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ABSTRACT Reflectin is an intrinsically disordered protein known for its ability to modulate the biophotonic camouflage of ceph-
alopods based on its assembly-induced osmotic properties. Its reversible self-assembly into discrete, size-controlled clusters and
condensed droplets are known to depend sensitively on the net protein charge, making reflectin stimuli-responsive to pH, phos-
phorylation, and electric fields. Despite considerable efforts to characterize this behavior, the detailed physical mechanisms of re-
flectin’s assembly are not yet fully understood. Here, we pursue a coarse-grained molecular understanding of reflectin assembly
using a combination of experiments and simulations.We hypothesize that reflectin assembly and phase behavior can be explained
from a remarkably simple colloidal model whereby individual protein monomers effectively interact via a short-range attractive and
long-range repulsive (SA-LR) pair potential. We parameterize a coarse-grained SA-LR interaction potential for reflectin A1 from
small-angle x-ray scattering measurements, and then extend it to a range of pH values using Gouy-Chapman theory to model
monomer-monomer electrostatic interactions. The pH-dependent SA-LR interaction is then used in molecular dynamics simula-
tions of reflectin assembly, which successfully capture a number of qualitative features of reflectin, including pH-dependent forma-
tion of discrete-sized nanoclusters and liquid-liquid phase separation at high pH, resulting in a putative phase diagram for reflectin.
Importantly, we find that at low pH size-controlled reflectin clusters are equilibrium assemblies, which dynamically exchange pro-
tein monomers to maintain an equilibrium size distribution. These findings provide a mechanistic understanding of the equilibrium
assembly of reflectin, and suggest that colloidal-scale models capture key driving forces and interactions to explain thermodynamic
aspects of native reflectin behavior. Furthermore, the success of SA-LR interactions presented in this study demonstrates the
potential of a colloidal interpretation of interactions and phenomena in a range of intrinsically disordered proteins.
SIGNIFICANCE The self-assembly of intrinsically disordered proteins (IDPs) is now widely appreciated for its functional
biological role and is emerging as an attractive platform for new stimuli-responsive biomaterials. This work provides new
insights into the pH-modulated self-assembly of the IDP reflectin, a particularly compelling example of precisely controlled
IDP assembly into clusters of well-defined size. Despite the complexity of reflectin’s sequence and its conformational
diversity, we demonstrate that its clustering and phase behavior are well described by a remarkably simple, experimentally
derived colloidal pair interaction potential involving short-range attractions and pH-modulated, long-range electrostatic
repulsions. The ability of such a colloidal model to capture this type of complex assembly suggests a broader strategy for
understanding and ultimately engineering a wider range of IDPs.
INTRODUCTION

Protein-based materials have emerged as sustainable re-
placements in conventional polymeric formulations due to
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their sequence modularity (1–3), stimuli responsiveness
(4–7), and diverse chemical functionality (8). Recent efforts
have particularly sought to understand intrinsically disor-
dered proteins (IDPs) as a new class of important biomate-
rials (8–10). Compared with globular, fibrous, or membrane
proteins, IDPs are either fully or partially unstructured and,
through biological triggers, can accomplish unique biolog-
ical functions by modulating their configurations and
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assembly through highly cooperative and dynamic multiva-
lent interactions (11).

The reflectin protein is an exceptional example of IDP
assembly because of its unique ability to modulate the color-
changing camouflage of cephalopods based on its aggrega-
tion-induced osmotic response (12–14). Among all of the
known reflectin proteins, reflectin A1 (here simply termed re-
flectin) is the most abundant protein existing in the iridescent
iridocyte cells, located in the dermis of the skin of squid. Iri-
docytes are known to be crucial for modulating the refractive
index and spacing of their subcellular Brag lamellae, and
hence the color of the skin of squid (15). The activation by
phosphorylation of reflectin protein within iridocytes is trig-
gered by a signal transduction cascade from the neuronal
signal through the putative neuromodulator acetylcholine
(14–16). Upon phosphorylation, reflectin assembles into
discrete-sized clusters with sizes of 10–100 nm in diameter
(12,17). This dynamically tunes the osmotic pressure of
the fluid between the highly folded lamellae of the iridocyte
outer membrane, which in turn controls the interlamellar
spacing, therebymodulating thewavelength-selective diffrac-
tion of light from the iridocyte (14,18).

The dynamically controlled assembly and function of re-
flectin emanate from its distinctive sequence. The primary
structure of reflectin comprises two distinct parts: the evolu-
tionarily conserved domains and the linker domains be-
tween them (19). Detailed sequencing of reflectin (20,21)
established that most of the histidine and other positively
charged groups are located in the linkers, making these do-
mains potentially much more positively charged and pH
responsive (since histidine has a pKa ¼ 6.0)(22). Therefore,
upon phosphorylation, the linker domain charges become
almost completely neutralized, which is thought to dramat-
ically decrease the electrostatic repulsion between reflectin
monomers, facilitating their self-assembly (17,18). Specif-
ically, as the net protein charge decreases, experiments
show that reflectin self-assembles into size-controlled,
spherical clusters, and under sufficient charge neutralization
can exhibit features of liquid-liquid phase separation
(LLPS) (18). As reflectin transitions between a monomeric
state to clusters or LLPS, the assembly process induces a
significant change in osmotic pressure, which in its native
biological state reduces the interlamellar spacing of highly
folded membranes constituting the lamellae of tunably
reflective Bragg stacks within iridocytes (12,14,16,23).

In vivo, the charge state of reflectin is tuned biologically
through phosphorylation (16). However, it has been shown
that reflectin’s charge state can also be regulated in vitro
through pH (12) and external electric fields (24,25) that
act as in vitro surrogates for charge neutralization of the
cationic protein by phosphorylation in vivo. This transfer-
ability has made reflectin of significant technological inter-
est for engineered photonics applications in optical
bioelectronics (26–28), clothing (29,30), and biomedical
technologies (31). More broadly, reflectin’s unique respon-
2 Biophysical Journal 123, 1–15, August 20, 2024
sive self-assembly into a variety of aggregated states makes
it an excellent model IDP system to learn from and to cap-
ture design principles for engineering broader classes of
stimuli-responsive biomolecular materials.

Despite efforts over the past 20 years to characterize re-
flectin’s in vitro assembly behavior, a complete mechanistic
picture of the physical driving forces of reflectin assembly
has yet to emerge. Previously, it was hypothesized that
phosphorylation of positively charged reflectin decreases
intermolecular Coulombic repulsion between protein mono-
mers, thereby enabling self-assembly of into clusters via
intermolecular attraction. To validate this hypothesis, earlier
studies used pH modulation (12), low-voltage electroreduc-
tion (24), and genetic engineering (18) to mimic phosphor-
ylation in vitro and characterize the reversible assembly of
reflectin (12). These efforts suggested that the size of assem-
bled reflectin clusters is controlled predominately by the
charge state of the protein (17,24).

Despite these insights, the exact molecular origins of
intermolecular attraction that provide the driving force for
assembly are still unknown. Moreover, the nature of the dy-
namic balance of attractive and repulsive forces underlying
size-controlled clustering is not well understood.
Several lines of computational and experimental evidence
(21,32–34) suggest that nonspecific hydrophobic interac-
tions between conserved domains are the primary initial
source of intermolecular attractions. In addition, Morse
and co-workers examined the amino acid composition of
the evolutionarily conserved domain, suggesting that a
high frequency of cation-pi and sulfur-pi cross-links
facilitate the formation of stable b sheet structures (18).
On the other hand, Gorodetsky and co-workers performed
molecular simulations of interacting reflectin fragments,
and found multiple sulfur-pi cross-links in a self-assembled,
truncated reflectin variant (21,32). Regardless, the manner
by which attractive forces (hydrophobic, cation-pi, or
sulfur-pi) interact with electrostatic repulsions to promote
stable, pH-dependent equilibrium cluster sizes is unclear.

In this work, we hypothesize that reflectin self-assembly
can be explained through a model well studied for interac-
tions between synthetic colloids and globular proteins,
the short-range attraction and the long-range repulsion
(SA-LR) model (35–39). In 2004, Mossa et al. demonstrated
how SA-LR colloidal interactions alone produce ground-state
energetics that prefer the formation of equilibrium, discrete-
sized clusters driven by a balance between the attractive and
repulsive parts of the interaction potential (35). It was found
that the repulsive part of the potential primarily determines
the size and the shape of the clusters; specifically, weaker
repulsion produces larger clusters. Subsequently, the
SA-LR interaction model has been used to describe the inter-
action potential for a number of globular and highly folded
proteins and highly folded proteins including lysozyme
(40), g-globulin (41), monoclonal antibodies (42), and ribo-
nucleoprotein-RNA complex (43).



FIGURE 1 Illustration of reflectin self-assembly depicted as spherical colloids with short-range attractive and long-range repulsive interactions. Short-

range attractions (blue) facilitate assembly of monomers into clusters, but are balanced by longer-range electrostatic repulsion (red) that thermodynamically

limits the cluster size. Self-assembly of reflectin is triggered as the repulsive electrostatic forces are reduced in strength, proceeding from monomers to

discrete-sized clusters and eventually a state of liquid-liquid phase separation (LLPS).

Colloidal model of reflectin A1 assembly

Please cite this article in press as: Huang et al., A colloidal model for the equilibrium assembly and liquid-liquid phase separation of the reflectin A1 protein,
Biophysical Journal (2024), https://doi.org/10.1016/j.bpj.2024.07.004
Despite its previous use in describing highly folded and
globular protein assembly, the SA-LR model has yet to be
applied to understand or explain the assembly of IDPs.
This is not surprising because the idea of representing IDPs
as effective, spherical colloidal-like particles neglects many
complex features of their interactions—IDPs exhibit dy-
namic, disordered, and often coil-like conformational fluctu-
ations. As a result, the effective pairwise interaction between
two IDPs averages over many conformations and atomic in-
teractions (electrostatic, hydrophobic, hydrogen bonding,
etc.) and is likely to be soft because their polymeric structures
can interpenetrate. It is therefore not obvious whether a
spherical model with an isotropic SALR pair potential can
appropriately capture the basic interactions between the con-
formationally dynamic IDPs that drive their larger-scale as-
sembly. Nevertheless, it is encouraging that previous
studies show that the self-assembled clusters of reflectin are
found to be spherical and size controlled (16,23) in a manner
that is similar to what has been observed in lysozyme and
g-globulin, where the phase behavior and intermolecular in-
teractions of these globular proteins were successfully
captured by an SA-LR model (41,43–45).

Wehypothesize that the SA-LRmodel can capture the basic
physics of reflectin interactions that are responsible for their
assembly into size-controlled clusters (Fig. 1). From previous
studies, we surmise that the long-range repulsion stems from
electrostatic forces between like-charged reflectin monomers,
while the short-range attractionmight emerge fromhydropho-
bic or cation-p interactions between the residues (presumably
of the conserved domains, as originally suggested by Morse
and co-workers (18) and Gorodetsky and co-workers
(21,32)). We hypothesize that the self-assembly of reflectin
is controlled through the balance of repulsion and attraction
by fine-tuning the repulsion. With increasing pH, or
decreasing net charges, the self-assembly of reflectinwill start
frommonomers, progress to equilibrium size-controlled clus-
ters, and eventually enter LLPS (46,47) as the repulsion can no
longer limit the growth of the clusters (Fig. 1).

In this study, we propose a workflow that combines small-
angle x-ray scattering (SAXS) and molecular dynamics sim-
ulations to test the relevance of the SA-LR model to reflectin
equilibrium assembly and phase behavior (Fig. 2). To extract
a putative SA-LR potential for reflectin as a function of pH,
here we first employ SAXS on relatively dilute protein solu-
tions. SAXS measurements in conjunction with liquid-state
theory have been widely used to determine effective pairwise
interaction potentials of systems ranging from structured
proteins (48,49) to colloidal particles (50). Using SAXS
modeling, we extract the SA-LR interaction potential from
structure factors encoded in the scattering intensity at low
pH where reflectin exists predominantly in the monomer
state. We then extrapolate the interaction potential to a range
of pH based on the known net charge of reflectin using the
Gouy-Chapman theory for screened electrostatic interactions.
We use molecular dynamics simulations of the SA-LR model
to evaluate the pH-dependent equilibrium formation of
colloidal reflectin assemblies, determine their size and shape,
and characterize their reversibility. With the interaction
potential, we are able to evaluate the equilibrium and
nonequilibrium assembly behavior across a range of charge
states, as tuned by pH. The resulting model is able to replicate
the experimentally observed shape, size, and discrete size dis-
tribution of reflectin assembly. Furthermore, with perturba-
tion theory and the model pH-dependent interaction
potential, we use simulations and liquid-state theory to create
a putative colloidal phase diagram for reflectin from the SA-
LR model. This suggests that the SA-LR pair potential,
which has been applied previously to globular proteins and
highly folded protein systems, may also well-describe effec-
tive interactions and behaviors among IDPs such as reflectin.
METHODS

SA-LR interaction potential

We test the hypothesis that reflectin proteins can be considered highly

coarse-grained particles with simple effective pairwise interactions that

govern their basic assembly and phase behavior. This involves several

simplifying assumptions. First, we consider reflectin proteins as spherical

colloidal ‘‘particles’’ that interact via a SA-LR pair interaction potential.

Specifically, we use the two-Yukawa model for the potential—one of the

simplest nontrivial models of this family of interactions that has been
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FIGURE 2 Schematic of overall modeling workflow, involving inverse

fitting of SAXS data and molecular dynamics simulations. We first extract

the structure factor, S(q), from experimentally measured SAXS data. The

structure factor is used to estimate an interaction potential in the form of

short-range attractive and long-range repulsive (SA-LR) potentials at

different pH. With the pH-dependent interaction potential, molecular dy-

namics simulations are performed to capture the self-assembly of reflectin

protein. With the same interaction potential, the phase diagram of reflectin

is calculated using liquid-state theory.
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successfully applied to protein systems (40,44,45,51)—to allow for arbi-

trary strength and range,

UðrÞ ¼ -K1

1

r
e-Z1ðr-1Þ þ K2

1

r
e-Z2ðr-1Þ for r > 1 (1)

where the parameters Ki and Zi control the strength and the range of the

interactions, respectively; the first term (i ¼ 1) corresponds to the attrac-
tive, while the second term (i ¼ 2) corresponds to the repulsive contri-

bution. The dimensionless (center-to-center) separation distance r is

defined in units of the particle diameter (d), taken to be twice the radius

of gyration of reflectin monomers. While the choice of K1;K2; Z1;Z2 al-

lows for a wide range of potential forms, a major task in this study is to

identify pH-dependent values of these parameters that effectively
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describe pair interactions between reflectin monomers. Specifically,

here we limit the interaction parameters to Z1 > Z2 at any particular

pH, such that the repulsion is always longer ranged than the attraction

(i.e., an SA-LR potential).

The SA-LR model only defines the interaction when the colloidal mol-

ecules are not at contact, i.e., the dimensionless separation distance (r) is

greater than the effective particle diameter (d). For smaller separations,

an additional contribution to the interaction is needed to describe the

short range excluded volume repulsion when two particles approach

and potentially overlap. Conventionally, in liquid- and solid-state phys-

ics of small molecules and colloids, a hard sphere repulsion might be

applied:

UðrÞ ¼
�
N for r < 1

0 for rR 1

�
(2)

However, because reflectin is an IDP and behaves more like a polymer or

polyelectrolyte, a softer repulsion is more suitable. As such, we use the

Gaussian core model (52) for the short-range excluded volume repulsions,

which provides an approximate interaction between idealized excluded

volume polymer chains (53).

UðrÞ ¼ e� e
-r2

s2 (3)

Here, e characterizes the strength of the repulsion and s is a dimen-

sionless equivalent hard sphere radius. We approximate the values of

these variables through liquid-state perturbation theory. Note that, at

contact (r ¼ 0), the potential attains a finite energy due to the fact

that the centers of mass of two polymer chains can overlap without

atomic overlap. The overall interaction potential is thus a piecewise

combination of Eqs. 1 and 3. A linear interpolation of Eq. 1 is applied

when r % 1 to match the derivative of the two-Yukawa potentials at

r ¼ 1, thereby ensuring piecewise continuous forces between a pair of

chains. The contribution of this interpolation becomes negligible when

the excluded volume repulsion represented by Eq. 3 becomes significant.

With the combination of the various contributions to the potential (Eqs. 1

and 3 and the matching interpolation), we find a value of s ¼ 0.35.

Lower values of s would strongly affect the location and the strength

of the attractive well, while higher s would change the strength and

the location of the repulsive barrier. We then calculate e by matching

the intermolecular radial distribution function, g(r) (which at infinite

dilution is related to the interaction potential by gðrÞ ¼ exp½--bUðrÞ�),
to an equivalent system of particles with hard sphere interactions. This

approximation of hard sphere repulsion with a finite and smooth poten-

tial shifts the location of the attractive minimum in the SA-LR

contribution by less than 5%. This approximation is numerically

tractable in molecular dynamics simulations.
SAXS

SAXS spectra of the native reflectin A1 protein were reported previously

(17). Briefly, SAXS measurements were performed at beamline 4-2 of

the Stanford Synchrotron Radiation Lightsource at 9 keV (1 � 0.2 mm

beam size) using custom-made stopped-flow sample holder consisting of

a mounted x-ray quartz capillary connected to a syringe pump. Data from

2D scattering images were obtained using a Pilatus3 X 1M 2D-detector

3.5 m from the sample (q-range: 0.0027–0.21 Å�1). A flight tube under vac-

uum was inserted between the sample and the detector to minimize air scat-

tering and x-ray absorption. To increase counting statistics without causing

protein denaturation, 10 1-s stopped-flow experiments were performed for

each sample and the resulting 1D scattering profiles were subsequently

averaged. Data reduction and processing was performed using the Nika

software package (54).
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Estimation of the interaction potential from SAXS
measurements

To obtain reflectin-matched parameters for the potential in Eq. 1, we use an

established algorithm (50) with SAXS measurements at low pH and

concentration, where reflectin is expected to exist in the monomeric,

nonassembled state and thus clustering is negligible. The measured

SAXS scattering intensity, I(q), at wave vector q is modeled by:

IðqÞ ¼ c4pVpPðqÞSðqÞ þ Ibkg (4)

where c is a coefficient that is determined by the instrument configuration

and the scattering contrast of the material, Vp and 4p are the molecular vol-
ume and volume fraction of particles, respectively, and Ibkg is the incoherent

background scattering intensity. The form factor, PðqÞ, is related to the

Fourier transform of the intramolecular pair distance correlation function,

pðrÞ, and encodes intramolecular structure. The structure factor, SðqÞ, is
related to the Fourier transform of the intermolecular radial distribution

function, gðrÞ, and encodes the structure of a solution of particles, which

depends sensitively on the pair interaction potential UðrÞ.
To model PðqÞ for reflectin A1, we assume that the colloidal embodiment

of a single protein monomer can be approximated as a sphere with uniform

scattering length density and polydisperse radius. The inclusion of radius

polydispersity is meant to capture the fluctuating conformation of the mole-

cule, which should be significant for an IDP. First, we applied a Guinier

analysis to estimate the radius of gyration, Rg, of reflectin monomers,

whereby

lim
q/0

ln IðqÞ ¼ ln IðqÞ � q2R2g
3

(5)

The value of Rg is later held fixed during the fitting of PðqÞ. To initially

evaluate candidate models for PðqÞ, we assessed two models in which

the size distribution is represented either as a Gaussian or log-normal.

We found that the log-normal size distribution provides a better fit to the

experimental data. Rg is assumed to be the radius (d/2) of the reflectin

colloid particle in later calculations. With fixed volume fraction 4p (deter-

mined from the protein concentration) and radius of gyration Rg (deter-

mined from the Guinier analysis), we determine a best-fit value of the

polydispersity of reflectin for different concentrations (shown in supporting

material, Table S1).

The resulting best fit values for PðqÞ are then used to estimate the struc-

ture factor SðqÞ by SðqÞ ¼ ½IðqÞ � Ibkg� =PðqÞ. With S(q) estimated from

experiments, the radial distribution function, g(r), is then given by its

Fourier transform. This permits determination of the underlying pairwise

interaction potential, UðrÞ, since there is a unique albeit complex relation-

ship between the two, which is reflected in the concentration dependence of

S(q) (55). To perform the inverse fitting to determineUðrÞ, we use the NIST
Center for Neutron Research scattering data reduction and analysis

software (56,57), which implements an integral equation theory of liquids

based on the Ornstein-Zernike decomposition and MSA closure, such

that, for any trial potential U(r), the corresponding g(r) can be approxi-

mated. This algorithm iteratively refines the form ofU(r)—here determined

by the four parameters of the two-Yukawa potential {K1,Z1,K2,Z2}—until

the predicted g(r) matches the one extracted from the SAXS experiments.

The procedure just described estimates colloidal pair interaction poten-

tials for reflectin from SAXS data at pH 4.5. At higher pH values, reflectin

begins to cluster (12), and it becomes difficult to model the measured S(q)

using perturbation theory as the latter does not account for the nonmono-

meric assemblies, which contribute a second peak at low q values due

to cluster-cluster interactions (45). We therefore use solution electrolyte

theory to extrapolate the interaction potential to higher pH, based on the

expected net charge of the protein at different pH values. Specifically, we

use as a baseline the potential determined at lower pH where clustering is

negligible, and then assume that only the repulsive part of the potential is
affected by pH and follows a Gouy-Chapman form governed by screened

electrostatic interactions:

UðrÞ ¼ j0

1

r
e-kðr-1Þ (6)

0 11=2
lD ¼ k� 1 ¼ @ εkbT

e2
P
i

ciz
2
i

A (7)

2kTε ziej0

s ¼

zie
sinh

2kT
(8)

where k� 1 is the Debye length, ε is the dielectric permittivity, kb is the

Boltzmann constant, ci is the concentration ions of type I with charge zi,
and e is the elementary charge. The surface potential j0 is related to the

surface charge density (s). Note that by comparison to the two-Yukawa po-

tential (Eq. 1), we have the exact relation K2 ¼ j0 and Z2 ¼ k. With Eqs.

6, 7, and 8, this enables us to extrapolate the value of K2 determined at low

pH to higher pH values, where the surface charge s is assumed to be

proportional to the net charge of the protein, with the latter reported in a

previous study (17). This scheme implicitly assumes that changes in pH

do not modify the attractive contributions to protein-protein interactions;

we evaluate this assumption briefly when comparing the results of the

model with experiments.
Colloidal reflectin molecular dynamics
simulations

Using the OpenMM molecular dynamics package, we simulate colloidal

models of reflectin where each protein particle interacts through the deter-

mined SA-LR pair potential. In all cases, we simulate a system with 500

particles, using periodic boundary conditions and box sizes that span the

range of experimental concentrations. The simulations use a Verlet inte-

grator (58) with the Andersen thermostat (59) to maintain the temperature

at 300 K. The particles are first randomly distributed inside the simulation

box, and the system is subsequently energy minimized to remove core over-

laps. The simulations are then run for 2.4 billion steps, 0.4 billion steps for

equilibration and 2 billion steps for production.

To address slow clustering dynamics in the simulations observed at

higher pH values, we introduce a sampling methodology based on Hamil-

tonian replica exchange that accelerates sampling and facilitates attainment

of equilibrium configurations (60,61). In this approach, we simulate in par-

allel many replicas of the same system that differ in pH and hence effective

interaction potential. Periodically, instantaneous configurations of systems

adjacent in pH are swapped via a Monte Carlo approach with the following

acceptance criterion based on detailed balance:

PAcc
12;Swap ¼ min

�
1; ebðU1ðr1ÞþU2ðr2Þ �U1ðr2Þ�U2ðr1ÞÞ� (9)

With this method, replicas at high pH with larger energy barriers and slower

sampling are able to stochastically visit lower pH states where particles
more easily rearrange. This not only increases the efficiency and attainment

of equilibrium, but also produces data for all pH values through a single,

highly parallel simulation.
Determination of cluster sizes

To compare the simulation result with experimental dynamic light scat-

tering (DLS) measurements, we first determine the cluster distribution by

counting numbers of bonded monomers within a cluster. The bonding

between two particles is defined when the surface-surface distance between

them two particles is within 0.1 (0.55 nm), corresponding to the
Biophysical Journal 123, 1–15, August 20, 2024 5
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approximate location of the attractive well in the potential. This choice is

supported by the fact that the average distance between monomers in the

clusters is around 1.05 (5.78 nm). Then, we applied two different methods

to quantitatively calculate the radius. In the first method, the hydrodynamic

radius is determined by assuming the packing density of the monomers is

0.64, as reported for random sphere packing (62), with the radius of the

monomer equal to the volume-average radius from SAXS fitting

(2.754 nm). In the second method, the radius of gyration of each cluster

is calculated and the hydrodynamic radius is approximated through the rela-

tionship proposed in previous study (63).
RESULTS AND DISCUSSION

Because reflectin self-assembly is highly sensitive to its
charge state, as manipulated through phosphorylation, pH
(12,18), and external electric fields (24,25), we hypothesize
that the assembly can be described by a model whereby a
system of individual colloidal particles representing reflec-
tin monomers interact through SA-LR interactions, with
the charge state of reflectin controlling the strength of the
repulsive forces. To investigate the relevance of the
SA-LR model, we first use SAXS data to extract SA-LR
potential parameters and then pursue molecular dynamics
simulations to quantify the clustering and phase behavior
implied by the model, as illustrated in Fig. 2.
Determination of a colloidal SA-LR potential for
solution-phase reflectin

We use SAXSmeasurements to fit the four parameters of the
two-Yukawa potential describing the SA-LR interaction
(K1, Z1, K2, Z2). Informed by DLS(17), at pH 4.5 reflectin
is intrinsically disordered and shows little self-assembly or
cluster formation, existing primarily in the monomeric state
(12,17,18). Therefore, we first extract the interaction poten-
tial from this low pH condition where binary interactions
dominate intermolecular structure in solution, using an
analytical solution (56,57) based on liquid-state theory to
identify an interaction that predicts the SAXS results. To
facilitate the fitting algorithm, we initialize a value for Z2

equal to the Debye length for the buffer conditions of
the sample (see Eqs. 1 and 4). A Guinier analysis is used
to estimate the monomer radius of gyration, Rg, whereby a
linearized plot of ln IðqÞ vs. q2 can be approximated by

the relation ln IðqÞ ¼ ln Iðq ¼ 0Þ � q2R2
g

3
, yielding Rg ¼

2.139 5 0:289 nm for a reflectin monomer. This allows
us to estimate the protein volume fraction, 4p, from the

measured concentration of the proteins, using Iðq ¼
0Þ ¼ 4

3
pR3

g4pðDrÞ2, where Dr is the difference in scat-

tering length density between the protein and solvent. These
data serve to both facilitate initial guesses of the adjustable
fitting parameters and to assess the self-consistency of the
model fitting results.

To obtain the two-Yukawa interaction potential at pH 4.5,
we first fit S(q) separately at four different concentrations to
6 Biophysical Journal 123, 1–15, August 20, 2024
generate initial values for the interaction potential parame-
ters K1, Z1, K2, and Z2. Then, these values are used as initial
guesses for performing a simultaneous, global fit (shown in
Table S1) of S(q) for all four concentrations, as shown in
Fig. 3 a. The fits (black line) are in good agreement with
the experimental data—including the low-q plateau related
to S(q ¼ 0) as well as the location and magnitude of the
primary correlation peak (e.g., at q � 0.03 �A

� 1
for 200

mM). An exception is for the lower concentrations at
small q values (20 and 50 mM), where the scattering is
easily compromised by instrumental contributions related
to beam-stop misalignment when the sample scattering is
weak. As such, we avoid fitting I(q) for q < 0.008 �A

� 1

for these samples.
The resulting best-fit structure factors (Fig. 3 b) are used

to generate an overall two-Yukawa interaction potential for
this pH that can describe the entire concentration range.
Because the default fitting algorithm based on SAXS and
USAXS data reduction models S(q) by a two-Yukawa poten-
tial with a hard-sphere repulsion by default (Fig. 3 c, dash
line), we subsequently replace the hard-sphere repulsion
with a Gaussian core model suitable to capturing effective
polymer-polymer interactions (53) with parameters tuned
using liquid-state perturbation theory (64) as described in
the Methods, SA-LR interaction potential section. This
modification affects the depth and the location of the attrac-
tive well by approximately 0.75 and 5%, respectively. The
secondary repulsive barrier, which largely regulates pH-
responsive assembly behavior (35,45), remains the same
(Fig. 3 c, red line). This augmented soft repulsion potential
is used for all subsequent calculations.

The resulting best-fit potential (Fig. 3 c, red line) shows
an attractive well with a depth of �6.9 kbT near a 4.1 nm
separation distance (�1.9Rg), and a longer-ranged repulsive
barrier of strength �7.5 kbT around 6.2 nm (�2.9Rg). The
overall magnitude of the interaction at short and long range
is stronger than what has been reported for lysozyme (51),
which might result from reflectin’s higher net-charge
(þ45.47 vs. þ11.06 at pH 4.5, based on the Henderson-
Hasselbalch equation and reported pKa values of ionizable
groups from a previous study (65)). We hypothesize that,
at this condition, because the repulsive interaction out-
weighs the attraction, reflectin prefers to remain monomeric
due to the interprotein, long-range electrostatic repulsion.

With a pairwise interaction determined at pH 4.5, we es-
timate the potential at higher pH from Eqs. 6 and 8; this
theoretical extrapolation is necessary since SAXS data at
these conditions would contain significant contributions
from clustering and higher-order interactions, as shown in
a previous study (45). This would limit the use of inverse
fitting procedures in this study, which are not compatible
with cluster-cluster interactions. If we compare Eqs. 1 and
6, K2 is proportional to j0, which can be estimated by Eq.
8. Although the exact j0 is unknown, we estimate K2 at
higher pH using the net charge of the protein, approximated



FIGURE 3 Estimation of colloidal interaction potentials from SAXS

measurements. (a) SAXS data and fitting based on a liquid-state theoretical

model of reflectin A1 at pH 4.5 with concentrations of 20, 50, 100, and 200

mM. (b) Structure factor of (a) fit with two-Yukawa potential (100 mM). (c)
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from its amino acid composition and the Henderson-
Hasselbalch equation (12,18), as shown in Eq. 10.

K2 ¼ 2kT

ze
sinh-1

�
s

spH4:5

sinh

�
zeK2;pH 4:5

2kT

���
(10)

Fig. 4 a shows the estimated net charge of reflectin in the
pH range 4.5–7.5 and the corresponding K2 based on Eq. 10.
Both values follow the same trend with increasing pH,
decreasing roughly linearly from pH 4.5 to 6.5, and then
decreasing more slowly around pH 7.0. Moreover, Fig. 4 b
shows the resulting fitted and extrapolated potentials as a
function of pH for reflectin interactions consisting of the
two-Yukawa SA-LR model with a Gaussian core soft repul-
sion (data shown in Table S1). As pH increases, the depth of
the attractive well grows and the height of the repulsive bar-
rier decreases, consistent with the tendency for reflectin to
form discrete clusters at elevated pH. It is the balance be-
tween these attractive and repulsive contributions to the
SA-LR potential that ultimately enables the formation of
equilibrium clusters of precisely tuned size. Specifically,
the attractive contribution to the potential can be thought
to contribute a surface tension, facilitating the formation
of clusters to reduce the surface energy, whereas the repul-
sive potential provides an energy penalty that limits the size
to which clusters can grow due to long-range electrostatic
repulsion.

The depth of the attractive well increases from 6.9 kbT to
almost 55 kbT, while the height of the repulsive barrier de-
creases from 7.5 kbT to almost 0. At pH 4.5, the strength
of repulsion and attraction is almost the same while the
attractive region is quite narrow (�1.0 nm). However, at
pH 5.5, the strength of attraction (25 kbT) is 10 times stron-
ger than the repulsion (2.6 kbT), while the attractive region
grows 2 times wider (�2.0 nm). As pH grows higher than
6.0, the repulsive barrier almost vanishes, such that there
is no longer a mechanism to limit cluster size; at this state,
we might expect reflectin to liquid-liquid phase separate.
Formation of size-controlled clusters due to SA-
LR interactions

To examine the implications of the fitted SA-LR potential
models for reflectin self-assembly, we use molecular dy-
namics simulations to interrogate the predicted equilibrium
behavior of the colloidal reflectin model. We test the predic-
tions of the simulations against experimentally observed
features of reflectin assembly, including the formation of
clusters with discrete size and low dispersity, the depen-
dence of the cluster size on the pH/charge state, and the dy-
namic exchange of protein monomers between clusters.
Importantly, we quantify the size of the clusters as a
Best-fit interaction potential resulting from (b) (dotted black line), and

interaction potential after the hard-sphere repulsion is replaced with a

soft repulsion (red line).
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FIGURE 4 Estimated pH-dependence of colloidal interaction potential

for reflectin A1 from Gouy-Chapman theory. (a) Net charge (12,18) of re-

flectin (left axis, black) and estimated K2 value (right axis, red) in the pH

range 4.5–7.5. (b) The resulting estimated reflectin pair interaction potential

as a function of pH based on a two-Yukawa form with a Gaussian-core

repulsion. With increasing pH, the attractive well increases and the repul-

sive barrier decreases.

FIGURE 5 Snapshots from colloidal molecular dynamics simulations

(100 mM) of reflectin A1 assembly at (a) pH 4.5, (b) pH 5.2, and (c) pH

7.0. (d) TEM of reflectin A1 clusters at pH 7.0 (12).
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function of pH and the location of the phase transition to-
ward bulk LLPS at higher pH.

We first demonstrate the influence of the growing attrac-
tive well and decreasing repulsive barrier with increasing
pH on cluster formation and assembly, using simulation
snapshots as shown in Fig. 5. We generally find three qual-
itative behaviors of the SA-LR model of reflectin, illustrated
in Fig. 5, a, b, and c, respectively. At low pH (�4.5–4.85),
almost all colloidal reflectin particles are in the free mono-
mer state, with limited formation of clusters:�5–10% of the
monomers transiently form dimers and small clusters (typi-
cally containing 3–4 monomers). At intermediate pH
(�4.85–5.5), clusters are stable and size controlled with
low polydispersity. At pH > 5.5, the simulated cluster as-
semblies are larger (Fig. 5 c), and mimic the observed size
8 Biophysical Journal 123, 1–15, August 20, 2024
and spheroidal morphology of those observed in transmis-
sion electron microscopy experiments (12) (Fig. 5 d).

Fig. 6 compares the average radii of the clusters obtained
from simulations and experiments using DLS (17). In DLS,
the reported size of protein clusters represents a scattering
intensity-weighted average, where the weighting factor is
proportional to the scattering intensity, Ii, of a cluster
with hydrodynamic radius Rh,i, which in the Rayleigh scat-
tering limit scales as IifR6

h;i (66). To compare the simula-
tions with the experimental results, we therefore average
the cluster size distributions using two different methods
to quantitatively compare with the DLS measurements. In
the first method (represented by the lower bound of the er-
ror area in Fig. 6), the hydrodynamic radius is determined
by assuming the packing density of the monomers is
0.64, as reported for random sphere packing (62), with
the radius of the monomer equal to the volume-average
radius from SAXS fitting (2.754 nm). In the second method
(represented by the upper bound of the error area in Fig. 6),
the radius of gyration of each cluster is calculated and the
hydrodynamic radius is approximated through the relation-
ship Rh=Rgz1:29 proposed in previous study (63).

An important consideration for both the simulations and
experiments is whether the measured average cluster size
(Fig. 6) represents the thermodynamic equilibrium state of
the system. In simulations, this was tested by performing
simulations from two different initial conditions—one in
which all particles in the simulation volume initially exist
as monomers (solid line), and another in which the volume
initially contains a single cluster of all particles (dashed
line). We find that, for pH < 5.2, these two simulations pro-
duce indistinguishable average cluster sizes, indicating that



FIGURE 6 Hydrodynamic radius of assembled reflectin clusters. Lines

represent simulation results, whereas points show experimental dynamic

light scattering measurements (17). The blue filled points represent exper-

iments in 20 mM sodium acetate (NaAc) buffer, which was used for SAXS

measurements to inform the extracted interaction potential; empty points

represent measurements in two other buffers, red for 2-(N-morpholino)

ethane sulfonic acid (MES) and pink for 3-(N-morpholino) propane sul-

fonic acid (MOPS). The added salt concentration is maintained constant

at 20 mM both for these experiments, and the concentration of reflectin

A1 is 10 mM, as in simulations. The two sets of simulation results corre-

spond to different initial structures, involving either randomly dispersed

monomers (solid line) or a single cluster (dashed line). Error bars on the

lines represent the possible hydrodynamic radius of the clusters between

two different methods of approximating hydrodynamic radius. The upper

bound represents the hydrodynamic radius calculated from radius of gyra-

tion from the simulations, using a methodology from a previous study (63).

The lower bound gives the hydrodynamic radius calculated through an

assumed packing density of the monomer in the clusters. The lines display

the average of the two different methods.
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the data in Fig. 6 represent the fully equilibrated system un-
der these conditions. By contrast, for pH> 5.2, we observe a
significant discrepancy in the simulated average cluster size,
suggesting that they are not able to attain equilibrium for the
given run length. For cases initialized in the monomer state,
the attractive well limits the exchange of monomers and
therefore slows the formation of larger clusters by monomer
exchange. Similarly, the attractive well limits the speed of
cluster breakup for the simulations initialized with a single
cluster. Therefore, we hypothesize that at moderate pH the
true equilibrium size of reflectin clusters lies between the
solid and the dashed lines if the equilibrium size is small
so that the system size effects can be neglected.

For pH > 5.6, the initialized single cluster remains intact
for the extent of the simulated time (2400 ns), pinned to the
system size. In these simulations, we assessed whether this
result is sensitive to system size by considering simulations
with 500–2000 particles, and in all cases found that the
initial cluster remains stable above pH 5.5. Therefore, the
hydrodynamic radius shown after pH 5.5 in Fig. 6, dashed
line) does not correspond with the equilibrium size of a clus-
ter. Interestingly, at pH 5.5, both simulations with a single
cluster initial structure and experiments in 3-(N-morpho-
lino) propane sulfonic acid (MOPS) buffer show a large
step increase in the size of the assemblies. One potential
explanation for these findings is that, at sufficiently high
pH, the system undergoes LLPS. We test this idea later us-
ing predictions from liquid-state theory of the equilibrium
phase behavior of the system.

Despite the difficulties in obtaining fully equilibrated
clusters at sufficiently high pH, the comparison of these
two initialization conditions successfully bounds the cluster
size distribution observed in experiments (Fig. 6), where
blue solid points represent experiments with sodium acetate
buffer (pH 4.5–5.5), the same case used to extract the inter-
action potential through SAXS data. The hollow points
represent other buffer conditions: red for 2-(N-morpholino)
ethane sulfonic acid (pH 5.5–6.5) and pink for MOPS (pH
6.0–7.5).

Overall, the simulations involving initial monomer states
for the protein predict cluster sizes that are quantitatively
similar to those observed in experiments over most of the
investigated pH range (18). For pH< 4.90, both simulations
and experiments produce results consistent with reflectin
proteins in the monomer state (dispersed fluid). In this re-
gion, the repulsive barrier is still quite strong (�5–7 kbT),
which limits the growth of clusters that is larger than dimers.
Even if a trimer is formed, the thermal energy (�1.5 kbT)
can easily destabilize such a cluster.

The small difference in RH observed between experi-
ments and simulation in this pH range results from differ-
ences in the monomer size extracted from SAXS (Rg ¼
2.15 nm) and from DLS (RH ¼ 3.64 nm). This difference
likely arises from two factors. First, the hydrodynamic
radius RH (which characterizes the radius of an equivalent
sphere with identical hydrodynamic drag coefficient) is in
general larger than the radius of gyration (which character-
izes the breadth of the molecular density distribution) for
proteins. Second, typical DLS instrumentation usually
results in imprecision in measured sizes in the single nm
range due to instrumental limitations as well as the corrupt-
ing influence of any large contaminant particles.

When 4.9 < pH < 5.5, both simulations and experiments
suggest that reflectin forms discrete clusters of narrow size
distribution, which can be observed as a small step increase
in hydrodynamic radius near pH � 4.9 (12,18). In this state
(which is commonly termed a ‘‘cluster fluid’’ in SA-LR sys-
tems), the number of free monomers decreases, and vanishes
after pH 5.15 (Fig. 5 b). Indeed, at this condition, the repul-
sive barrier has a strength of 2–4 kbT, while the attraction
can be an order of magnitude stronger (�15–20 kbT). There-
fore, reflectin monomers are able to self-assemble to an
equilibrium size whereby the integrated repulsive energy
over the cluster balances the shorter-ranged attractive en-
ergy, resulting in size-controlled clusters. For pH > 5.2,
the attraction becomes so strong that reflectin acts as a
Biophysical Journal 123, 1–15, August 20, 2024 9
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b

FIGURE 7 Kinetic behavior of cluster formation

and monomer exchange at 100 mM for (a) equilib-

rium clustering (pH < 5.35) and (b) kinetically

limited clustering (pH > 5.35). The left panels

show a snapshot of the simulation at the beginning

of production run, where monomers in the same

clusters are labeled with identical color. The right

panels show a snapshot of the simulation at the

end of production run (1.8 ms). Mixing of colors be-

tween clusters over time illustrates the process of

monomer exchange.
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sticky particle (67) and the energy barrier for a particle to
escape a cluster is so large, around 20–55 kbT, that the ki-
netics of dissociation slow dramatically, which we
discuss next.
Kinetics of cluster formation and monomer
exchange

The evolution of the average cluster size can be understood
in terms of the kinetics of assembly and disassembly of in-
dividual clusters under the action of thermal fluctuations,
and their influence on the resulting cluster size distribution.
To illustrate this, Fig. 7 shows representative snapshots of
simulations with monomers initially labeled with different
colors based on cluster membership, and presents similar
snapshots a significant time later (1800 ns) to assess mono-
mer exchange between clusters. For a protein concentration
of 10 mM, the clusters are too dilute to effectively demon-
strate the exchange of the monomers between different clus-
ters since they are too infrequent or small to observe.
Therefore, to better demonstrate monomer exchange, we
perform simulations at 100 mM (Fig. 7). Indeed, we expect
a concentration and pH dependence of the rate of monomer
exchange and so we assess the exchange process for
different pH and concentrations. For pH < 5.20 (or 5.35
for 100 mM) (Fig. 7 a), the colored monomers move be-
tween different clusters, demonstrating dynamic exchange,
10 Biophysical Journal 123, 1–15, August 20, 2024
even though the size distribution of clusters remains stable
in time. We thus conclude that clustering of reflectin by
SA-LR interactions is an equilibrium phenomenon at these
conditions, whereby an equilibrium distribution of cluster
sizes is achieved by a kinetically reversible process of
monomer exchange between clusters.

By contrast, for pH > 5.20 (or 5.35 in 100 mM) (Fig. 7 b),
no such exchange of monomers between clusters is observed
over the accessible time course of the simulations (1.8 ms).
This pH range also corresponds to the conditions where the
observed cluster sizes begin to show a dependence on the
initial simulation configuration (monomers versus single
cluster). Both findings indicate that the kinetics of the as-
sembly and disassembly process slows as the strength of
attraction is increased, such that simulations in this pH
range are not able to reach equilibrium in the given simula-
tion time.

The effects of exchange kinetics on the assembly process
become more evident when examining the full distribution
of cluster sizes predicted by the simulations. Experimen-
tally, the characteristic size of self-assembled reflectin
clusters is precisely regulated by pH, with a narrow poly-
dispersity evident by electron microscopy (12). As seen
in Fig. 8, the simulations initialized in the monomer state
capture this low dispersity as a function of pH. For
pH < 4.8, the predicted size distribution is dominated by
the monomer population (RH � 4 nm). For pH 4.8–5.0,



FIGURE 8 Representative size distributions of

reflectin clusters at different pH based on molecular

dynamics simulations, with a system size of 500

particles corresponding to 10 mM reflectin protein.
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the predicted size distributions of the clusters narrows, with
some monomers coexisting with a small population of rela-
tively monodisperse clusters. For pH > 5.0, the system en-
ters the region of equilibrium clustering, where size is
controlled by the height of the repulsive barrier, leading
to a specific dominant cluster size and low polydispersity.
While the predicted size polydispersity increases with
increasing pH, this can be explained by the kinetic and
size limitations of the simulation: the simulations likely
do not reach equilibrated configurations, with the ultimate
cluster sizes larger than those reached on the simulation
timescale, or the true equilibrium cluster sizes may exceed
the total number of particles in the simulations. Indeed,
with 500 particles, the largest radius of the cluster is
around 21.5 nm, smaller than the experimental value at
pH 7.5.

We note that the pH at which we begin to observe these
effects of slowed exchange kinetics on the cluster size dis-
tribution is concentration dependent, and occurs at a higher
pH at elevated concentration. This might come from two
different mechanisms: first, given that a higher protein con-
centration will in general produce smaller average distances
between clusters, and therefore accelerate monomer ex-
change kinetics through both decreased diffusion lengths
of individual ‘‘free’’ monomers as well as collisions between
clusters, and, secondly, the possibility of different sizes and
shapes of clusters can also lead to changes in the exchange
kinetics.

When pH > 5.5, recall that the experimentally observed
cluster sizes begin to differ significantly from the simula-
tions (either when initialized with dispersed monomers or
with a large single cluster). The results just described pro-
vide three potential explanations for these deviations. First,
for pH �5.5, as mentioned above, the systems are not fully
equilibrated due to the slowed kinetics of monomer ex-
change at elevated pH, which itself results from the stronger
attractive potential. In other words, protein monomers expe-
rience more durable ‘‘bonds’’ with neighboring monomers,
and therefore require longer time to escape from a cluster,
leading to slower kinetics of cluster equilibration.

A second potential explanation stems from the assumptions
made to extrapolate the colloidal SA-LR model to higher pH
values, in which it was assumed that only the repulsive (elec-
trostatic) contribution to the potential changes with increasing
pHas the net charge on the protein is reduced.This assumption
may be inappropriate, especially for pH values approaching
the point of zero charge of reflectin (pH �8) (16,18). Specif-
ically, for pH values near the point of zero charge, one might
anticipate that the attractive potentialwould also likely change
due to differences in the chemistry of various amino acid res-
idues in different ionization states. For example, as histidine
becomes deprotonated at higher pH, it becomes relatively hy-
drophobic, whichmay contribute to an increase in the strength
of the attraction. This additional attractive force is not consid-
ered in the present colloidal interaction model, and increased
attraction would also lead to slowed equilibration kinetics. In
addition, without the electrostatic repulsion keeping themole-
cule in an extended and intrinsically disordered state, interac-
tions involving internal degrees of freedom might become
important for determining the structures of the assemblies.
For example, additional attractive forces from specific
cation-pi and sulfur-pi cross-links shown (13,34) or other cor-
relations between intramolecular and intermolecular structure
observed in previous studies (34) may begin to dominate the
interactions at elevated pH.

Finally, it is possible that, as the repulsive contribution to
the potential vanishes for sufficiently high pH, the repulsive
energy is no longer capable of stabilizing discrete-sized
clusters, and a homogeneous protein solution may become
unstable, resulting in LLPS of a condensed protein phase.
The possibility of LLPS will be discussed further in the
next section.
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FIGURE 9 Equilibrium phase diagram predicted for the SA-LR colloidal

model of reflectin in a space of pH and concentration (in mg/mL). Four

different regimes are observed: the dispersed fluid, cluster fluid, percolated

cluster, and two-phase region. Both the boundaries between the dispersed

fluid and the cluster fluid, and between the cluster fluid and the percolated

cluster, are determined by molecular dynamics simulations at different pH

and concentrations (shown as black dots). Particles in the dispersed fluid re-

gion primarily exist as monomers, while the cluster fluid region is defined

when 80% of particles participate in clusters. In the percolated cluster re-

gion, the clustering is such that a continuous path of bonded monomers ex-

ists for more than 50% of the simulation time. Lastly, the boundary of the

two-phase region is calculated through liquid-state perturbation theory

(supporting material, section 3). The dashed portions of the phase boundary

suggest limits of the theory, which extrapolates the phase boundary to lower

concentrations where the ability to distinguish two phases in the liquid-state

theory falls below the numerical resolution of the calculations.
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Phase diagram and LLPS driven by SA-LR
interactions

Other protein systems involving SA-LR interactions are
known to undergo LLPS when the strength of attraction be-
comes sufficiently large relative to that of the repulsion, re-
sulting in thermodynamic instability of a homogeneous
solution of clusters with respect to the formation of a macro-
scopic protein-rich condensate phase (46,47). To assess this
possibility for the reflectin system, we use the interaction po-
tential model obtained from SAXS (Fig. 4) with liquid-state
perturbation theory (supporting material, section 3) to calcu-
late an equilibrium phase diagram for the system (Fig. 9) in
the space of pH and concentration (mg/mL). A primary
assumption of these calculations involves a reference system
of hard spheres to capture interparticle correlations that allow
us to calculate the system free energy; while we do not expect
reflectin to interact specifically like hard spheres at short
range, we use this approximate model to construct the phase
diagram for simplicity and the fact that it is well studied and
is readily numerically calculated (64,68,69).
More generally, previous studies of the SA-LR model es-

tablished that it predicts a number of distinct colloidal states
(46,47). When the SA-LR potential possesses a sufficiently
12 Biophysical Journal 123, 1–15, August 20, 2024
strong repulsive barrier, the phase diagram does not contain
a region of LLPS but rather four distinct one-phase regions:
a dispersed fluid (dominated by the presence of free mono-
mers), a cluster fluid (dominated by the presence of discrete
size-controlled clusters), a cluster percolated state (in which
a single cluster spans the simulated volume, and a random
percolated state). To test for these states, we also conducted
simulations at fixed pH and increasing protein concentration
to estimate the boundary where reflectin transitions from a
monomer-dominant to cluster-dominant equilibrium state
(following the analysis of Fig. 8), as well as the boundary
where percolation of protein clusters is observed; i.e., where
the clusters are sufficiently concentrated to allow the forma-
tion of a sample-spanning network. To approximate the
percolation transition in the latter case, we determine the
pair percolation threshold whereby a cluster contains a
continuous path of ‘‘bonds’’ between protein monomers
that spans the walls of the periodic box. The percolation
state is identified only when such continuous paths exist
for more than 50% of the simulation time.

Regions of LLPS typically occur only when there is either
no repulsive barrier, or the repulsion is sufficiently short
range (47). To quantitatively compare the present work
with earlier studies, we define a relevant effective tempera-
ture on which the strength of attraction is scaled (Fig. S2).
For the reflectin system, we use pH in place of an effective
temperature variable that sets the strength of monomer-
monomer attractions, since increases in pH lead to a
decrease in the repulsive contribution and therefore an in-
crease in the strength of attraction.

According to previous classifications on proteins modeled
by SA-LR interactions (46,47), the reflectin model in this
study can be classified as a ‘‘type III’’ SA-LR system, which
is distinguished by a longer-range attraction (>20% of the
core diameter). This would be, to our knowledge, the first
experimental system that fits this type of SA-LR potential.
Overall, however, we find that the predicted phase diagram
we obtain for reflectin (Fig. 9) resembles the phase diagram
of a ‘‘type II’’ SA-LR(47) model, including a dispersed fluid
phase, an equilibrium cluster fluid at relatively low pH, a
cluster percolated state at high concentration, and lastly a re-
gion of LLPS, representing coexistence between a protein-
depleted monomer-rich phase and a dense liquid cluster
phase. Interesting structures including so-called void phases
were previously predicted in simulations of a type III
SA-LR model (70). Although the present simulations were
not conducted to sufficiently high concentration to test for
such states, such simulation may help elucidate structures
in the dense phases developed during LLPS.

The putative phase diagram provides another interpretation
of the simulations of Fig. 6, which were performed at a con-
centration of 10 mM (0.436 mg/mL). At this concentration,
reflectins exist as monomers for pH < 4.9, transitioning to
size-controlled equilibrium clusters at larger pH, and crossing
the equilibrium LLPS phase boundary near pH �5.5–5.6.
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Interesting, the LLPS boundary is precisely where a step in-
crease in cluster size is observed in experiments, and where
the simulations initialized with a single cluster begin to
show that it remains stable within the simulated runtime.

The computed phase diagram also provides a potential
explanation for the differences between experiments
involving different buffers (red and pink points in Fig. 6).
Experimentally, the repulsive potential is controlled by the
pH and the buffer concentration. The pH determines the
charge state of reflectin, which affects the ‘‘bare’’ strength
of the repulsive contribution of the potential. By contrast,
increased salt (buffer) concentration will screen both the
range and the strength of the repulsion, thereby reducing
its contribution to the interaction potential. Therefore, as
one approaches the equilibrium liquid-liquid phase bound-
ary, the solution behavior of reflectin will become very sen-
sitive to the specific buffer conditions. Small deviations in
pH or buffer concentration will thus affect the self-assembly
dramatically. For example, a slightly higher salt concentra-
tion could shift the phase transition to lower pH.
CONCLUSION

We developed a colloidal model for protein-protein interac-
tions of the IDP reflectin involving pH-dependent SA-LR
pair interactions. When simulated in colloidal molecular dy-
namics, the SA-LR model accurately predicts a number of
experimentally observed aspects of reflectin self-assembly,
and offers a number of insights into the physical mecha-
nisms of its effective colloidal behavior. For example, the
results suggest that cluster formation is dominated by an
interplay of charge-regulated, screened electrostatic interac-
tions, and nonspecific colloidal attractions between reflectin
monomers. Furthermore, the observation of dynamic mono-
mer exchange between nanoscale clusters suggests that such
clusters are equilibrium assemblies with a thermodynami-
cally preferred size and shape, as opposed to dynamically
arrested structures. This dynamic exchange could poten-
tially provide an explanation for the fast, reversible kinetics
of assembly observed in vivo (13,16,23), as exchange of
monomers through free solution could render reflectin
more readily susceptible to dephosphorylation relative to
more crowded assemblies.

Our results also provide a potential explanation for the
relatively sharp change in cluster sizes at a particular pH
in vitro, as the computational model predicts a transition to
slowed monomer exchange and eventually LLPS at this con-
dition, suggesting that the cluster size distribution may persist
or even become trapped in an out-of-equilibrium state for
extended times. The prediction of a more comprehensive
phase diagram for reflectin assembly, and its relation to the
underlying SA-LR model interactions, could be used to guide
the design and interpretation of future experiments aimed at
understanding and controlling reflectin assembly in vitro
for both fundamental studies and bio-inspired applications.
Beyond reflectin, the present study demonstrates the suc-
cessful transferability of the SA-LR model to IDPs. This
outcome is not entirely expected given the conformational
flexibility of IDPs as opposed to the more globular and con-
formationally rigid proteins to which it has been success-
fully applied previously. The reason for this success may
derive from the specific nature of the intramolecular struc-
tures that underly the colloidal interactions by which reflec-
tin assembles. Nevertheless, we find it remarkable that such
a simple coarse-grained model of an IDP, involving spher-
ical, thermodynamically averaged interactions without any
intramolecular detail, is able to provide such an accurate
description of reflectin assembly. Based on these results,
we expect that such an approach can be generalized to other
IDPs involving nonspecific charge-regulated assembly. Our
results thus call for a broader exploration of the ability for
the SA-LR colloidal model to predict assembly of other
IDPs, to establish the range of protein structures more firmly
where it can be applied to understand the function and engi-
neering of protein assemblies.
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