS or MTSR in pH 4 25 mM AcoH with gentle orbital stirring for 4 hours RT
then overnight at 4C. Reflectin B was labeled with maleimide-based Alexafluor-405 and
Reflectin C labeled with maleimide-based Alexafluor-660. To ensure reflectins B and
C stayed monomeric, protein was dialyzed to pH 4 25 mM acetic acid 8 M urea then
dialyzed to pH 7 25 mM MOPS 8 M urea, each step over night. 50 uM proteins were
incubated with 500uM malemide-based probe with gentle orbital stirring for 4 hours
RT then overnight at 4C. They were then dialyzed to pH 4 25 mM acetic acid 8 M
urea then pH 4 25 mM acetic acid. All Labeled reflectins were concentrated using 10K
MWCO amicon spin filters, and excess label removed using the previously described
HPLC method. Labeling efficiencies for FMTS and RMTS were between 70-80% and

maleimide probes 100%.

6.4 FRET

For FRET dilution experiments, 100 uM Reflectin A1 and 100 M reflectin A1l con-
taining 5% C199-F and 5% C199-R were separately but simultaneously diluted into pH
7 25 mM MOPS to final protein concentrations of 4 yM. Fluorescently labeled reflectin
A1 assemblies were then diluted 1:4 with unlabeled reflectin A1 assemblies after a time
tdelay, and incubated in protein LoBind tubes at 20 C for 24 hours before measurements.
Using a Cary Eclipse fluorescence spectrometer (Agilent Technologies, Australia), sam-
ples were excited at 488nm and emission spectra recorded from 510-700 nm. Each data

point consists of a single measurement per three experimental replicates. For the positive
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control, solutions of 100 uM A1l and 80 uM Al, 10 uM of each C199-R and C199-F in
pH 4 25mM acetic acid were mixed, then assembled by dilution into neutralizing buffer.
For the negative control fluorescently labeled assemblies were formed as per the experi-
mentals but diluted 1:5 with pH 7 25 mM MOPS. All spectra are normalized to 488nm
(Emmax of fluorescein).

For mixing of assemblies separately labeled with donor and acceptor fluorophores, 100
uM reflectin Al containing 5% C199-F and 100 uM reflectin Al containing 5% C199-
R were separately but simultaneously driven to assembly by dilution into pH 7 25mM
MOPS to final protein concentrations of 4 uM. After a time tdelay fluorescein labeled
and rhodamine labeled A1 assemblies were mixed, and at this point treated identically to
samples in the dilution experiment. For the positive control a solution of 100 M reflectin
containing both 5% C199-F and 5% C199-R was driven to assembly. The negative control
mixed assemblies containing 5% C199-R with assemblies containing 5% C199-F 24 hours

after assembly, and measured immediately upon mixing.

6.5 Phase Diagrams

LLPS boundaries for reflectins Al, A2, B, and C were determined using confocal
microscopy. To determine the liquid-liquid phase separation boundary, 0.6 pL 100 pM
reflectin containing 5% (A1), 2% (A2), or 0.5% (B,C) fluorescently labeled protein in
acetic acid buffer (pH 4 25 mM acetic acid) were diluted into 9.4 uL of respective buffers
to a final concentration of 4 uM, pipette mixed, and incubated for 10 minutes using 0.5
mL protein LoBind tubes. The solutions were pipetted onto cleaned glass coverslips and
imaged immediately after deposition using Leica SP8 resonant confocal microscope with
63X objective (NRI-MCDB Microscopy Facility) . For protein stock solutions containing

more than one reflectin type, reflectins in acetic acid buffer (pH 4 25 mM acetic acid)
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were mixed in the noted ratios then diluted into respective buffers. To determine the
boundary for transition from monomer to assembly, 2 uL of 100 M reflectin in pH 4 25
mM acetic acid were diluted into 48 ulL respective buffer to a final protein concentration
of 4 uM and incubated as above. Sizes were determined by dynamic light scattering
(DLS) using a Malvern Zetasizer Nano. All DLS measurements were replicated with
three individual experiments each with three technical replicates spanning 15 minutes

each. All buffers were freshly 0.22 pm-filtered before use.

6.6 Glass Coverslip Passivation

For FRAP, droplet fusion, and certain examinations of LLPS of mixtures of reflectins
A1, A2, B, and C, glass coverslips were passivated to prevent reflectin from wetting the
surface. Glass slides and coverslips were sonicated in near-boiling 1% Hellmanex cleaning
solution for 15 minutes. After thorough rinsing with Milli-Q water, glass slides were dried
with CO2 and stored with Drierite dessicant. Coverslips were immersed in 0.1M NaOH
for 15 minutes, thoroughly rinsed with Milli-Q water, then dried with CO2. They were
then heated to 100C in closed glass Petri dishes containing Drierite for 10 minutes, after
which 20uLs of 1% methoxy-PEG silane was pipetted onto each 18 X18mm coverslip and
incubated for 20 minutes at 100C. After allowing to cool, coverslips were thoroughly
rinsed, sonicated in Milli-Q water for 10 minutes, and rinsed again. After drying with
CO2, glass chamber microscope slides were constructed using two strips of Scotch double

sided tape to secure the coverslip against the slide.
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6.7 FRAP Experiments and Analysis

100uM partially fluorescently labeled reflectin (A1: 5% C199-F, A2: 2% A2-rhodamine
sulfate, B: 0.5% Alexafluor 405, C: 5% C-F or 1% Alexafluor 660) was diluted into re-
spective high ionic strength buffers, then quickly pipetted into passivated chamber slides
which were sealed with fast drying clear nail polish. Using the FRAP module in a Leica
SP8 scanning confocal microscope, a 1um diameter circular ROI (“point ROI” in soft-
ware) was selectively photobleached at 45-50% laser power for 150-200ms to avoid heating
the droplet. Concentrations of fluorophores for all four reflectins were chosen such that
they could be bleached with similar settings. FRAP was compared for Alexafluor-660
and fluorescein labeled reflectin C to ensure slight difference in bleaching settings did
not effect data. The bleached ROI was monitored for 10s before bleaching, and for 5-25
minutes post bleaching. For data analysis, the fluorescence intensity of the bleached
region, an unbleached region in the droplet, and background were used to correct for

photobleaching:

Fraw - Fbackground

Fcorrected@) =
Fnonbleached - Fbackground

then fully normalized using the equation:

(Ibleach)t - (Ibleach)o
(Ibleach)pre - ([bleach>0

Inorm -

where (Ipeqcn ) is the intensity of the photobleached region at time t
(Tpteach )o is the intensity of the photobleached region at the time of photobleaching
(Loieach)pre is the intensity of the photobleached region prior to photobleaching. To

determine the characteristic relaxation time 7 data was fit to the equation:
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y=A1(1—-e ™)+ B(1l —e ™

using NonLinearRegression function in Mathematica

6.8 Droplet Fusion Analysis

Frame rates and resolutions varied greatly due to the wide range of relaxation times
across reflectin species and conditions. Reflectin protein and slides were prepared as
described for FRAP, and imaging occurred immediately after chamber slide was prepared.
Only fusion events of equally sized droplets were analyzed. Using Fiji ImageJ software,
the threshold function was used to create binary videos. Aspect ratios were calculated by
using the “Fit Ellipse” measurement in “Analyze Particles”. Using NonLinearRegression
function in Wolfram Mathematica, the change in aspect ratio over time was fit to the
equation:

AR =1+ (ARo—1)-exp(—t/7)

where A.R.j is the intial aspect ratio, t is the time, and 7 is the characteristic relaxation

time.
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Figure A.1: Phase diagrams of (A) reflectin Al and (B) reflectin A2 as functions of
NaCl concentration and pH. Blue points denote the presence of droplets as detected
by confocal microscopy and black points the absence of droplets. Red points denote
monomer as determined by DLS. For (A) black points at pH 4-5.5 and black line
denote assemblies as characterized by DLS. 100 uM stock protein concentration was
diluted to final protein concentration of 4 uM in respective buffers.

79



>

mM NaCl
N (2] o (3]
o o o o
o o o o

=
(=3
o

C700

600
500

S 400

4

= 300
200

100

~
o~
o
(3]
o
o
o0

75

B

mM NaCl

mM NaCl

100

80

60

40

20

100

80

60

40

20

pH

Figure A.2: Phase diagrams of (A) reflectin B and (B) zoom-in of reflectin B phase
diagram for high pH values, as well as (C) reflectin C and (D) zoom-in of reflectin
C phase diagram for high pH values. Black points denote the presence of droplets
as detected by confocal microscopy and black points the absence of droplets. 100
uM stock protein concentration was diluted to final protein concentration of 4 pM in

respective buffers.
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Figure A.3: Phase diagrams of mixtures of (A) reflectin A1l and A2, (B,C) reflectin
Al and B, (D,E) reflectin A1l and C. Black points denote the presence of droplets
as detected by confocal microscopy and black points the absence of droplets. 100

1M stock protein concentration was diluted to final protein concentration of 4 pM in
respective buffers.
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