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Introduction

Genetic control of morphological transitions in a
coacervating protein template

William C. Wixson, (2 Nada Y. Naser, ® Jim Pfaendtner

and Francgois Baneyx (2 *@

@ Aditya Sonpal,

Nature routinely exploits liquid—liquid phase separation (LLPS) of proteins to control the assembly and
mineralization of hybrid materials. Here, we show that fusion of the Car9 silica-binding peptide to an
elastin-like polypeptide (ELP) yields temperature- and sequence-programmable soft matter templates
for the synthesis of silicified architectures ranging in size from nanometers to micrometers. Specifically,
we demonstrate unprecedented control over the diameter of silica nanoparticles (SiNP) in the 30-60
nm range with 4 nm precision, show that a single arginine residue (R4) in the Car9 sequence underpins
the transition from micelles to proteinosomes, and find that substitutions in other basic residues
modulate electrostatic repulsion and solvation to enable access to kinetically trapped species. These
structures, which include interconnected micelles, small (~200 nm) and large (>5 um) vesicles, are
readily visualized by SEM imaging following silicification. Molecular dynamics (MD) simulations and
AlphaFold predictions reveal that mutations in positively charged residues alter interfacial packing,
hydration, and conformational freedom of the silica-binding segments. Overall, our results establish
sequence and thermal energy as synergistic levers for morphological control across length scales using
solid-binding ELPs and establish mineralization as a powerful tool to visualize the structure of dynamic
soft matter assemblies.

An attractive feature of phase changing proteins is their
ability to undergo liquid-liquid phase separation (LLPS)."”

Living systems have evolved a stunning variety of organic-inor-
ganic hybrid materials to thrive in the environmental niches they
inhabit."™ The nucleation, growth, and morphogenesis of these
materials, which include the calcium carbonate shells of mol-
lusks, the hydroxyapatite bones and teeth of vertebrates, and the
silica exoskeletons of diatoms, is orchestrated both spatially and
temporally by high information content biomacromolecules such
as nucleic acids and proteins.>® Much effort has been expended
to understand and harness mineralization processes with the aim
of emulating the atom economy, precision, multi-functionality
and effectiveness of living systems. The biomimetic and bioin-
spired materials thus produced have found applications in hard
tissue repair, drug delivery, electronics, and many other fields.”
Nevertheless, and in spite of significant progress with organic
macromolecules’®"' and polymers,'>"® proteins enable a
monomer-level control over self-assembly and inorganic templat-
ing that is difficult to duplicate with simpler molecules,* and
nature’s level of designable functionality remains unmatched.*™®
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Implicated in the origins of life,"® LLPS is exploited by nature
to modulate in vivo partitioning and chemical exchange,'*?® and
to produce materials that range from the adhesive filaments of
mussel feet to the beaks of squids.'”*"** Elastin-like polypeptides
(ELPs),” are a class of phase changing proteins that undergo
reversible LLPS above a transition temperature (7;) determined by
their sequence, length, and by solution conditions such as ionic
strength and pH.>*® The thermoresponsive behavior of these
low complexity proteins (most commonly a repeat of the VPGVG
pentamer) has been extensively exploited in drug delivery and
tissue engineering.>”*® However, their potential in modulating
the synthesis of organic-inorganic hybrid materials remains
largely untapped.”’**° ELPs offer key advantages in this space
because they combine the stimuli-responsiveness and relatively
simple chemistry of certain polymers with the biocompatibility of
proteins and their amenability to engineering and design.*"**
We previously reported on the biomimetic mineralization of
highly uniform silica nanoparticles (SiNPs) using a fusion
protein consisting of 54 repeats of the canonical VPGVG ELP
pentamer (V54) fused to a dodecameric silica-binding peptide
called Car9 (DSARGFKKPGKR).**** While V54 alone undergoes
LLPS (a.k.a. coacervation) above a T; of 40 °C,*” fusing a cationic
Car9 extension to its C-terminus causes the resulting protein
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(V54-Car9) to reversibly form micelles when the temperature
is raised above 45 °C. These micelles, which consist of a
coacervated ELP core surrounded by a Car9 corona and have
a hydrodynamic diameter (D) of 31 + 8 nm, template the
silicification of 62 + 10 nm SiNPs. Remarkably, the particles
thus produced exhibit a net positive charge due to basic side-
chains protruding from the silica surface and can be used to
electrostatically co-assemble negatively charged nanoparticles
in a variety of architectures.**

Here, we construct a panel of V54-Car9 variants and inte-
grate experiments and molecular dynamics (MD) simulations
to explore the influence of temperature and silica-binding
segment sequence on the micellization-mineralization nexus.
We show that silicification offers a powerful means to probe the
structure of the underlying soft matter template and that
raising the temperature and/or introducing mutations in Car9
structural residues allows for precise control of SiNP size in the
30-60 nm range with a 4 nm step size. We further show that
substitutions in select Car9 basic residues enable access to a
range of reversibly formed and kinetically trapped architectures
that range from interconnected micelles to small (200 nm) and
large (5-10 um) vesicles. Strikingly, a single residue (R4) is
responsible for the transition from micelles to vesicles which is
underpinned by increased segregation of the silica-binding
segment from the coacervating ELP milieu. These observations
establish ELPs as a versatile system for biologically-inspired
molecular assembly that offers access to much of the range of
solution-state block copolymer outcomes in a single class of
protein.

Experimental

DNA manipulations and protein purification

Plasmid pET24a(+)-V54-Car9, a pET24a(+) derivative encoding a
fusion between a 54-repeat of the VPGVG sequence and the Car9
silica-binding peptide®® (V54-Car9) was described previously.**
To introduce the K8AK11A, R4QR12Q, and K7QK8QK11QR12Q
(4Q) substitutions in the Car9 segment, the gene coding for V54
was excised by Ndel-HindIII digestion of pET24a(+)-V54-A3, a
plasmid encoding a fusion between V54 and the A3 silver/gold-
binding peptide. The cassette was ligated into the same sites of
pET24a(+)-sfGFP-Car9 mutants encoding the relevant substitutions
in their Car9 domains.>**” The R4Q and R12Q single mutants
were obtained by site-directed mutagenesis of pET24a(+)-V54-
Car9(R4QR12Q) using the Q5 Site-Directed Mutagenesis kit
(New England Biolabs) with forward and reverse primers
5'-GCCTGGGAAGCGCTAATAACTCGAG-3’ and 5-TTTTTAAACC
CCTGAGC-3' for the R4Q mutant, and 5’-TGACAGTGCTCGCGG
GTTTAAAAAGCCTGGG-3’' and 5-GAGCCGCCGCCAAGC-3’ for
the R12Q mutant. All constructs were introduced into E. coli
Top10 and verified by sequencing. Plasmids were next intro-
duced into BL21(DE3) cells and proteins were expressed and
purified as described.** Protein purity was >95%, as judged by
videodensitometry of Coomassie Blue-stained SDS-PAGE gels
(Fig. S1).
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Silica mineralization

Silica mineralization reactions were conducted as described®*?®

except that protein solutions were pre-incubated for 10 min in a
water bath held at the specified temperature prior to addition of
silicic acid. The reaction was allowed to proceed for 2 h at the same
temperature.

Analytical techniques

Phase transitions were monitored by UV-visible (UV-vis) spectro-
scopy and dynamic light scattering (DLS). For UV-vis spectroscopy,
the Azso of protein solutions was measured as a function of
temperature on a Cary 3500 spectrophotometer equipped with a
Peltier temperature controller (Agilent Technologies) using a ramp
rate of 1 °C per min. Protein solutions (700 pL at a concentration of
75 pM) were blanked against DI water in semi-micro quartz
cuvettes. Hydrodynamic diameters and zeta ({) potentials were
measured on a Zetasizer Nano ZS (Malvern) after 4 min of
equilibration at the indicated temperatures. All variants used in
this study exhibited reversible lower critical solution temperature
behavior. DLS was also used to measure the Dy, and {-potential of
mineralization products after a 10-fold dilution in DI H,O.

For scanning electron microscopy (SEM), samples were
diluted 100-fold in DI H,O0, and aliquots (5 pL) were deposited
on silicon wafers that were allowed to air dry overnight. Images
were acquired on an Apreo-S SEM (Thermo Scientific) operated
at 2 kv and 13 pA. Fluorescence spectroscopy and microscopy
data were gathered after adding 2 pL of Nile red stock (10 mM
in DMSO) to 1 mL of a 75 uM protein solution at room
temperature. Samples were heated in a water bath at the
indicated temperatures. For UV-vis spectroscopy, samples were
loaded into a 96-well plate and measured with a Synergy LX
Multi-Mode plate reader (BioTek). Microscopy images were
collected with a Nikon Eclipse fluorescence microscope and
analyzed with Image].

TEM images were collected on a FEI Tecnai G2 F20 Super-
Twin microscope operated at 200 keV. Cryo-TEM samples were
prepared using a Vitrobot Mark IV system, with liquid ethane as
the coolant. Samples were incubated on a hot plate at 65 °C and
drop-cast onto C-flat holey carbon grids that were immediately
plunged into liquid ethane. Imaging was performed using a
Gatan CT3500 single-tilt liquid-nitrogen cryo-transfer holder.

SAXS data were collected using a Xenocs Xeuss 3.0, using
Cu-Ka beam (0.15406 nm wavelength) with a Detectris Eiger 2
1M X-ray detector positioned at 1.8, 0.9, and 0.37 m from the
sample. Protein solutions (200 uM) were loaded into 1.5 mm
diameter quartz capillary tubes (Charles Supper), sealed with
epoxy, and placed in a Peltier-type temperature-controlled stage.
2D images at each detector distance for each temperature were
azimuthally averaged, merged, and reduced using XSACT 2.10
(Xenocs).

Molecular Dynamics simulations

A5nm x 5 nm x 12 nm simulation box was populated with
nine chains consisting of five VPGVG pentapeptides (V5) fused
to Car9 or one of its variants through a KLGGGS linker. Proteins

This journal is © The Royal Society of Chemistry 2025
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were arranged in a 3 x 3 grid to account for hydration and
chain-chain interactions (Fig. S2). The proteins were generated
using the tleap package (AMBERTools)*® with an acetylated N-
terminus, methylated C-terminus, and residues with standard
charges at pH 7. Chains were aligned in visual molecular
dynamics (VMD)*® and PACKMOL"" was used to position them
in a simulation box. Systems were solvated and neutralized with
Cl” counterions with no excess ions. All simulations used the
AMBER99SB force field in GROMACS.**>*? Triplicate trials were
conducted for each system. Trajectories were analyzed using
GROMACS tools, VMD, and custom Python scripts. Further
simulation details are provided in the SI.

AlphaFold predictions

Structure predictions were generated using the AlphaFold
Server webtool and AlphaFold 3.0.** Owing to input token
limits, inputs for each prediction were defined as 50 copies of
truncated proteins consisting of 10 VPGVG pentapeptides (V10)
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fused to Car9 or one of its variants through a KLGGGS linker.
Prediction outputs were processed in Chimera.*

Results

Size-controlled silica nanospheres from micellar protein
templates

Organisms routinely harness local changes in environmental
conditions to achieve fine control over the architectures they
mineralize.*® For silica nanospheres templated by V54-Car9
micelles, the temperature was an obvious parameter to investi-
gate. As we previously reported,® the V54-Car9 protein remained
in a unimeric state (D, ~ 8 nm) up to a temperature of 42 °C
before forming transient aggregates that collapsed into micelles
with a Dy, of 35 nm above 45 °C (Fig. 1A). While DLS measure-
ments did not reveal further changes in diameter as the tempera-
ture was raised to 65 °C, the size of the SiNPs silicified from
the micellar templates decreased from 62 + 10 at 45 °C,** to

Car9 P9AG10A
DSARGFKKPGKR DSARGFKKAAKR
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Fig.1 Temperature and hairpin mutagenesis enable precise control over the size of protein micelles and that of the silicification products they template.
(A) Turbidity data (solid line) and hydrodynamic diameters (circles) were acquired in the 25 °C to 65 °C temperature range for (A) V54-Car9 and (B) V54-
P9AG10A. (C) SEM images of SiNPs templated by V54-Car9 (left) and V54-P9AG10A (right) micelles held at 50 °C or 65 °C. (D) Nile red fluorescence of
V54-Car9 micelles as a function of temperature. (E) Nile red fluorescence of V54-P9AG10A micelles as a function of temperature. (F) Diameter of SiNPs
templated by V54-Car9 (closed circles) and V54-P9AGI10A (open circles). (G) Precise control over SiNP size between 30 and 60 nm using V54-Car9
(black bars) or V54-P9AG10A (white bars) micelles incubated at the indicated temperatures. Mean diameters and error bars were obtained by measuring
100 SiNPs on multiple micrographs. Double stars denote a p < 0.01 between diameters measured at the indicated temperatures. Single stars denote a

p < 0.05.
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57 + 8 nm at 50 °C and 31 + 3 nm at 65 °C (Fig. 1A, C and F).
Based on the observation that micelles formed by diblocks of long
hydrophobic and hydrophilic ELP segments undergo dehydration
as the temperature is raised above T,"*®* we suspected that
densification of the micellar template caused by progressive
desolvation of the coacervated V54 core might be responsible
for the observed decrease in SiNP size. To test the idea, we probed
the relative hydrophobicity of V54-Car9 micelles between 45 to
65 °C using the solvatochromic dye Nile red.* Fig. 1D shows that
the fluorescent emission of the dye nearly doubled over this
temperature range, reflecting a decrease in the water content of
the core. Considering that the Dy, of V54-Car9 micelles remains
constant above 45 °C and that Car9 behaves as a random coil at
silica surfaces,*® the silicification of smaller SiNPs as the tem-
perature increases is consistent with a rigidification of the Car9
corona due to progressive desolvation of the V54 core.

To bring additional support to this hypothesis, we took
advantage of the fact that introduction of the P9A and G10A
substitutions in the Car9 sequence disrupt a hairpin and causes
the peptide to adopt a folded conformation at the silica inter-
face in MD simulations.>® We reasoned that a V54 fusion
protein bearing these mutations (termed V54-P9AG10A) would
form more compact micelles with a less mobile corona that
would in turn template the mineralization of smaller SiNPs.
DLS and UV-vis measurements confirmed that V54-P9AG10A
formed micelles above a T; of 50 °C and that these micelles were
smaller than those produced by V54-Car9 at the same tempera-
ture (D, = 30 nm vs. 35 nm; Fig. 1B). Also as predicted, the
SiNPs templated by V54-P9AG10A were smaller than those
produced with the wild type (D = 47 + 4 nm vs. 57 & 8 nm at
50 °C), and there was a progressive reduction in particle size as
the temperature was raised to 65 °C (Fig. 1B). Finally, and
consistent with a higher degree of desolvation the Nile red
fluorescence of V54-P9AG10A micelles was twice that of wild
type at 45 °C, and fluorescence intensity quintupled as 65 °C,
denoting a significant increase in core hydrophobicity (Fig. 1E).
A side-by-side comparison of the size of SiNPs templated by
V54-Car9 and V54-P9AG10A micelles as a function of tempera-
ture (Fig. 1G) showed that although the largest changes in
particle diameter occur below 57 °C, the dimensions of the
SiNPs templated by V54-Car9 and V54-P9AG10A remains statis-
tically different up to 65 °C.

To summarize, tuning the size of the micellar template through
temperature or structural mutagenesis of the Car9 segment allows
for precise control of SiNP diameter in the 30 to 60 nm range with
a step size of about 4 nm (Fig. 1E). Furthermore, and unlike
traditional silica, these particles carry a net positive surface charge
(Table S1) that enable their use in unconventional applications
such as electrostatic co-assembly.***%>

Substitutions in basic residues have distinct effects on
template morphology and silicification outcomes

In block copolymer chemistry, the relative hydrophobicity of
each block dictates the final structure of the assembly, and
small changes in block chemistry can have a significant impact
on equilibrium morphology.®* A distinctive characteristic of the
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Car9 dodecapetide is a cationic character, leading us to postu-
late that one or more of its five positively-charged residues was
implicated in V54-Car9 micellization. As an initial test of this
hypothesis, and building on an extensive understanding of
their influence on Car9’s silica-binding behavior,?” we intro-
duced the K8AK11A and R4QR12Q substitutions in V54-Car9.
While two basic residues are replaced by hydrophobic ones in
each variant, the two proteins responded to an increase in
temperature in very distinct ways.

The V54-K8AK11A lysine substitution mutant behaved lar-
gely like the wild type and the P9AG10A variant, although it
underwent two transitions (at about 45 °C and 55 °C) rather
than a single one at 45 °C (Fig. 2A). The first transition gave rise
to micelles with a Dy, of 54 &+ 2 nm at 50 °C that templated the
mineralization of more polydisperse SiNPs (D = 53 + 16 nmy;
Fig. 2B). This size falls between that of SiNPs synthesized from
V54-Car9 and V54-P9AG10A templates at the same temperature
(Fig. 1D). Consistent with the elimination of two positively
charged sidechains, the {-potential of V54-K8AK11A-templated
particles was 11 + 1 mV, about half that of SiNPs produced
from V54-Car9 micelles (Table S1). Incubation above the second
transition (65 °C) produced protein assemblies that were 196 +
6 nm in Dy - larger than the 35 nm micelles produced by
V54-Car9, but smaller than typical 625 4 25 nm V54 coacervates™*
or the 602 + 20 nm coacervates produced from V54-4Q, a variant
containing glutamine mutations in four of its basic residues
(K7QK8QK11QR12Q; Fig. S3A). The intermediate assemblies pro-
duced by V54-K8AK11A proved difficult to characterize by small
angle X-ray scattering or cryo-electron microscopy (Fig. S4). How-
ever, we were able to exploit silicification to infer the morphology
of the underlying soft template using SEM. As shown in Fig. 2B,
mineralization products consisted of a network of primary parti-
cles approximately 40 nm in diameter that often interconnected
with one another to form elongated chains spanning up to 20
micelle diameters. Such structures are consistent with an under-
lying template consisting of a percolated network of intercon-
nected micelles.

V54-R4QR12Q behaved very differently from V54-K8AK11A
with turbidity and Dy, increasing with the temperature in a
manner that was reminiscent of the coacervation of V54 and
V54-Q4, albeit with lower final turbidity (compare Fig. 2A and
Fig. S3A). However, unlike V54 or V54-Q4 (Fig. S3), V54-
R4QR12Q successfully templated silica mineralization, allowing
us to visualize the protein structures formed upon high tem-
perature incubation. Silicification at 50 °C and 65 °C revealed a
broad range of particle morphologies with characteristic length
scales spanning 4 orders of magnitude (Fig. 2B and Fig. S6).
These included interconnected 74 + 33 nm (n = 100) particles
similar to those templated by the K8AK11A variant at 65 °C
(Fig. 2B, yellow arrows; Fig. S6A), nanospheres approximately
150-200 nm in diameter (orange arrows) that often merged into
one another to form raspberry-like particles (red arrows), and
hollow spheres that reached several micrometers in diameter.
Nile Red staining and confocal microscopy confirmed that the
large spheres were templated by micrometer-size vesicles that
were morphologically distinct from the V54-KA8K11A micellar

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Temperature dependent self-assembly and silicification products obtained from V54-K8AK11A (left) and V54-R4QR12Q (right) templates. (A)
Turbidity data (solid line) and hydrodynamic diameters (circles) were acquired in the 25 °C to 65 °C temperature range. (B) SEM images of silicification
products synthesized at 50 °C and 65 °C. Yellow, orange and red arrows identify interconnected SiNPs, ~200 nm nanospheres, and raspberry-like
particles, respectively. (C) Fluorescent microscopy images of Nile red-stained protein assemblies. Images for V54-K8AK11A (left) and V54-R4QR12Q

(right) were acquired at 65 °C and 50 °C, respectively.

assemblies supporting the mineralization of interconnected
SiNP networks (Fig. 2C).

The fact that V54-R4QR12Q templates such a broad range of
mineralization products coupled with a lack of influence of a
further increase in temperature suggests that the two arginine
substitutions abolish the ability of V54-Car9 intermediate
aggregates to collapse into stable micelles and that the protein
samples a broad range of assembly states above 45 °C.

To determine if both the R4Q and R12Q mutations were
required to impart this behavior, we constructed V54-R4Q and
V54-R12Q single mutants and characterized their response to
temperature as above. Fig. 3A shows that the R12Q mutant largely
mirrored the K8AK11A variant, while V54-R4Q resembled V54-
R4QR12Q, with a single transition to intermediate size species

This journal is © The Royal Society of Chemistry 2025

above 45 °C. Silicification experiments confirmed that V54-R12Q
templated the production of primary particles networks reminis-
cent of those synthesized with V54-K8AK11A at 65 °C, while V54-
R4Q yielded a wide range of particle morphologies across length
scales (Fig. 3B). To summarize, while the elimination of positively
charged sidechains can induce micelles to fuse with one another,
especially as the temperature is raised, R4 plays a unique and
critical role in micelle formation.

Dissecting the role of basic residues with molecular dynamics
simulations

We used all-atom molecular dynamics (MD) to gain insights on
the role of basic residues in aggregation dynamics. To reduce
the computational cost, we shortened the ELP segment to five
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Fig. 3 Temperature dependent self assembly and silicification products for V54-R12Q (left) and V54-R4Q (right). (A) Turbidity and hydrodynamic
diameter profiles for heating from 25 °C to 65 °C. (B) SEM images of silicification products synthesized at 50 and 65 °C.

VPGVG repeats (V5), connected them to Car9 or one of its
mutants through a KLGGGS linker, and constructed a polymer
brush-like system to represent a section of the micelle core
(Fig. S2). Nine chains were placed in the simulation box, allowed
to equilibrate, and the density of Car9/Car9 variant atoms was
quantified along the z-axis of the simulation box (Fig. 4, blue
traces), and compared to the z-coordinate of the V5-linker
block’s center of mass (COM, dashed lines). The exercise
revealed the interface between silica-binding segments (orange)
and V5-linker segments (black and gray, respectively). For
systems mimicking micelle-forming proteins (i.e., V5-Car9 and
V5-P9AG10A), the silica-binding segments exhibited a broad
distribution of densities along the z-axis and overlapped with
the V5-linker COM (Fig. 4A and B). This is consistent with
routine excursions of silica-binding domains in the ELP-linker
milieu. By contrast, systems based on proteins that template
micrometer-scale spherical structures (V5-R4QR12Q and
V5-R4Q) exhibited a single narrow peak and spatial resolution
between silica-binding segments and ELP-linker segments
(Fig. 4C and D). Finally, systems based on proteins templating
SiNP networks (V5-K8AK11A and V5-R12Q) displayed an inter-
mediate behavior (Fig. 4E and F). Importantly, these results
were consistently observed across triplicate trials.

Soft Matter

To understand the energetic basis of these differences, we
performed an analysis of interchain and chain-water Lennard
Jones (LJ) and Coulombic interactions (Fig. S10). Consistent
with their similar temperature responses and silica templating
activities, V5-Car9 and V5-P9AG10A had comparable energy
profiles. By contrast, V5-R4QR12Q and V5-R4Q exhibited stron-
ger chain-chain interactions and weaker interactions with water
relative to V5-Car9. This implies an enhanced propensity for
self-association that is fully consistent with the segregation of
ELP-linker segments observed in Fig. 4C and D. The energetic
response of the V5-K8K11A and V5-R12Q systems was less easy
to interpret with V5-R12Q behaving much like V5-R4QR12Q and
V5-R4Q, and V5-K8AK11A demonstrating an even higher
tendency towards hydration compared to V5-Car9. For these
two variants, energetic mapping might fall short of predicting
self-assembly behavior.

AlphaFold 3.0 as a rapid tool for predicting the influence of
basic residues substitutions on ELP-mediated assembly

AlphaFold 3.0 is a diffusion-based model that enables high accu-
racy modeling of the structure of complexes comprising proteins,
nucleic acids, small molecules, ions and modified residues.**
Building upon AlphaFold-Multimer (v. 2.3), the 3.0 version uses

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Density profiles and end of simulation poses of nine copies of V5 repeats fused to: (A) Car9, (B) POAG10A, (C) R4QR12Q, (D) R4Q, (E) KBAK11A, and
(F) R12Q. Left panels show the density profiles of all atoms in the silica-binding segments of the indicated variants along the z-axis of the simulation box
(solid blue line). The COM of all atoms in the ELP segments is represented by a black dashed line. Right panels show corresponding poses at the end of
the simulation with silica-binding segments colored orange, ELP segments colored dark gray, and linkers colored light gray.

cross-distillation to enhance training data and improve predictive
power for protein-protein interactions and disordered regions. We
used AlphaFold 3.0 to compare the predicted interactions of 50
copies of the variants under study to the structures experimentally
revealed by silicification. Owing to input token restrictions, each
protein was modeled as 10 repeats of the VPGVG sequence (V10)
connected to Car9 or its variants via a KLGGGS linker. The ability of
AlphaFold 3.0 to predict the structure of intrinsically disordered
proteins or interactions between proteins with repetitive sequences
is inherently low.>® We were therefore not surprised that predicted
template modelling scores (pTM) and interface predicted model-
ling scores (ipTM) fell in the range of 0.26 to 0.31 (out of 1).

This journal is © The Royal Society of Chemistry 2025

However, there were clear differences between the structures
offered by the model. As shown in Fig. 5A, the 50 copies of V10-
Car9 formed a micelle-like arrangement consisting of a dense ELP
core surrounded by a corona of rather evenly distributed surface
Car9 clusters. By contrast, the ELP segments of V10-R4QR12Q
chains adopted a ring-like structure belted by well-ordered silica-
binding segments (Fig. 5B). In fact, all assembled architectures
predicted by AlphaFold were consistent with those revealed by
silicification: V10-Car9 and V10-P9AG10A collapsed into micelle-
like structures with a dense core while V10-K8AK11A, V10-R12Q,
V10-R4QR12Q and V10-R4Q adopted a “belted barrel” conforma-
tion. The progressive ordering of silica-binding segments was
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Fig. 5 AlphaFold predictions of assembled structures obtained with 50 copies of (A) V10-Car9 or (B) V10-R4QR12Q. The silica-binding segments are

colored orange.

consistent with the evolution of the latter variants into intercon-
nected micelles, small vesicles and ultimately proteinosomes (Fig.
S11). While these results indicate that AlphaFold holds promise for
predicting structural outcomes in the assembly of multiple copies
of intrinsically disordered proteins, additional work will be needed
to validate the approach.

Discussion

We have described a panel of proteins composed of an ELP
segment fused to a silica-binding peptide that assemble into
block copolymer-like architectures upon temperature-induced
coacervation of their ELP domains. All variants are based on
the V54-Car9 framework, a protein that undergoes micellization
above 45 °C.** Remarkably, the introduction of one or two
mutations in the hydrophilic Car9 dodecamer of the 286
residues-long fusion protein is sufficient to produce structures
ranging from isolated micelles and interconnected micellar net-
works to vesicular proteinosomes that can reach tens of micro-
meters. While the existence and morphological evolution of such
diverse soft matter structures would normally be challenging to
document, silicification enabled their facile visualization by SEM.

On the precision end of the spectrum, our ability to finely
control the diameter of SiNPs between 30 and 60 nm in 4 nm
steps far exceeds the performance of Stober synthesis and other
block copolymer templating methods in this size range.>*™°
Precision is achieved by decreasing the size of the micellar
template through temperature control of ELP core desolvation

Soft Matter

and/or by reducing the mobility of the solid-binding segment
by mutagenesis of structurally significant residues (i.e., the
P9G10A hairpin). Such size control is important for designing
SiNP systems with specified optical and electromagnetic prop-
erties as well as for controlling strength and toughness in
composite materials.>”

While conversion of micelles to large vesicles is ultimately
mediated by a single arginine residue (R4), a continuum of
conformations that are in dynamic equilibrium with each other
can be accessed by substituting other basic residues for neutral
ones in the Car9 segment, and by increasing the temperature. For
instance, interconnected micelles that template the mineraliza-
tion of porous silica networks are formed when the V54-K8AK11A
variant is incubated at 65 °C or when the V54-R4Q is heated to
50 °C. However, ~ 200 nm silicified vesicles begin to appear when
V54-R12Q is incubated at 65 °C (Fig. 3B) or V54-K8AK11A is
incubated at 75 °C (Fig. S9). In other words, the introduction of
mutations that reduce electrostatic repulsion and the input of
thermal energy can be exploited individually and synergistically
to dislodge structures from kinetically trapped states and control
the formation of the architectures that are schematically illu-
strated in Fig. 6. This is significant because previous success in
converting spherical micelles to interconnected micelles has
necessitated rather drastic changes in surfactant or polymer
chemistry such as modification of block length ratios or wholesale
change in composition.*® We also note that whereas vesicles have
been thermally accessed using other ELP fusion proteins,>* " the
fusion partner has always been a globular protein rather than a 12
amino acid peptide.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sm01047k

Open Access Article. Published on 03 December 2025. Downloaded on 12/24/2025 11:13:08 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Soft Matter

Coacervates

. K7QK8QK11QR12Q (4Q)
Unimers

View Article Online

Paper

fr Proteinosomes
S,, . . Interconnected micelles Primary vesicies
N \ Individual micelles
Car9
PIAG10A K8AK11A (65°C) .
K8AK11A (45-50°C) R12Q (50°C) KBAK11A (70°C)
R12Q (65°C) R4QR12Q (45°C)

SBP electrostatic repulsion

Medium High

R4QR12Q (>45°C)
R4Q

ybiH

ELP segregation
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coacervates (top), the wild type protein assembles into individual micelles above 45 °C (bottom). Other variants access a continuum of nonequilibrium
structures depending on the identity of the substitutions and the incubation temperature. Mutants capable of accessing the large vesicle state (R4Q and
R4QR12Q) are in dynamic equilibrium with other morphologies (raspberry vesicles, primary vesicles, interconnected micelles and individual micelles).
Progression from micelles to vesicles is associated with decrease interchain electrostatic repulsion and increased segregation of ELP and silica-binding

segments within each chain.

In surfactant and block copolymer literature, the transition
from micelles to vesicles is captured by the packing parameter p,

v

p= aolc
where v is the volume of the cone occupied by a chain, a, is the
surface area occupied by the head group, and . is the contour

1
length of the chain. Micelles dominate when p §§ while

1
vesicles do when p > ok Wormlike micelles occupy the space

between these cutoff values.®” The contour length of the pro-
teins used in our study is the same. However, a, depends on the
extent of electrostatic repulsion between head groups (in our
case the silica-binding segments) and this parameter likely
underpins the morphological differences we observe when
variants are assembled at a prescribed temperature.

An analysis of the Coulombic and Lennard-Jones (LJ) ener-
getics from MD simulations provides support for this idea (Fig.
S10). As expected from their common micellization behavior,
surrogates for V54-Car9 and the P9AG10A variant exhibit similar
chain-chain interaction energetics. This implies nearly identical
a, and therefore p values. (The slight increase in chain-water L]
repulsion energy for the P9AG10A variant is consistent with a
higher degree of core desolvation.) By contrast, surrogates for the
R4Q, R12Q and R4QR12Q variants experience weaker chain-
chain Coulombic repulsion relative to the wild type. This should
lower a, and favor vesicle formation, as is observed experimen-
tally. Furthermore, a clustering analysis of MD trajectories (Fig.
S13) indicates that surrogates for variants that form intercon-
nected micelle (V54-K8AK11A and V54-R12Q) have lower confor-
mational freedom relative to the R4QR12Q and R4Q vesicle-

This journal is © The Royal Society of Chemistry 2025

forming variants (Fig. S14A and Table S2). This is consistent with
the observation that rigid copolymer chains prefer to form
elongated micellar structures by aligning hydrophobic blocks
parallel to one another to reduce water contact.®®

Where thermal energy is concerned, the temperature-
dependent entropic forces driving the desolvation of ELP segments
are finely balanced against the electrostatic repulsion of silica-
binding “head groups” such that an increase in temperature can
also shift the balance between micellization (high electrostatic
repulsion, moderate desolvation and segregation of Car9 and
ELP segments) and vesicle formation (low electrostatic repulsion,
high desolvation and segment segregation) in the dynamic equili-
brium of canonical structures depicted in Fig. 6.

Beyond ensemble electrostatic and desolvation considerations,
our results show that the amino acid sequence of the silica-
binding segment - and by implication the spectrum of conforma-
tions it enables each chain to access - is critical in determining
both assembly outcomes and the details of the assembly. The
former point is best illustrated by the fact that although the V54-
R4Q and V54-R12Q variants both lack one arginine residue, they
form very different architectures at high temperatures (Fig. 3).
Analysis of MD trajectories uncovered more subtle effects, such as
the more compact nature of the silica-binding segment in V54-
Car9 and its P9AG10A variant, and the higher structural diversity
that this segment experiences in the wild type relative to V54-
P9AG10A, which likely influences micelle desolvation efficiency.

Conclusions

In nature, small changes in the amino acid sequence of a
protein - often in a single residue - can have a profound impact
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on self-assembly and mineralization outcomes. The conse-
quences may be deleterious, as exemplified by the formation
of toxic oligomers in neurodegenerative diseases® and defec-
tive tooth enamel in amelogenesis imperfecta.®® Yet, mutations
often confer gain of function by increasing fitness and adapt-
ability to diverse environments,®® and as such, are a key driver
of evolution.®”%®

Here, we have shown that one or two substitutions in a 12
residues-long silica-binding peptide can dramatically influence
the temperature-dependent assembly behavior of the 270
residues-long ELP to which it is fused, enabling access to
architectures spanning four orders of magnitude in characteristic
lengths. The underlying morphologies were revealed by silicifica-
tion of the soft matter templates followed by SEM imaging, a
simple and inexpensive alternative to the cryo-TEM, x-ray and
neutron scattering approaches that are typically used to charac-
terize micelles and vesicles formed by surfactants and block
copolymers.®®’® Additionally, while dynamic transitions from
micelles to vesicles have been observed with the latter
molecules,”"”* the process typically requires wholesale changes
in sequence, composition, or the mixing of species.”® Finally,
while peptide amphiphiles have been used to assemble micelles
and vesicles across scales, control is generally achieved by
manipulating non-peptide components (namely, the length,
number, and identity of the hydrophobic non-peptide tails),
and little attention has been paid to leveraging differences in
the sequence of the hydrophilic block.”*”*> By comparison, the
sequence-defined simplicity of our solid-binding ELP system, its
sensitivity to mutations, and its amenability to engineering are
unparalleled. Finally, the ability of MD simulations and of the
AlphaFold model to predict similar structural outcomes for the
panel of V54-Car9 variants bodes well for the design of other
solid-binding intrinsically disordered proteins that will support
the synthesis of environmentally-responsive functional matter.
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