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Abstract

Directing the Mineralization of Inorganic Nanomaterials using
Programmable Macromolecular Building Blocks

Nada Youssef Mahmoud Naser

Chair of the Supervisory Committee:
Francois Baneyx
Department of Chemical Engineering

Sequence-defined building blocks such as peptides, proteins, and peptoids offer a path
toward the construction of precision materials by enabling the organization, mineralization
and dynamic reconfiguration of organic and inorganic components through engineered
functions. With thermoresponsive elastin-like polypeptides (ELPs) fused to solid-binding
peptides, we demonstrate the biomimetic mineralization of highly uniform and positively
charged silica nanoparticles that support the one-step assembly of mono- and bi-material
superstructures with highly integrated components. Using gold-binding ELPs, we
synthesize gold nanoparticles that can be reversibly assembled into clusters with distinct
plasmonic signatures in response to temperature change. For both systems, we study
how protein sequence and concentration, solution conditions, and temperature affect
mineralization outcomes and plasmonic responses. In collaborative work, we transfer

learnings from solid-binding peptides to peptoids by designing a polymeric analog of the



R5 silicifying peptide. The biomimetic approaches to the synthesis of size- and
composition-controlled nanomaterials described herein are simple and environmentally
friendly, and the extracted design rules should prove useful for the biological fabrication
of a broad range of hierarchical systems with applications in biomedicine and energy-

related fields.
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Chapter 1 Introduction

In natural biomineralization systems, living organisms produce sophisticated
hierarchical organic-inorganic hybrid materials including bones, teeth, shells, sponges,
and others that combine various building blocks in a controlled and well-ordered manner.
Using high information content macromolecular building blocks, such as nucleic acids,
peptides, and proteins, they achieve fascinating degrees of complexity from nanoscale
patterning to macroscale optical and mechanical properties that aid in their various
functionalities. We seek to design and study biomimetic mineralization mediated by
biological building blocks to gain control over the range of compositions, morphologies,
and crystallographies similar to those observed in natural biomineralization while retaining
the ability to mineralize inorganic materials under mild aqueous conditions. We study how
solution conditions, sequence modifications, and molecular reconfiguration influence

mineralization outcomes.

This dissertation focuses on the synthesis and organization of inorganic nanomaterials
mediated by various classes of high information content biomolecules. First, we design a
silica-binding intrinsically disordered, thermoresponsive polypeptide to promote silica
nanoparticle synthesis and access a large range of mineralization outcomes based on
reaction temperature, presence of biological buffer, and the silica-binding peptide
sequence (Chapters 2 and 3). In a similar design, we use gold-binding thermoresponsive
polypeptides to template gold nanoparticle (AuNP) synthesis and mediate their
reversible actuation in response to temperature stimuli (Chapter 4). In Chapter 5, we
propose a peptoid as an alternative sequence-defined synthetic polymer that mimics bio-

inspired silicifying peptides and can offer significant increases in the molecular design
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space. This study is assisted by molecular dynamics (MD) predictions to gain predictive

insights on their structural differences and their biomimetic silica mineralization outcomes.
1.1 Biomimetic mineralization of inorganic materials

For decades, scientists have been inspired by nature’s ability to create hierarchical
materials with multi-scale order, sophisticated morphologies, unique physical properties,
and various functionalities under mild aqueous conditions."? Those natural hierarchical
systems rely on high information content macromolecules such as nucleic acids,
foldamers, peptides, proteins, and so on to establish precise order and self-assembly
across scales, template the bottom-up synthesis of controlled hybrid nanostructures, and
the fabricate hybrid systems that integrate biological components with silicon-based
electronic devices. Studies were inspired by the natural self-assembly process to create
complex and diverse hierarchical structures using just one or a combination of simple
building blocks such as RNA,>* DNA 57 and short peptide sequences. 89 Others were
inspired by the self-assembly of larger, more structurally complex building blocks, such
as the S-layers enclosing archaea and bacteria, to design protein-based structures with
sophisticated functionalities."™~'* Many studies focused on biological systems and their
ability to read environmental stimuli and send precise signals and their inter- and intra-
cellular communication networks facilitated by membrane proteins, which enabled the
integration of biological components into electronic devices and gave rise to the field of
bionanoelectronics.’'” Studies conducted by Kréger and others drew inspiration from
the nanostructured silica in the cell walls of the diatom Cylindrotheca fusiformis to
examine the mechanism behind biosilicification and isolate a group of cationic peptides

responsible for biosilicification, called silaffins for silica-affinity, that were extensively
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studied to drive the biomimetic silicification reaction at ambient temperature, pressure,
pH conditions.'®2" The monodispersity and programmability of high information content
macromolecules have proven valuable to expanding the range of compositions,
morphologies, and crystal structures observed in natural biomineralization processes

while retaining the ability to mineralize inorganic materials under mild aqueous conditions.
1.1.1 Solid binding peptides and proteins

Solid binding peptides (SBPs) are short amino acid motifs isolated for their binding
affinity to specific inorganic materials through noncovalent interactions. SBPs are typically
selected from combinatorial phage or cell surface display libraries where a large number
of candidates are contacted with the target inorganic surface and repeatedly washed until
the strongest binders are identified and sequenced.?>23 Their adhesive properties have
been widely exploited, individually or fused to larger protein scaffolds, for binding,
decorating, organizing, assembling a variety of materials to create complex hierarchical
systems.?4?” The Baneyx Lab originally identified the Car9 dodecapeptide
(DSARGFKKPGKR) for its binding affinity to carbon substrates?® and later discovered its
selective binding to silica surfaces.?®?° It was then developed as a cleavable modular
affinity tag used for protein purification on silica gel columns. Beyond its commercial
advantages as a purification tag, Car9 has been used as a fusion to superfolder green
fluorescent protein (sfGFP) to study the adhesion regimes3%3' and create ordered
intricate hierarchical systems integrating polymer, protein, and inorganic building
blocks.32:3% In addition to their adhesive properties, SBPs have demonstrated an ability to

promote inorganic precipitation and gain morphogenetic control. 34-37
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1.1.2 Biomimetic silica mineralization

Silicon dioxide (SiO2, commonly referred to as silica) is one of the most ubiquitous
compounds in nature, making up more than a quarter of Earth’s crust by weight. Many
forms of silica are fairly common in our daily lives especially quartz, a form of crystalline
silica, which happens to be the second most common mineral found on earth.3839 Silica
biomineralization, the natural process of precipitating silica, has been observed in simple
organisms capable of producing silica from abundant silicon and oxygen in their
environment. This process expands across length scales starting with single-cell diatoms
producing nanopatterned silica shells for protection, to supporting the skeletal structure

of sponges in the deep sea.204041

Silica-based nanomaterials have been used for decades in applications ranging from
catalysis to controlled drug release, and from antimicrobial coatings to enhanced oil
recovery. This broad range of uses has been driven by the low cost of silica, its thermal
stability and biocompatibility, and by the fact that the material’s size, morphology, and
surface chemistry are all tunable.*?43 While colloidal silica is typically synthesized at scale
by liquid- (e.g. Stober) or gas-phase methods,** more complex architectures, such as
zeolites, can be accessed by macromolecular templating.** However, no synthetic
process approaches the sophistication of diatoms which build intricately structured
siliceous cell walls with extraordinary optical and physical properties by controlling silica
deposition with proteins and other biomacromolecules.*%46 In seminal work on biomimetic
silica, Kroger et al. isolated a set of cationic peptides from the cell wall of Cylindrotheca
fusiformis and demonstrated their role in mediating silicification under ambient

conditions.'® The so-called silaffins (for silica affinity), and notably a constituent 19-mer
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peptide called RS, were capable of mineralizing silica nanospheres from silicic acid in mild
conditions.' Their early work suggested that post-translational modifications (PTMs)
found in silaffins significantly improved their silicification activity, which was further
confirmed by experimental and simulation studies.*’~*° They have also been extensively
studied to uncover the roles of sequence, side-chain chemistry, oligomerization, and

solution conditions on silica polycondensation.19-21:39.50-53

Other biomolecules have proven useful to manipulate the precipitation and
organization of silica. For instance, poly(lysine), poly(arginine),®* and long-chain
polyamines®%%" induce silica precipitation with high activity, while short peptides can
template more sophisticated silica structures.’®2".555 Solid-binding proteins, which
combine the adhesive or morphogenetic activities of guest SBPs with the structural or
functional properties of a host protein framework, are a valuable addition to this
arsenal.?3%” For example, Car9, a silica-binding peptide,?®?® was genetically fused to
superfolder green fluorescent protein (sfGFP) to study silica adhesion regimes,3®3" print
protein patterns on microscope slides,% and create multi-material hierarchical

architectures.?7:33.59.60
1.1.3 Biomimetic titania mineralization

Titania-based nanomaterials are highly desirable for their enhanced optical and
electrochemical properties that can be exploited for catalysis, sensing, protective
coatings, solar energy conversation and storage, and pigments.®'-%3 Early studies
demonstrated that silaffin-derived peptides and proteins exhibit an affinity to SiO»- and
TiO2- based nanomaterials. This led to the exploration of silaffin-derived

biomacromolecules as TiO2 mineralization templates under ambient conditions. 63-%° This
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inspired recent TiO2 mineralization work using Car9, which has been well characterized
for its binding affinity to SiO2, to control size, particle distribution, and crystalline phase of
mineralized TiO2 inclusions. 365 Importantly, Puddu et al demonstrated the first
biomimetic TiO2 synthesis approach using TiO2-binding peptides Ti-1 (QPYLFATDSLIK)
and Ti-2 (GHTHYHAVRTQT) which exhibited TiO2 mineralization activity and produced

stable 10-nm sols.3®
1.1.4 Biomimetic gold mineralization

Plasmonic nanoparticles, commonly Au, Ag and Cu, exhibit unique optical properties
that have been exploited in art works and architectures dating back to the Roman Empire,
centuries before the evolution of modern nanotechnology. Their optical properties arise
from a phenomenon known as localized surface plasmon resonance (LSPR) that is highly
dependent on the nanoparticles’ size, morphology, polydispersity, and spatial

arrangement. Thus, it is desirable to gain precise control over their synthesis.®®

The A3 peptide (AYSSGAPPMPPF) was originally selected, along with two other
dodecapeptides, from a combinatorial phage display library for its binding affinity to silver
particles.” A later study by Slocik et al found that A3 binds to both gold and silver surfaces
possibly via hydrophobic interactions and hydrogen bonding between the peptide side
chains and the metallic surfaces. They also demonstrated that A3 is capable of
synthesizing and stabilizing AuNPs from a solution of HAuCls precursor in reducing
conditions.®® The synthesized AuNPs were successfully functionalized with different
chemistries to enable hierarchical material assembly and use in biosensing and
imaging.®® These findings inspired many more studies that focused on fine tuning Au

mineralization mediated by A3 peptide and achieving sophisticated architectures and
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functionalities.®®7%-72 For example, Chen et al incorporated A3 into an amphiphile peptide
that can self-assemble into highly ordered double helices displaying the Au-mineralizing
A3 moieties which mediated the precipitation of discrete spherical AuNPs.”® Au-based
nanomaterials have been developed for a large variety of applications including drug
delivery, diagnostics, cancer treatments, chemical and biological sensing, catalysis, and

others.”77
1.2 Stimuli responsive and functional nanomaterials

The interest in stimuli-responsive nanomaterials has significantly grown in the fields
of electronics,'1578 catalysis,”®-82 novel materials,3384 and medicine®8 owing to their
unique mechanical and optical properties, programmability, and specificity. These
materials can respond to a wide range of environmental triggers such as pH, temperature,
irradiation, the presence of ions, and electrical or magnetic fields by undergoing
compositional, structural, or morphological changes, assembly/disassembly, actuation,
motion, etc. 8788 While a wide range of stimuli-responsive nanomaterials have been
developed, the synthetic thermoresponsive polymer, poly(N-isopropylacrylamide) or
PNIPAM, has been extensively used for the production of temperature-responsive
materials.8%% PNIPAM hydrogels exhibit lower critical solution temperature (LCST)
behavior, transitioning from a swollen, extended state to shrunken phase-separated
hydrophobic coacervates when the solution temperature is increased above the cloud
point (about 32°C in water at moderate polymer concentrations).®’ Numerous studies
have demonstrated that PNIPAM can be used independently or within more complex
structures to capture and release drugs and other molecules.®>-° However, they have

uncovered the fact that PNIPAM coacervates have a limited loading capacity and a
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relatively slow response to temperature. In addition, PNIPAM has been used to decorate
plasmonic nanoparticles to endow them with temperature-triggered actuation at
psychologically relevant temperatures that resulted in a reversible LSPR shift. This

dynamic process can be used for applications like spectroscopy and biosensing.8296.97

Elastin-like polypeptides (ELPs) are a class of stimuli-responsive disordered proteins
derived from the elastin protein found in the extracellular matrix of connective tissues in
humans. They contain long repeats of the sequence VPGXG (where X is a guest residue
that can be any amino acid except for proline) and exhibit LCST behavior that can be
tuned by changing the guest residue identity, chain length, and solution conditions (pH,
salt concentration, co-solvents).?8-192 Because of their monodispersity, tunable LCST
properties, and enhanced stability, ELPs have been explored as alternatives to PNIPAM
as early as the 1990s.'%31%4 EL P-based materials have been developed for various
applications including drug delivery,’%5-108 tissue engineering,'%® imaging,''® hierarchical

self-assembly,’'-113 and mineralization of inorganic nanoparticles.'411%
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1.3 Figures

Figure 1.1 Micrographs of diatom silica nanostructures. Scale bars are 1 ym (a and k), 5
pum (b), 10 ym (c, f, and I), 500 nm (d), 2 uym (e, g, h, and j), and 50 um (i). Adapted from
Ref 4°
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sequence peptide
A) CSSKKSGSYSGSKGSKRRIL 1
B) RRILSSKKSGSYSGSKGSK 3
C) KRRIL 8
D) KGSKRRIL 9
E) LKSRGSKSGRYSSKSSKIG 10
F) KYSSGSKSKSKGSGSRRIL 11
G) SSKKSGSYRRILSGSKGSK 12

Figure 1.2 Micrographs of silicas particles mineralized in solutions of R5 peptide
variants shown. Scale bar is 1 um. Adapted from Ref 2’

10
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Chapter 2 Biomimetic mineralization of positively charged silica nanoparticles

templated by solid-binding elastin-like polypeptides
2.1 Introduction

Silica-based nanomaterials have been advantageous for a variety of industrial and
biomedical applications which include catalysis, energy conversion, controlled drug
release, sensing, anticorrosion, antimicrobial coatings, and enhanced oil recovery.'16-119
Although silica nanoparticles can be synthesized at scale by simple liquid- or gas-phase
methods,*® no synthetic process approaches the sophistication of natural systems (e.g.
diatoms and sponges) that employ biomacromolecules to mediate, template, or control
the precipitation of silica with intricate nanostructures and complex hierarchy. Many
biomimetic approaches towards tailored nanoscale silica synthesis have exploited both
bio-inspired and rationally designed biomacromolecules to template silica mineralization
and organization under neutral pH and low temperature conditions. As such, it has been
established that silica-binding peptides can induce the condensation of silicic acid in mild
aqueous conditions and modify the reaction kinetics and morphology of the precipitated
silica.®®120 However, little attention has been paid to fusing these peptides to stimuli-
responsive proteins to bias the outcomes of silicification. Elastin-like polypeptides (ELPs),
a class of thermoresponsive intrinsically disordered proteins derived from the human
tropoelastin protein, are particularly attractive for this purpose. These low-complexity
proteins consist of long repeats of the VPGXG pentamer, where the guest residue X can
be any amino acid except for P. They exhibit LCST behavior and form phase-separated
droplets, or coacervates, above a characteristic transition temperature (T)'°%'21 that can

be tuned by changing the identity of the guest residue, the overall chain length, and the

11
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solution conditions (e.g., pH, salt concentration, and the presence of co-solvents).%8-102
ELPs have found many uses in biomedical applications,'?>-'24 hierarchical self-

assembly,%6.111-113 and inorganic nanoparticle mineralization.''4.11°

In this chapter, we use the silica-binding ELP V54-Car9, a fusion protein between a
54-repeat of the VPGVG sequence and the Car9 silica-binding peptide, to conduct a
detailed study of how temperature driven self-assembly influences silicification. We show
that increasing the temperature by 5°C above the T; of the ELP block leads to a transition
from extended, disordered ELP unimers to 30-nm self-assembled micelles. We
demonstrate that whereas both species support self-limiting silica precipitation in the
absence of biological buffer, micelles template the mineralization of highly monodisperse
62 nm NPs while V54-Car9 unimers produce polydisperse NPs with a mean diameter of
133 nm. NPs mineralized at both temperatures exhibit a net positive charge that we
attribute to the surface exposure of cationic sidechains that are not involved in the
polycondensation process. We take advantage of the monodispersity, stability, and the
positive charge of the silica NPs produced at high temperature for the solution-based,
electrostatically driven assembly of a range of hierarchical architectures using unmodified

silica and gold NPs as assembly partners.
2.2 Materials and Methods
2.2.1 DNA manipulations and protein purification

An ELP gene encoding 96 repeats of the VPGVG sequence’?® was amplified using
Addgene plasmid pET25b(+)-V96 (number 68392) as a template. Primer pair
5-ATTCGAGCTCCGTCGACAGGCTTG-3 and

5-TCGGATCCTGAAGATCATTATCAAAGCTTACCTACACCC-3’ introduced a unique

12
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Hindlll site at the 3’ end of the gene to enable modular insertion of solid-binding peptides
at the C terminus of the gene product. Non-specific priming to repeated oligonucleotides
regions in the V96 template resulted in amplification products of variable lengths. A
product encoding 54 repeats of VPGVG followed by a KLGGGS flexible linker specifying
a Hindlll restriction site was recircularized yielding pET25b(+)-V54. To create gold- and
silica-binding derivatives, the V54 gene was excised by Ndel-Hindlll digestion of
pET25b(+)-V54 and ligated into the same sites of pET24a(+)-sfGFP(G51C)-A3 or
pET24a(+)-sfGFP(G51C)-Car9, generating pET24a(+)-V54-A3 and pET24a(+)-V54-
Car9, respectively.®® An isogenic plasmid encoding the V54-KLGGGS control
polypeptide, pET24a(+)-V54, was constructed by digesting pET24a(+)-V54-Car9 with
Hindlll and Xhol and ligating the backbone with a DNA cassette obtained by hybridizing
the 5-AGCTTGGCGGCGGCTCTTAATAAC-3’ and
5-TCGAGTTATTAAGAGCCGCCGCCA-3’ oligonucleotides. Plasmids were transformed
into E. coli Top10 and verified by Sanger sequencing. Verified plasmids were introduced
into BL21(DE3) cells. For protein expression, overnight cultures of BL21(DE3) cells
harboring pET24a(+)-V54, pET24a(+)-V54-A3, or pET24a(+)-V54-Car9 were grown at
37°C in 5 mL of LB medium supplemented with 50 pyg/mL kanamycin and used to
inoculate 250 mL of Terrific Broth (TB) supplemented with the same antibiotic. Cells were
grown at 37°C without induction for 24 hours before cell paste was harvested by
centrifugation at 4,000g for 20 min, resuspended in 25 mL of 20 mM Tris-HCI, pH 7.5,
and disrupted by two cycles of sonication for 9 min each (10s on, 20s off) at 30%
amplification (Fisherbrand Sonic Dismembrator). Cell lysates were supplemented with 1

mL of 10% polyethylenimine (PEI), incubated on ice for 10 min, and centrifuged at
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10,0009 for 20 min at 4°C to remove insoluble materials and precipitated nucleic acids.
ELPs were purified by inverse transition cycling (ITC)'°. Each cycle started with ELP
precipitation by adding 3 M of crystalline NaCl to the supernatant. After vigorous shaking,
the mixture was rotated at 40 RPM for 30 min at room temperature and centrifuged at
4,000g for 20 min at 40°C. Soluble impurities were removed with the supernatant and the
ELP-containing pellet was resuspended in 20 mL of pre-chilled DI water and rotated as
above at 4°C. Finally, the solution was centrifuged at 10,000g for 20 min at 4°C and the
supernatant was subjected to an additional cycle of ITC. The purity of the final products
was verified by Coomassie Blue-staining of SDS-PAGE minigels as shown in Fig 2.1B.
Concentrations were determined by measuring the absorbance at 205 nm and using
calculated extinction coefficients'?® of 764500, 814370, and 809160 M-"cm-" for V54, V/54-

A3, and V54-Car9, respectively. Samples were stored at 4°C until further use.
2.2.2 Characterization and quantification of solid-binding ELP constructs

Phase transitions of the protein solutions were monitored by UV-visible spectroscopy
and dynamic light scattering (DLS). For UV-visible spectroscopy, Asso 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 yL at a concentration of 75 uM) were blanked against the appropriate
reference (DI water, 20 mM Tris-HCI at pH 7.5, or 100 mM HEPES at pH 7.3) in semi-
micro quartz cuvettes. The lower critical solution transition temperature of each protein
(Tt) was determined based on inflection point analysis of the Asso turbidity profiles. A

Zetasizer Nano ZS (Malvern) was used to measure Dy as a function of temperature.
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Triplicate samples (1 mL) were incubated at each temperature for 5 min before DLS

measurements were acquired.

2.2.3 Silica mineralization

Silica mineralization reactions were conducted as described by Krdger et al.'® Stock
solutions of 1 M silicic acid were freshly prepared by mixing 150 pL of tetramethyl
orthosilicate (TMOS, 98%, Sigma) with 850 yL of 1 mM HCI, vortexing the solution for 5
min, and rotating it for 10 min at room temperature. Aliquots (100 pL) were added to 900
WL of V54-Car9 or V54 to reach final concentrations of 100 mM silicic acid and 75 yM
proteins. Solutions were immediately mixed by inverting 5 times and the reaction was
allowed to progress for 8 h in water. For mineralization reactions above T, protein
solutions were pre-incubated for 10 min in a water bath held at 45°C prior to addition of
silicic acid and the reaction was allowed to proceed for 8 h at the same temperature.
Silicification products were characterized as described below. When indicated, aliquots
(500 pL) were transferred to 50 kDa cutoff, 10 nm pore size, Float-A-Lyzer devices
(Repligen, Waltham, MA) and were dialyzed twice against 300 mL of DI water (with
stirring) for 2 h at room temperature, and a final round of dialysis was conducted

overnight.
2.2.4 Analytical techniques
Small angle x-ray scattering (SAXS) data were collected by Will Wixson on a Xeuss

3.0 (Xenocs) using Cu K radiation and processed with the XSACT software (Xenocs).

For scanning electron microscopy (SEM), samples were diluted 100-fold in deionized

(DI) water, and aliquots (5 uL) were deposited on silicon wafers that were allowed to air
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dry overnight. For mineralization reactions above T, samples were diluted 100-fold in DI
water pre-heated to 45°C, deposited on pre-heated silicon wafers, and allowed to air dry
overnight in an incubator held at the same temperature. Images were acquired on an

Apreo-S SEM (Thermo Scientific) operated at 2 kV and 13 pA.

For transmission electron microscopy (TEM), samples were diluted 10-fold in DI water.
Aliquots (10 uL) were deposited on carbon-coated copper grids (Electron Microscopy
Sciences and Ted Pella) and allowed to sit for 5 min before excess solution was wicked
out with a laboratory tissue. Images were acquired on a Tecnai F20 SuperTwin TEM (FEI)

at an acceleration voltage of 200 kV and analyzed using Imaged (NIH).

For atomic force microscopy (AFM), aliquots (10 pL) of samples were deposited onto
freshly cleaved mica substrates (Ted Pella). After 5 minutes, excess water was wicked
out with laboratory tissue and samples were further dried by evaporation. AFM images
were captured in the dry state using the tapping mode on an ICON AFM (Bruker) and
Multi75Al-G probes. Offline AFM data processing was performed using Gwyddion

software.'?”

Thermogravimetric analysis (TGA) was conducted on lyophilized mineralization
products that had been extensively dialyzed to remove free and loosely bound proteins.
Experiments were performed in a Q50 TGA instrument (TA Instruments). Lyophilized
powder was loaded into an alumina crucible on platinum tray and heated to 800°C at a

ramp rate of 20°C per min in air (100 mL/min).
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2.3 Results
2.3.1 V54-Car9 forms micelles above its transition temperature

To combine the mineralization properties of a solid-binding peptide with the
thermoresponsive phase segregation behavior of ELP, the sequence encoding the Car9
dodecapeptide (DSARGFKKPGKR) was fused to the C-terminus of a 54-repeat of the
VPGVG sequence via a flexible KLGGGS linker (Fig. 2.1). A control protein lacking the
Car9 dodecapeptide (denoted V54) exhibited characteristic LCST behavior'32! with a
sharp increase in both the absorbance at 350 nm (Asso) and the hydrodynamic diameter
(Dr) as the temperature exceeded a T: of 40°C (Fig. 2.2, black traces). In contrast, V54-
Car9 only experienced a transient peak in turbidity between 42 and 48°C before reaching
a slightly higher value as the temperature increased (Fig. 2.2, orange trace). Results were
well explained by DLS measurements showing that the Dy of V54-Car9 increased from 8
to 540 nm between 42 and 45°C before declining to about 30 nm over the next 2-3°C. To
gain insights on kinetics, we monitored the Dy at 65°C, a temperature that far exceeds its
Ty (~45°C). Within two minutes, V54-Car9 molecules transitioned from unimers to
intermediate aggregates ranging in size from 200 to 300 nm (Fig. 2.3). These species
progressively disappeared after 3 minutes to the profit of a peak centered at a D, of 30

nm.

Similar phase transitions have been reported for amphiphilic block copolymers 87128~
132 including those consisting of a hydrophobic ELP block (where the guest residue is V)
fused to a hydrophilic ELP block (where the guest residue is G, A, or S). For such diblock
ELPs, a temperature increase above the T; of the hydrophobic block leads to the

formation of spherical micelles displaying the hydrophilic block on their exterior.33-139
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This feature was exploited by Lopez and coworkers to display the 19-residue long RS
peptide on the surface of 50 nm micelles by fusing it to a 300-residue long hydrophilic

block that was itself fused to a 300-residue long hydrophobic block.!12114.137

We used SAXS (conducted by Will Wixson) to determine if V54-Car9 adopted a similar
micellar structure above 45°C despite lacking a long hydrophilic ELP block. Expectedly,
the SAXS profile of V54-Car9 at 22°C was consistent with that of polymeric random coils
and intrinsically disordered proteins.?'-40 Analysis of the profile at T > T; (45°C) revealed
that 140 + 9 V54-Car9 molecules self-assemble to form a micelle with a 15 + 0.2 nm core
radius that is fully consistent with a Dy of 30 nm as determined by DLS. Consistent with a
structure in which a coacervated V54 core is surrounded by cationic Car9 extensions, the
¢ potential of the micelles was +19 £ 3 mV (Table 2.1). In short, our results show that the
short Car9 peptide is sufficient to impart diblock behavior to a 54-repeat hydrophobic ELP
and drive the formation of micelles at a T; that is about 5°C higher than that of the ELP

block.

2.3.2 Silica mineralization templated by V54-Car9 micelles and the influence of

biological buffer on silicification products

To determine how temperature-induced micellization would influence silica
precipitation outcomes, solutions of V54-Car9 in Tris-HCI buffer were heated to 45°C,
supplemented with an excess of silicic acid and the silicification reaction was allowed to
progress at 45°C (i.e. hot synthesis). Within 10 min, a significant increase in turbidity was
observed accompanied by the sedimentation of large silica structures. Characterization

of the precipitates revealed large, yet monodisperse, spherical silica particles with an
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average diameter of 697 + 49 nm under dry conditions (Fig 2.4A, N = 100), a Dn of 905

+ 42 nm, and a zeta () potential of -22 + 0.4 mV.

How can 30-nm micelles of V54-Car9 template the formation of SiO2 particles
that are an order of magnitude larger in size? Previous studies with the R5 peptide
and silaffins have postulated that the SiO. precipitation of these macromolecules is
promoted by the interactions between the negatively charged silicic acid precursor
molecules and the amine groups of serine and lysine residues.’®'" It has also been
suggested that the presence of cationic ions in the buffer can influences silica
polycondensation pathway resulting in different silica structures in terms of size and
morphology.2?48141 We therefore hypothesized that the formation of ca. 700 nm silica
particles was due to accelerated reaction kinetics and fusion of primary silica
nanoparticles templated by V54-Car9 micelles, mediated by the amine group of Tris.
Further, solutions of the control protein (V54) held at 45°C produced larger particles with
an average diameter of 1176 + 458 nm under dry conditions (Fig 2.4B, N = 100) that
exhibited a higher degree of polydispersity, which were likely templated by the large
coacervates above Ti. These findings support a dominant role of Tris ions in catalyzing
silica polycondensation and supporting further growth of large particles regardless of the

biomolecular template size or the reaction temperature.

To test this hypothesis, hot synthesis was conducted in DI water. Unlike what was
seen in the presence of Tris, there was no obvious precipitation after 10 min of
reaction at 45°C. The reaction was allowed to progress at the same temperature for 8 h
and D, was measured at intermediate times to monitor particle growth. An increase in

turbidity correlating with an increase in Dy (62 nm) was observed within 30 min, with no
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further evolution over time (Fig. 2.7, red trace). SEM (Fig. 2.5A-B) and TEM (Fig. 2.5C)
revealed the production of monodisperse NPs with an average diameter of 56 + 4 nm (N

= 100) under dry conditions.

Conducting the silicification experiment at 22°C (i.e. cold synthesis), where 8-nm V54-
Car9 unimers dominate rather than 30-nm micelles, led to the formation of slightly larger
particles (D = 96 + 16 nm, N = 100) that exhibited a higher degree of polydispersity and
to the production of occasional aggregates (Fig. 2.6). A DLS time course study (Fig. 2.7,
blue trace) showed that little growth occurred after two hours of cold synthesis in the
absence of Tris-HCI. Consistent with imaging results, polydispersity index (PDI) values
from DLS measurements were 0.03 and 0.12 for the products of hot and cold synthesis,

respectively, in absence of Tris.

Control experiments showed that the V54, which lacks the Car9 extension,
mineralizes polydisperse ~1 um spherical particles in the presence of Tris-HCI, but that
silica precipitation lacks morphological control in DI water (Fig. 2.8A-B) Further, minimal
silica precipitation was observed when silicic acid was added to DI water in the absence

of protein over a period of days (Fig. 2.8C).

We conclude that by virtue of exposing Car9 extensions on their corona, V54-Car9
micelles provide multiple cationic sites that trigger instant nucleation of silica. In water,
the reaction is self-limiting and polycondensation stops after a silica shell thickness of
about 20 nm has been produced. Nucleation is more random with the V54-Car9 unimer
(i.e., below the T;) resulting more polydisperse particles. In addition, Tris ions are not mere
spectators of the reaction as they mediate silica polycondensation and the ultimate

production of near micron sized silica.
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The SAXS profiles of synthesis products at both temperatures were consistent with
spherical particles. They also exhibited a turnover at high g-values that is indicative of
small surface features (Fig. 2.9A). We therefore used a spherical raspberry model'4?
instead of a simpler sphere model to fit the scattering data. This analysis confirmed that
the hot synthesis products are highly monodisperse silica spheres with a mean core
diameter of 55 + 3 nm and a PDI of 0.12 (Fig. 2.9B, red). The turnover in scattering was
successfully modelled as uniform projecting hemispheres that were 2 £ 0.2 nm in diameter
(Fig. 2.9C). On the other hand, the scattering profile of the cold synthesis products (Fig.
2.9A, blue) lacked strong secondary peaks and had a steep negative slope at low g-
values, which is indicative of polydispersity. Indeed, the fitting procedure revealed
particles with a mean core diameter of 116 nm, a larger PDI of 0.18, and surface features
that could be modelled as hemispheres 1.6 + 0.4 nm in diameter (Fig 2.9B, blue). We
confirmed that protrusions were present on the surface of both particles using tapping-
mode AFM and high-resolution transmission electron microscopy (HRTEM) shown in Fig.
2.9D-l. In agreement with the SAXS data, these nodules were more uniform and regularly
distributed on the surface of hot synthesis products (Fig. 2.9D-F). With a diameter of ~3
nm determined from TEM data and ~2 nm from SAXS data fitting, these small particles

are likely to correspond to the primary units that make up biomimetic silica structures.?®
2.3.3 Studying reaction kinetics and surface charge

Several scenarios can account for the formation of silica particles of defined sizes
including exhaustion of the silicic acid precursor, termination of growth by capping, and
self-limiting growth. With an over 1,300-fold molar excess of silicic acid to proteins, the

first possibility appeared unlikely. Indeed, when both cold and hot synthesis products
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were supplemented with additional V54-Car9 at room temperature after the initial
mineralization reaction, we observed additional silica precipitation, indicating that free
silicic acid remains available in solution despite the observed cessation of nanoparticle
growth (Fig. 2.10C-D). However, and unlike in the cold synthesis case, the products of
the reaction were micrometer sized silica islands that grew around the pre-mineralized
nanoparticles and likely did not form silane bonds with them (Fig 2.10C, yellow arrow).
We attribute this result to a slower growth of the silica matrix due to depletion of the

precursor in the initial mineralization phase and concomitant diffusion limitations.

Consistent with a unique surface chemistry, our templated NPs exhibited a positive
¢ potential of about 40 mV (Table 2.1) as well as long-term colloidal stability following
extensive dialysis against water and storage at 4°C. X-ray photoelectron spectroscopy
(XPS) of the oxygen and nitrogen signals confirmed the presence of organics at, or within
the first ~10 nm of the surface (Fig. 2.11). This result was quite unexpected, as protein
and peptide inducers of silicification typically become fully encased within the growing
silica matrix, leading to a negative  potential.'9:44.143

Table 2.1 summarizing the silicification reaction conditions and characterization of

mineralized silica NPs in DI water.

[Si(OH)4] Reaction Reaction D, DLS D SEM Ry SAXS Dsphere® { Potential
(mM) Temp (°C) Time (h) (nm) (nm) (nm) (nm) (mV)
0 22 N.A. 8+1 N.A. 5 N.A. 85
0 45 N.A. 31+8 N.A. 13 34 19+3
100 22 8 133 +£32 96 + 16 49 127 38104
100 45 8 62+ 10 56 + 4 24 62 39+01

* Dsphere Was calculated based on Ry using the relationship: Dsphere = 2 X \E Ry 1144
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To rationalize the positive { potential displayed by the mineralized silica, we conducted
a series of experiments to verify whether V54-Car9 unimers were merely bound to the
particles’ surface or if they were partially embedded within the silica matrix leaving
cationic sidechains emanating from the particles’ surface. First, extensively dialyzing the
nanoparticle solution against water did not change the ¢ potential over the course of seven
days, reflecting the strong surface interactions or the integration of the proteins within the
particles. Second, and in contrast with our recent results with ELP-decorated AuNPs,4°
neither the cold nor the hot synthesis products experienced an increase in D, when the
solution temperature was raised to 55°C to induce colloidal aggregation via coacervation
of any surface exposed ELPs (Fig. 2.10B). This finding strongly suggests that the ELP
segments are embedded within the silica matrix rather than being available at the surface
of the particles. Finally, TGA of 65-nm commercial silica nanoparticles that had been
decorated with V54-Car9 revealed an onset of organic pyrolysis at about 250°C (Fig.
2.10A, orange trace). This temperature increased to 290°C for the hot synthesis and
300°C for the cold synthesis products, reflecting not only a more intimate integration of
the proteins within the silica matrix, but also subtle differences in the nature of the

interaction between the two types of nanoparticles.

2.3.4 Applications to electrostatic assembly of hierarchical and composite

superstructures

We exploited the fact that nanoparticles mineralized under hot synthesis conditions
are both positively charged and highly uniform in size to create colloidal assemblies
through electrostatic interactions with unmodified NPs bearing an intrinsic net negative

charge. In a first demonstration, we mixed the mineralized particles with an excess of
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commercial, 10-nm silica NPs (Fig. 2.12A, step 7). This operation led to the decoration
of the mineralized particles’ surface with the smaller silica nanospheres and neutralized
the ¢ potential (Fig. 2.12B). In the resulting raspberry architecture, the 10-nm
nanospheres were rather evenly separated from each other, as would be expected if they
were experiencing a balance of attractive electrostatic interactions with discrete, positively
charged regions of the mineralized particles, and electrostatic repulsion with each other.
When an excess of mineralized nanoparticles was added to the product of the first
assembly step (Fig. 2.12A, step 2), SEM imaging revealed quantitative depletion of the
10-nm nanoparticles accompanied by the formation of an open, extended, and fractal-like
networks, in which positively charged particles are connected to one another by the

smaller silica nanospheres (Fig. 2.12C).

To demonstrate that different architectures can be accessed by manipulating the size
of the unmodified silica NPs (Fig. 2.13A), we mixed the mineralized NPs with 20-nm
commercial silica nanospheres. When the 20-nm particles were used at high
concentrations (5-10 mg/mL), the mixture was colloidally stable and exhibited an overall
negative ¢ potential. Reducing the concentration 10-fold (to 0.5 mg/mL or about 75 yM)
led to the formation of a white flocculate after overnight incubation at room temperature.
SEM imaging revealed that this material consisted of rather tightly packed, multilayer
aggregates of the two components (Fig. 2.13B) in which mineralized nanoparticles are
interconnected by smaller, and oppositely charged silica nanospheres (Fig. 2.13B inset,

yellow arrows).

We extended the approach to the production of a composite superstructure by mixing

unmodified, 20-nm gold nanoparticles (AuNPs) with the mineralized silica. Overnight
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incubation at the molar ratio used in the experiment of Fig. 2.13B led to the formation of
a very similar architecture with bridging AuNPs well dispersed in the material (Fig. 2.13C
and inset of Fig. 2.13D). Finally, and consistent with the lack of an adsorbed protein shell,
HRTEM imaging showed an intimate interaction between the amorphous mineralized

silica and the crystalline AuNPs (Fig. 2.13D).
2.4 Discussion

Micelle Formation by V54-Car9. Amphiphilic diblock copolymers have been
extensively studied both theoretically'#6-'4¢ and experimentally'%1% for their ability to
self-assemble into a range of micellar structures,’' with recent work focusing on
combining the thermoresponsive properties of ELPs with diblock copolymer behavior to
create temperature-responsive micelles.’®” In these applications, a hydrophobic ELP
block (i.e., one that contains a hydrophobic guest residue such as V) is connected to a
moderately hydrophilic block (e.g., an ELP with charged3¢ or neutral''* guest residues)
or to a protein or a polymer'52153 to create a construct with reversible thermoresponsive
micellization behavior. In most cases, the hydrophilic block needs to be at least half as
long as the hydrophobic block to form sub-100 nm micelles. Here, we showed that such
long hydrophilic blocks are not required for micelle formation since the Car9
dodecapeptide is sufficient to confer diblock behavior to the V54 ELP despite representing
less than 5% of the VV54-Car9 amino acid sequence. Micellization arises 5°C above the T
of the ELP block in a process that involves the formation of intermediate aggregates 200
to 300 nm in size, and their subsequent resolution into highly monodisperse equilibrium
structures that are 30 nm in diameter and comprise about 140 ELPs. This configuration

provides about 20 nm? of surface area for the organization of a Car9 segment on the
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micelle’s exterior. Since Car9 can adopt a variety of conformations,3! each core-tethered
peptide must optimize the orientation of its sidechains to minimize destabilizing
interactions with all its nearest neighbors. Considering that five of the 12 residues that
make up Car9 are positively charged, this operation should lead to the presentation of a
high density of basic side chains to the solvent, consistent with the appreciable ¢ potential
of approximately +20 mV. Whether the five basic residues of Car9 are necessary and
sufficient to induce the formation of a well-behaved corona around the coacervated ELP

core, and their role in this process, is currently being investigated.

Silicification by V54-Car9 micelles and unimers. The ability of V54-Car9 micelles
to template the formation of highly monodisperse silica NPs when mixed with a solution
of silicic acid in the absence of a buffer was not entirely unexpected. Han et al. previously
reported that ELPpibiock-R5, an amphiphilic ELP consisting of 60 repeats of the
hydrophobic (GVGVP) sequence and 30 repeats of the hydrophilic (GAGVPGGGVP)
sequence followed by the silaffin-derived R5 peptide (SSKKSGSYSGSKGSKRRIL),
formed 50 nm micelles above a T; of 33°C. When supplemented with silicic acid, these
micelles templated the formation of silica NPs at 37°C."* However, there are two
important differences between the results of this study and ours. First, the particles
synthesized by Han and coworkers exhibited a negative ¢ potential (-27 mV), indicating
that the positively charged micelles were fully encapsulated in a mineral terminated by
negatively charged silanol groups. Second, no silica precipitation was observed when

silicic acid was added to dispersed ELPpibiock-R5 unimers at 25°C.

Like ELPpibiock-R5 micelles, V54-Car9 micelles are likely to serve as nucleation and

growth centers for silica polycondensation by displaying a high density of positively
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charged amino acids on their coronae. By analogy with a mechanism suggested for
polyamine-mediated silicification,'>* we propose that the adsorption of silica monomers
(or small oligomers) onto the amino groups of vicinal cationic side chains of Car9
promotes condensation reactions by bringing the inorganic species in proximity. This
process leads to the formation of larger oligomers that grow into 1-3 nm particles.?%-155
These primary particles, which eventually come into contact and become linked by
siloxane bonds, may be responsible for the surface features modelled by SAXS fitting

and the granularity visualized in the TEM and AFM experiments in Fig. 2.9.

If similar silicification mechanisms are at play, why do ELPpibiock-R5 micelles produce
negatively charged silica particles while V54-Car9 micelles yield positively charged ones?
A major difference between the two systems is that a 300-residue long hydrophilic block
is present between the hydrophobic ELP block and the silica-binding peptide in ELPpiblock-
RS, relative to a six amino acids long linker in V54-Car9. Thus, R5 should experience
considerably more degrees of freedom than Car9, which would facilitate interactions
between primary particles and promote the encapsulation of the entire micelle. We
propose that the lower mobility of coronal Car9 peptides and a stronger structural
correlation with their neighbors introduces inwards directionality in the silica growth
process that precludes complete encapsulation of the peptide. Using molecular dynamics
(MD) simulations, we previously reported that three of Car9’s basic residues (R4, K7, and
K8, starting the numbering with the first residue) spend significant more time on silica
surfaces relative to K11 and R12.3" If a longer residence time on silica is indicative of a

more active participation in the silicification process, the positive charge of mineralized
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V54-Car9 micelles could be due to the side chains of K11 and/or R12 emanating from the

surface of the mineralized silica.

Why do ELPpibieck-R5 unimers not induce nanoparticle formation below Ti''* while
V54-Car9 unimers are effective at this task is well explained by the fact that Car9 is a
better catalyst of silicification in water and phosphate-free buffers. Extensive literature
indicates that the formation of RS oligomers through the bridging action of phosphate
ions'®1% (or the post-translational phosphorylation of the peptide’s serine residues)*
significantly improves its silica precipitation ability. Additionally, a direct comparison of the
ability of genetic fusions between green fluorescent protein (GFP) and the R5 or Car9
sequences revealed that whereas GFP-Car9 readily precipitated titania from the alkoxide-
like precursor TiBALDH in mildly acidified citrate buffer, GFP-R5 was unable to do so.3¢
A more interesting question is why do the NPs formed by V54-Car9 unimers under cold
synthesis conditions also exhibit a positive ¢ potential. We believe that this result is
explained, at least in part, by the ability of Car9 to form oligomers when its R4, K7, and
K8 anchor residues are engaged with silica.®" While less efficient at templating the
mineralization of uniform particles than V54-Car9 micelles, these small oligomers could
still impart directionality to the silicification reaction, precluding encapsulation within the
silica matrix and leading to the production of spherical particles that project cationic

sidechains.

Electrostatic assembly of hierarchical architectures. Silica nanostructures
exhibiting a positive surface charge have proven valuable for catalysis'’-%8 and
biomedical applications,'%°-'¢! including controlled encapsulation and release of anionic

drugs, surface decoration with DNA, efficient penetration of cell membranes, and
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electrostatically-driven binding to negatively-charged cancer cells.''® Reversal of the silica
particles’ native negative charge is usually achieved by adsorption of positively charged
species or by chemical modification of the surface silanol groups (Si-OH) with cationic
ligands. Unfortunately, these strategies often result in high polydispersity, poor colloidal
stability, and/or silica dissolution.''®162 Here, we described a simple approach to produce
highly uniform positively charged silica nanospheres that exhibit exceptional colloidal
stability and can be fabricated biomimetically under mild conditions without a need for

multiple precursors, or post-synthesis surface modifications. 8159

These ready-to-use NPs were exploited to create 2- and 3-dimensional
superstructures via electrostatically driven co-assembly with negatively charged NPs.
From raspberry and fractal structures to more tightly packed composites, we achieved a
broad range of architectures by changing the diameter, concentration, and composition
of the anionic components. Although these proof-of-concept superstructures were
obtained with little optimization and without annealing, we observed not only a rather
uniform distribution of the two types of NPs in the final assemblies, but also the formation
of intimate contacts between gold and silica components. This feature may be particularly
valuable for the design of efficient catalytic and photoelectronic structures that exhibit high

sensitivity to interfacial separation.59.158.163,164
2.5 Conclusions

We have shown that while a control ELP lacking a silica-binding extension undergoes
hydrophobic collapse into micron-size coacervates above its T;, the V54-Car9 silica-
binding ELP self-assembles into 30-nm micelles displaying Car9 on their exterior,

establishing that a short cationic peptide can impart diblock behavior to a large
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hydrophobic ELP. We exploited these micelles to template the mineralization of highly
uniform, positively charged silica NPs under mild conditions. Multimodal characterization
of micellization kinetics and mineralization products provided insights into the self-limiting
reaction and revealed nanoscale surface texture. Finally, we exploited the positive charge
and monodispersity of NPs silicified at high temperature for the electrostatically driven,
one-step assembly of hierarchical architectures, accessing a range of superstructures by
modifying the size and composition of the negatively charged co-assembly partner. We
anticipate that it will be possible to mineralize particles of different sizes, morphologies,
and compositions by changing the sequence and length of the solid-binding segment and
ELP block. This simple biomimetic approach to the synthesis of positively charged silica
NPs and hierarchical and composite superstructures should prove useful for a broad

range of biomedical applications and heterogeneous catalysis applications.
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2.6 Figures
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V54-Car9 MG(VPGVG);KLGGGSDSARGFKKPGKR
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Figure 2.1 (A) Amino acid sequences of the V54 control protein and V54-Car9 silica-
binding ELP. Positively and negatively charged residues are colored in blue and red,
respectively . (B) Coomassie Blue-stained SDS-PAGE used to analyze V54-Car9 (lane
2) and V54 (lane 3) after two cycles of ITC purification. Proteins were diluted to 100 yM
and boiled in SDS before loading. The staining of V54 by Coomassie Blue is inefficient
due to the lack of charged residues.
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Figure 2.2 Temperature-dependent evolution of the turbidity (A) and Dy (B) of a 75 uM

solution of V54 (black) or V54-Car9 (orange). Numbers in panel B correspond to the Dy

of the different species.

32



>

-
(&)

N
o

Intensity (%)

" | =3 min

- | =6 min

| | =9 min

0 min
=1 min
=2 min

4 min
5 min

7 min
8 min

=10 min
=11 min

—12minJ_

Unimers

}

Micelles

Intermediate
aggregates

Relative peak area (%)

Nada Naser

L)
« °®
o °
e ®
S}
® Micelles
PY © Intermediate
aggregates
°
® e
° P
e
[S)
5 10 15

Incubation time (min)

Figure 2.3 Kinetics of V54-Car9 micellization. (A) A 50 uM solution of V54-Car9 initially
at room temperature was transferred to 65°C. DLS intensity profiles collected at the
indicated time points show the transition of unimers to intermediate aggregates that
progressively collapse into micelles. (B) Quantification of the evolution of intermediate

aggregates (300 nm peak) and micelles (30 nm peak) over time.
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Figure 2.4 SEM images of silica particles mineralized in solutions of V54-Car9 (A) or V54
(B) in 20 mM Tris-HCI, pH 7.5 at 45°C.
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Figure 2.5 (A) Field of view and (B) magnified SEM images of mineralization products
obtained at 45°C in DI water (hot synthesis), representative TEM image (C), and the
corresponding particle size distribution (D).
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Figure 2.6 (A) Field of view SEM image of mineralization products obtained at 22°C in DI
water (cold synthesis) and the corresponding particle size distribution (B).
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Figure 2.7 Kinetics of silica particle growth in the absence of Tris buffer at 22°C (blue
triangles) and 45°C (red circles). Bars correspond to the full width at half maximum
(FWHM) of the intensity size distributions measured by DLS. Experiments were
conducted with 75 yM of V54-Car9 and 100 mM of silicic acid.
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Figure 2.8 Mineralization controls lack size and morphology control. Representative field
of view SEM image of silica mineralized in a solution of 75 yM V54 in DI water held at
45°C (A). SEM images of precipitation products obtained by incubating 100 mM of silicic
acid at 45°C for 8h in 20 mM Tris-HCI, pH 7.5 (B) or DI water (C).
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Figure 2.9 SAXS, AFM, and HRTEM characterization of silicification products. (A) SAXS
profiles of silicification products obtained at 22°C (blue) or 45°C (red) fit to a raspberry

sphere model (solid lines), (B) Distribution of core particle diameter from SAXS fit. (C)
Schematic representation of the raspberry structure used for fitting of SAXS profiles. The
core particles with radius Rc are decorated with embedded spheres of radius Ry, each
with a projecting hemisphere. Tapping-mode AFM topography images (D, G), phase
images (E, H), and HRTEM images (F, I) of NPs mineralized at 45 or 22°C, respectively.
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Figure 2.10 (A) TGA thermograms of hot (red) and cold (blue) synthesis products
compared to commercial silica before (black) and after (orange) decoration with a molar
excess of V54-Car9. All TGA samples were extensively dialyzed to remove loosely bound
or unreacted ligands. (B) DLS intensity profiles of silicification products at 22°C (solid
lines) or 45°C (dashed lines) after incubation at the indicated temperatures for 10 min
each. SEM images of mineralized nanoparticles at 45°C (C) or 22°C (D) after the addition
of 75 uM V54-Car9 and incubation for 10 min.
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Figure 2.11 XPS analysis of mineralization products obtained by incubating 75 yM of
V54-Car9 with 100 mM of silicic acid in water at 45°C for 8h. Two different spots were

sampled to yield a mean elemental composition of 41.3% oxygen, 15.6% silicon, 38.2%

carbon, and 5.1% nitrogen.
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Figure 2.12 (A) Schematic of the electrostatically driven co-assembly of positively
charged mineralized silica NPs (blue) with an excess of 10-nm negatively charged silica
NPs (gray). (B) Products of assembly step (7). (C) Products of assembly step (2).
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Figure 2.13 (A) Schematic of electrostatically driven co-assembly of positively charged
mineralized silica NPs (blue) and 20-nm negatively charged NPs (gray). SEM images and
magnified insets of the co-assembly of mineralized NPs with 20-nm silica NP (B) or 20-
nm AuNPs (C). (D) HRTEM of the silica-Au interface with field of view inset.
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Figure 2.14 SEM images of mineralized silica/Au co-assemblies after 6 months of

storage. Scale bars are 200 nm.
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Chapter 3 Genetic engineering of silica-binding ELPs to study temperature-

induced micellization and mineralization kinetics
3.1 Introduction

In this chapter, we seek to understand how the Car9 extension promotes temperature-
triggered micelle formation and mediates the mineralization of uniform and positively
charged silica NPs when fused to the C-terminus of the V54 ELP. This study, which was
conducted in collaboration with Will Wixson, uses a panel of mutants whose interactions
with silica surfaces was extensively characterized through molecular dynamics (MD)
simulations and experimental techniques (surface plasmon resonance and atomic force
microscopy).3! Additional mutants were constructed to probe the roles of R4 and R12 on
micelle formation and their stability at higher temperatures. Overall, V54-Car9 variants
revealed important design rules for temperature-induced micellization, namely Arginine-
4, which plays a critical role in micelle formation. We explore the interplay between
electrostatic repulsion of protein micelles and the silicification reaction kinetics at elevated
temperatures that alter the silica mineralization outcomes. We gain fine control over the
size of nanoparticles in the 30 to 60 nm range by changing the assembly temperature

and the Car9 sequence.

Previously, we used Rosetta calculations to identify a consensus low energy
conformation of the Car9 dodecapeptide in solution (Fig. 3.1A) and used this
configuration to initiate all-atom MD simulations at the silica interface.?' In the Rosetta
energy-minimized structure, P9 and G10 form a hairpin that buries the hydrophobic F6
residue and positions the cationic side chains (R4 and R12) in a way that presents a

rather uniform positive charge on the peptide’s molecular surface (Fig. 3.1). This structure
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is however highly dynamic at the silica interface where a spectrum of interactions between
basic sidechains and the silanol-terminated surface mediate binding. Analysis of
simulation trajectories to determine the residence time (t) of basic side chains on the
silica surface revealed that three residues (R4, K7, and K8) are in contact with silica >
98% of the time, and that the sidechains of K11 and R12 play a secondary role in binding
(75% < 1 < 98%). Additionally, modeling the binding kinetics of various Car9 fusion
proteins (sfGFP, mCherry and glucose hexokinase) to silica revealed a cooperative
adsorption mechanism that could be converted to Langmuir adsorption when basic
residues were mutated to uncharged ones.*° This behavior was later rationalized by the
ability of wild type Car9 to undergo rearrangements that lead to peptide self-association

at the silica interface when the protein coverage is high.3'

Here, we use this knowledge of silica-binding behavior to develop a better
understanding of how the amino acid sequence of Car9 influences temperature-induced

micellization and silica mineralization when fused to the V54 ELP.
3.2 Materials and Methods

Variants of V54-Car9 were constructed by Will Wixson using site-directed
mutagenesis. ITC purification and protein characterization by DLS and UV-visible
spectroscopy were described in Chapter 2. Mineralization products were diluted 100-fold
in DI water and deposited on silicon substrates before imaging on Apreo-S or Apreo-2S

SEMSs.
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3.3 Results and Discussion
3.3.1 Influence of mutations on protein assembly

Three double mutants of the V54-Car9 fusion protein — P9AG10A, KBAK11A and
R4QR12Q - were constructed and purified with the expectation that insights from
previous studies could be extrapolated to understand the micellization and mineralization
behaviors of silica-binding ELPs (Fig. 3.2A). First, based on MD simulations showing that
the P9AG10A substitution in the Car9 segment promotes a mix of folded conformations,!
we anticipated a more compact packing of C-terminal extensions in the corona of V54-
P9AG10A micelles. Second, we expected drastic effects of the KBAK11A and R4QR12Q
mutations on micelle formation and silica mineralization since KBAK11A has a stabilizing
influence on the structure of Car9 while R4QR12Q has a destabilizing one.?' In addition,
lysines and arginines have both been shown to be critical contributors to silica nucleation
activity and biomimetic mineralization outcomes.53.54.165.166 Fing|ly, we constructed a V54
derivative of the Q4 variant, which converts four of Car9’s five basic residues to
glutamines (K7QK8QK11QR12Q). This quadruple mutant, which has very low affinity for
silica,®® was not expected to form micelles at high temperatures due to the drastic
reduction in the number of positively charged residues that have been shown to play an

important role in the formation of stable micelles.'®”
3.3.2 Arginine-4 is critical for V54-Car9 micelle formation

Both V54-PO9AG10A and V54-K8AK11A mutants remained capable of forming
micelles at temperatures above their T, as evidenced by the transient increase in Dy and
turbidity of the protein solutions, which plateaued as the temperature continued to rise

(Fig. 3.2C and D). We have previously shown that this transient regime is associated with
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the formation of kinetically unstable intermediate aggregates that collapse into micelles
as incubation time or temperature increases.'®” However, there were notable differences
between wild type Car9 (Fig. 3.2A) and the mutants, including a higher T, a broader
temperature window over which intermediate aggregates are present, and a twofold
decrease in the zeta potential exhibited by the V54-K8BAK11A micelles, as would be

expected when two basic residues are eliminated (Table 3.1).

In contrast, neither V54-R4QR12Q nor V54-Q4 proteins were able to form micelles
(Fig. 3.2E and F) as indicated by the temperature-dependent trends in Dy and turbidity.
While V54-Q4 exhibited a rapid increase in turbidity, similar to that of the control V54 ELP
(Fig. 3.2G), V54-R4QR12Q displayed a slower transition and reached lower turbidity
values at higher temperatures (Fig. 3.2E). The DLS measurements of assembled
structures of both proteins indicated transition into much larger coacervates at
temperatures above their T:. Additionally, the { potential values of the mutants are

summarized in Table 3.1.

Table 3.1 summarizing T, { potential, and micellization of V54-Car9 mutants.

Variant T: (°C) ¢ Potential (mV) Micellization?
V54-Car9 45 24 +3 Y
V54-P9AG10A 47 27 +4 Y
V54-K8AK11A 45 1M1+2 Y
V54-R4QR12Q 47 61 N
V54-R4Q 44 61 N
V54-R12Q 42 9+0.8 Y
V54-Q4 41 N/A N
V54 40 N/A N

* C potential was measured at 50°C after 10 min of incubation.
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To delineate the effect of the two arginines on inhibiting temperature-induced
micellization, we introduced single glutamine substitutions at positions 4 and 12 of the
Car9 sequence. As shown in Fig. 3.5A, the V54-R4Q mutant recapitulated the behavior
of V54-Q4 and V54, implicating R4 as a crucial residue in the formation of stable protein
micelles. On the other hand, the V54-R12Q mutant behaved similarly to V54-K8AK11A
except for a slightly lower Tt and a larger increase in turbidity at high temperatures
(compare Fig. 3.5D and Fig. 3.2D). This likely indicates that the R12Q substitution is
more destabilizing to micelle formation than the KBAK11A double mutation, especially
when high temperatures trigger an increase in molecular mobility. Finally, the ¢ potential
of micelles formed at 50°C by V54-R12Q was comparable to that of V54-K8AK11A
micelles produced under the same conditions (Table 3.1), suggesting an important

contribution of the R4 sidechain to the positive charge of V54-Car9 micelles.
3.3.3 Silicification captures subtle details of the protein templates

We conducted standard silicification experiments using 75 yM solutions of the V54-
Car9 variants listed in Table 3.1 at both 50 and 65°C. While V54-Car9 micelles exhibited
similar Dy values at both temperatures (33 + 10 and 36 + 6 nm at 50 and 65°C,
respectively), the silica NPs mineralized at 65°C were nearly half the size of those
produced at 50°C (Fig. 3.3A, D and Table 3.2). Consistently, V54-P9AG10A exhibited a
similar trend: with micelle size at 30 + 4 and 32 + 2 nm at 50 and 65°C, respectively, the
particles produced at 65°C were approximately 40% smaller than those produced at 50°C
(Fig. 3.3B, E and Table 3.2). The consistency in micelle size rules out the possibility that
the smaller particles produced at 65°C are simply the result of template shrinkage due to

thermally induced compaction of the ELP core through further desolvation. Instead, faster
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silicification kinetics and/or subtle changes in the structure of the corona are more likely
to account for the mineralization of smaller particles. Of note, V54-P9AG10A micelles
yielded particles that were about 18% smaller than those obtained with V54-Car9 at 50°C.
Since the difference in size was highly significant (Fig. 3.3G), we propose that
replacement of the hairpin-forming P9-G10 residues by smaller alanine side chains allows
either for more compact packing of the silica-binding segments or to an alternative

presentation of surface sidechains to the solution.

Table 3.2 summarizing the size distribution of silica nanoparticles mineralized
in solutions of V54-Car9 variants at the indicated temperatures (N = 100)

Temp. (°C) V54-Car9 V54-P9AG10A V54-K8AK11A
50 57 + 8 nm 47 £+ 4 nm 53 +6 nm
65 31+3nm 29+ 3 nm N/A

The V54-K8AK11A mutant exhibited one of the most interesting behaviors. As
mentioned above, while the substitution of two basic residues led to a lower zeta potential,
it did not interfere with micelle formation at 50°C. These micelles templated the formation
of silica nanoparticles that, at 53 nm, were intermediate in size between those produced
by the Car9 and P9AG10A variant (Fig. 3.3 C). This would suggest that neither K8, nor
K11, are crucial for micelle formation or templating silica nucleation. However, and as
suggested by the evolution of Dn and turbidity (Fig. 3.2 D), incubation at higher
temperatures magnified the deleterious impact of the lysine substitutions. No uniform
micelles were observed, and the silicification products consisted of interconnected
particles approximately 40 nm in diameter that often merged into one another to produce

elongated features spanning the characteristic length of multiple particles (Fig. 3.3 F).
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Such mineralization products are typically observed when monomeric silica-binding
peptides, polyamines, or other biomolecules®35416 are used to initiate silica precipitation
from silicic acid precursors. This suggests that the formation of monodisperse silica
nanoparticles requires an oligomeric or micellar template that carries sufficient positive
surface charge to electrostatically prevent the formation of silane interconnects between

vicinal particles.

As noted above, introduction of the R4QR12Q substitutions abolished micellization.
Unsurprisingly, mineralization products were highly heterogeneous at either temperature
(Fig. 3.4A and C). There were however differences: at 50°C, large particles in the 150-
400 nm range coexisted with interconnected small particles (sub-100 nm) that often
evolved into tubular features, whereas large (micron-range) and intermediate (200 nm)
size particles dominated at 65°C. On the other hand, V54-R12Q produced networks of
interconnected particles both temperatures (Fig 3.5E and F). Primary particles were
about 35 nm in diameter and tended to merge into tubular structures at 65°C. These
morphologies were very similar to those observed with the destabilized V54-K8AK11A

variant at 65°C.

In contrast, addition of the V54-Q4 variant to silicic acid solutions at 50 and 65°C only
resulted in uncontrolled silica precipitation (Fig. 3.4B and D) with products similar to those

observed in solutions of the control V54 ELP (Fig. 2.8A).

Taken together, our results suggest that, whereas V54-Car9 and V54-P9AG10A
readily transition from intermediate aggregates to uniform micelles above their Ti, V54-
R4QR12Q remain frustrated and continue to sample a variety of aggregated

conformations that range from micelles to coacervates. These heterogeneous protein
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structures template the formation of equally heterogeneous silicification products, with a

bias towards larger structures as the temperature increases.
3.4 Conclusion

We constructed a panel of V54-Car9 variants to study how sequence, structure, and
charge influence temperature-responsive micellization and templated mineralization of
silica. We draw inspiration from previous studies to substitute amino acid residues that
are proposed to play kay roles in binding to silica surfaces and stabilizing the structure
the Car9 peptide. We gain fundamental understanding of the interplay between
electrostatic repulsion of protein micelles and the silicification reaction kinetics as a
function of sequence and temperature. First, we establish that arginine-4 is a crucial
residue in the formation of stable protein micelles that support the production of size-
controlled and monodisperse silica. We show that, contrary to expectation, neither lysine
residues in the Car9 segment is essential for micelle formation or templating silica NP
precipitation. We use silica mineralization to capture intricate and subtle differences in the
size of multiple protein templates at different temperatures that were otherwise
indistinguishable using DLS and turbidity characterization. Further, we capture the
destabilization of micelles, perhaps triggered by increased molecular mobility at higher
temperatures or weakened repulsive forces in some variants that eliminated cationic
residues. The destabilized templates produced silica networks comprising of
interconnected particles that often merged into one another to produce elongated features

and heterogenous morphologies.

To summarize, we established that, unlike conventional silica synthesis routes, our

biomimetic system exploits assembly temperature, as well as peptide sequence, to gain
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precise control over the silica nanoparticle size and monodispersity produced in short
reaction times under mild conditions. We anticipate that conducting mineralization
reactions at intermediate temperatures using this panel of protein variants could achieve
finer control over the NP size and enable precision synthesis of silica nanomaterials.
These varying products could be used for a proof-of-concept experiment aimed at the
capture and release of molecular cargo mediated by the hydrophobic interactions
between ELP chains. This system can also be expanded to mixtures of silica-binding
ELPs with untagged ELPs to access composite LCST regimes that could template unique

mineralization outcomes.
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3.5 Figures

Figure 3.1 Low energy structure of Car9 in solution (A) and at the silica interface (B). The
solution structure was proposed by Rosetta. (B) Superimposition of the structure

proposed by Rosetta (green) and MD simulations (pink). Adapted from Ref. 3
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Figure 3.2 (A) Amino acid sequences of the Car9 variants. Positively and negatively
charged residues are colored in solid blue and red, respectively. Substitutions are
highlighted with red circles. Temperature-dependent evolution of the Dy (left axis, black
traces) and turbidity (right axis, purple traces) of 75 yM solutions of V54-Car9 (B),
V54-POAG10A (C), V54-K8AK11A (D), V54-R4QR12Q (E), V54-Q4 (F), and V54 (G).
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Figure 3.3 Representative SEM micrographs of mineralization products obtained with 75
MM solutions of V54-Car9 (A and D), V54-P9AG10A (B and E), or V54-K8AK11A (C and
F). Reactions were conducted at 50°C (A-C) or 65°C (D-F) for two hours. Scale bars are
200 nm. (G) Mean diameters and standard deviations of silica nanoparticles mineralized

at the indicated temperatures (N = 100).

*** p values are < 10°.
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Figure 3.4 SEM micrographs of the mineralization products with 75 yM solutions of V54-
R4QR12Q (A and C) or V54-Q4 (B and D) at 50°C (A and B) and 65°C (C and D). Scale
bars are 500 nm.
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Figure 3.5 Temperature-dependent evolution of the Dn (left axis, black traces) and

turbidity (right axis, purple traces) of 75 uM protein solutions of V54-R4Q (A) and
V54-R12Q (D). SEM micrographs of silica mineralization products at 50°C (B, E) or 65°C
(C, F) of V54-R4Q and V54-R12Q, respectively.
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Chapter 4 Templated mineralization and actuation of gold nanoparticles using

solid-binding elastin-like polypeptides
4.1 Introduction

As discussed in Chapter 1, stimuli-responsive hybrid nanomaterials hold a lot of
potential for applications such as biosensing, tissue engineering, and drug delivery. In
this chapter, we design a platform for the one-step synthesis and reversible actuation of
gold nanoparticles (AuNPs) triggered by temperature change. We construct gold-binding
ELPs to combine the mineralization properties of gold-binding peptides®”68 with the
thermoresponsive phase separation behavior of ELPs. These constructs template the
synthesis of 10-nm Au nanospheres decorated with ELP brushes that mediate their
assembly into 100-nm clusters at high temperatures. The cluster formation is
accompanied by a 20-nm redshift in the localized surface plasmon resonance (LSPR)
peak due to the plasmonic coupling of AuNPs that become vicinal. We study the influence
of Au-binding sequence and solution conditions on the synthesis outcomes and dynamic
assembly trends when the temperature is cycled between 25 and 45°C. In addition, we
employ high-throughput experimentation capabilities to explore large synthesis spaces

and tune the size of AUNPs by controlling the reaction conditions.
4.2 Materials and Methods

DNA manipulations, ITC purification, and protein characterization were described in
Chapter 2. Construction of the plasmids encoding V54-AuBP1 and V54-AuBP2 and DLS

characterization of the purified protein solutions were conducted by Yifeng Cai.
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4.2.1 Au mineralization

Gold mineralization experiments were conducted as described by Ma et al. °° Briefly,
a precursor solution of gold ions was prepared by adding 100 yL of a freshly prepared
100 mM HAuCl4 trihydrate aqueous stock to 100 L of 1 M triethylammonium acetate and
vortexing the mixture for approximately 1 min until the solution became transparent.
Aliquots (8 pL) were added to 1 mL of 100 yM V54-A3 in 100 mM HEPES, pH 7.3 in a
glass vial. Upon visual observation of dark objects in solution, the mixture was vortexed
for 15 s, placed on a bench, and left undisturbed overnight until further spectroscopic and

microscopic characterization.

4.2.2 AuNP characterization and actuation

The UV-Visible spectra of gold nanoparticles at room temperature were acquired on
a BioTek Synergy LX Microplate Reader (Agilent Technologies). High throughput
synthesis was conducted in collaboration with Huat Thart Chiang (Pozzo Lab) using the
OT-2 liquid-handling robot (Opentrons). UV-visible characterization of assembly kinetics
was done on a VANTAstar microplate reader (BMG Labtech). For thermocycling
experiments, 96-well plates containing synthesis products were incubated at 45°C (hot)
or 25°C (cold) for 10 min using a Peltier temperature controller. TEM and SEM

characterization was described previously (Chapter 2).

4.3 Results and Discussion
4.3.1 Characterization of solid-binding ELP constructs

In a similar design to the ones discussed previously (Chapters 2 and 3), we fused the

Au-binding sequence A3 (AYSSGAPPMPPF)87:68 to the C-terminus of V54 via a flexible
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linker (KLGGGS). The resulting protein, V54-A3, was purified by ITC and its LCST
behavior was characterized by spectroscopy and DLS in comparison to V54, a control
protein lacking a solid-binding extension.'3'2'In subsequent work, two additional Au-
binding peptides were chosen as cationic candidates for ELP-fusion via the KLGGGS
linker to construct V54-AuBP1 and V54-AuBP27° (sequences are shown in Fig. 4.1A).
Protein solutions exhibited a rapid increase in the optical density at 350 nm that correlated
with a transition from extended unimers with a mean Dn of 8 nm, to desolvated
coacervates approximately 800-1000 nm in size (Fig. 4.1B and C). The temperatures at
which these transitions occurred (Tt) were comparable for all Au-binding ELP constructs

with about 2-5°C variation.
4.3.2 Gold mineralization and temperature-triggered actuation using V54-A3

V54-A3 was used to synthesize AuNPs from a HAuCls precursor in the presence of
TEAA and HEPES as described previously.>® SEM and TEM imaging of the mineralization
products obtained after overnight incubation at room temperature revealed the presence
of monodisperse Au nanospheres with an average diameter of 10 £+ 2 nm under dry
conditions (Fig. 4.3A-D), and the expected LSPR maximum at 530 nm.®¢ The mean Dx
of the particles obtained by DLS was 9 + 1 nm (Fig. 4.3E), suggesting that the protein
unimers either become incorporated in the growing Au structures, or that they form
capping shells around AuNPs without significantly extending into solution. Two lines of
evidence support the second hypothesis. First, the AuNPs produced are monodisperse,
suggesting that the A3 segment of the V54-A3 protein efficiently caps their growth.
Second, lattice fringes with a d-spacing that could be assigned to the (111) facet of Au

were visible in HRTEM images (Fig. 4.3C), suggesting that the mineralized particles are
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crystalline. To confirm that the ELP segments of the V54-A3 proteins are solvent-
accessible and functional, we repeatedly transitioned the mineralized particles between
25°C and 45°C. Fig. 4.5 shows that heating was accompanied by a 20-nm redshift
consistent with the plasmonic coupling of AuNPs that become vicinal due to ELP-driven
coacervation. SEM images (Fig. 4.4) confirmed the formation of clusters averaging 97 +
29 nm (n = 40) under dry conditions when the temperature was raised above T; for ten
min. The process was highly reversible as indicated by UV-visible measurements (Fig.
4.5C). In short, V54-A3 combines the salient characteristic of its SBP and ELP
components by both supporting the mineralization of ~10 nm AuNPs under mild
conditions and mediating their reversible thermally driven aggregation into ~100 nm

clusters.
4.3.3 Modular design of Au-binding ELPs and high throughput AuNP synthesis

As mentioned above, two additional Au-binding peptide candidates were selected as
fusion partners for the ELP to template AuNP synthesis and access different size regimes
by varying the peptide sequence and concentration. Although both AuBP1
(WAGAKRLVLRRE) and AuBP2 (WALRRSIRRQSY) possessed a net positive charge
comparable to Car9’s cationic character, they did not assemble into micelles at
temperatures higher than their T;. Much like the control V54, they form large 800-nm

coacervates with high turbidity.

We expanded our knowledge of AUNP synthesis and reversible temperature-triggered
actuation of clusters templated by gold-binding ELPs to explore large synthesis spaces
using each of the three constructs: V54-AuBP1, V54-AuBP2, and V54-A3. We employed

a liquid-handling robot to test out the influence of varying the protein concentration in
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identical reducing buffer and gold precursor conditions on the NP synthesis outcomes as
characterized by LSPR peak and dynamic assembly/disassembly in response to
temperature increase/decrease. Fig. 4.5 shows representative micrographs of AuNPs

mineralization in solutions of V54-AuBP1 and V54-AuBP2 in HEPES buffer.
4.3.4 Next steps

We established a modular ELP-SBP fusion design that enabled the synthesis of
AuNPs and their thermal triggered reconfiguration into 100-nm clusters. These clusters
exhibited a 20-nm LSPR peak shift corresponding to the plasmonic coupling of AuNPs
that became vicinal due to ELP-mediated coacervation at high temperatures. Not only did
these clusters resolve into individual particles after incubation at room temperature for 10
min, but also the reversible assembly and disassembly and their associated LSPR signals
were retained for multiple cycles of heating and cooling. If the system was illuminated
with a 530-nm laser, optical energy deposition could be sufficient to trigger the
coacervation of ELPs and clustering of AuNPs eliminating the need for an external
thermal stimulus. Many studies revealed that light absorption by AuNPs can lead to a
plasmon-assisted increase in their thermal energy'%8.16° which can be exploited in our Au-
ELP system to create a primitive feedback loop: (1) AuNPs absorb light at 530 nm leading
to optical heating; (2) Local increase in thermal energy leads to coacervation of ELPs and
formation of AuNP clusters exhibiting a 20-nm LSPR shift due to plasmonic coupling; (3)
Clusters will no longer absorb the 530-nm light efficiently leading to decrease in optical
heating; (4) Decrease in temperature leads to the cluster disassembly into individual

particles exhibiting 530-nm LSPR peak and reverting to the first step.
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4.4 Conclusions

This work demonstrates a modular design that combines the biomimetic
mineralization properties of SBPs with the thermoresponsive phase separation behavior
of ELPs to synthesize thermoresponsive inorganic nanoparticles. We constructed a 54-
repeat ELP genetically fused to a gold-binding dodecapeptide to promote the nucleation
of AuNPs in a precursor solution of gold chloride and reducing buffer conditions. We
demonstrated that the Au-binding segment capped the growth of AuNPs, while the V54
segment remained functional for coacervation. This finding was in agreement with
previous reports that Au-binding peptides mediate the nucleation of AUNPs and cap their
growth to produce well-defined nanoparticles.?®’° The resulting AuNPs could be
reversibly assembled into 100 nm clusters by temperature upshift and deconstructed into
individual particles by cooling. In hybrid systems, it is desirable to gain precise control
over the size and shape of inorganic nanoparticles, but also to tune the spatial
arrangement and stimuli responsive actuation of such building blocks. Our approach
provides a platform to synthesize stimuli responsive functional nanomaterials that
possess unique optical and catalytic properties with applications in energy storage and

conversion, drug delivery, cancer therapy, and others.
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4.5 Figures
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Figure 4.1 (A) Amino acid sequences of the V54 control ELP and Au-binding ELPs:
V54-AuBP1, V54-AuBP2, and V54-A3. Positively and negatively charged residues are
colored in blue and red, respectively. Temperature-dependent evolution of the turbidity
(A) and Dy (B) of 75 pM solutions of proteins.
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Figure 4.2 SEM (A, B) and TEM (C) images, corresponding particle size distribution (D),
and DLS intensity profile (E) of AuUNPs mineralized with 100 uM of V54-A3 at 25°C.
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Figure 4.3 Field of view (A) and magnified (B-D) SEM images of AuNP clusters formed
after incubation at 45°C for 5 min and the corresponding cluster size distribution (E).
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Figure 4.4 UV-Visible spectra (A), observed turbidity (B), and LSPR shift (C) associated
with repeated cycles of heating AuNPs to 45°C and cooling to 25°C with 10 minutes
equilibration steps at each temperature.
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Figure 4.5 Field of view (A-B) and magnified (C-D) TEM images of AuNPs synthesized
in solutions of V54-AuBP1 (A and C) or V54-AuBP2 (B and D).
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Figure 4.6 LSPR peaks of AuNPs synthesized in solutions of V54-AuBP1 (A),
V54-AuBP2 (B), or V54-A3 (C) at varying concentrations as indicated.
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Figure 4.7 UV-visible spectra of the AUNPs synthesized in 6.25 (A), 12.5 (B), 25 (C), 50
(D), 75 (E), or 100 pM (F) solutions of V54-AuBP1 in HEPES buffer supplemented with

HAuCls. Samples were thermocycled by incubating the 96-well plate at 45°C (hot) or 25°C
(cold) for 10 min.
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Figure 4.8 UV-visible spectra of the AUNPs synthesized in 6.25 (A), 12.5 (B), 25 (C), 50
(D), 75 (E), or 100 pM (F) V54-AuBP2 solutions of in HEPES buffer supplemented with

HAuCls. Samples were thermocycled by incubating the 96-well plate at 45°C (hot) or 25°C
(cold) for 10 min.
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Figure 4.9 UV-visible spectra of the AUNPs synthesized in 6.25 (A), 12.5 (B), 25 (C), 50
(D), 75 (E), or 100 uM (F) solutions of V54-A3 in HEPES buffer supplemented with

HAuCls. Samples were thermocycled by incubating the 96-well plate at 45°C (hot) or 25°C
(cold) for 10 min.
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Chapter 5 Bio-inspired silica mineralization using R5 peptoids
5.1 Introduction

As previously discussed, silica-based nanomaterials have been widely studied for
their vast range of applications. Many biomimetic approaches towards tailored nanoscale
silica synthesis use organic molecules (proteins, peptides, polypeptides, or synthetic
polymers) to precipitate silica from a precursor solution and control mineralization
outcomes. Peptides and proteins are especially desirable synthesis building blocks
thanks to their chemical monodispersity, programmability, and structural complexity. As
discussed in Chapter 1, a large number of studies have used silaffin-derived peptides -
and most often the RS peptide - to achieve control over the organization, size, and
structure of mineralized silica nanoparticles. Peptoids are synthetic polymers consisting
of building blocks that are analogous to natural amino acids except that side chains are
attached to backbone nitrogen atoms instead of a-carbons (Fig. 5.1A)."7° This leads to
increased resistance to proteolysis, higher thermostability, conformational flexibility, and
ease of synthesis compared to peptides and proteins. Importantly, peptoids have been
successfully programmed for self-assembly and used to gain control over the
crystallization of inorganic materials.>®71-174 |n this chapter, we discuss a study that
centers Molecular Dynamics (MD) simulations to investigate how sequence and
backbone structure impact the outcomes of silicification using the R5 peptide or a peptoid

mimic of this peptide.
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5.2 Materials and Methods
5.2.1 Synthesis of R5 peptide and peptoid analogs

R5 forward (Acetyl-SSKKSGSYSGSKGSKRRIL-Amide) and RS reverse
(Acetyl-LIRRKSGKSGSYSGSKKSS-Amide) peptides were synthesized using

GenScript's PepPower platform.

Peptoid analogs were synthesized by the Chen Lab (PNNL) as follows: rink amide
resin (0.09 mmol) was used to generate C-terminal amide peptoid R5. First, the Fmoc
groups on the resin were removed in 2 mL of 20% (v/v) 4-methylpiperidine/N,N-
dimethylformamide (DMF) by agitating for 40 min, filtering, and washing with DMF five
times. For each DMF wash, 1 mL of DMF was added and the solution was agitated for 1
min. An acylation reaction was next performed on the amino resin by adding 1.5 mL of
bromoacetic acid in DMF (0.6 M), followed by addition of 0.30 mL of 50% (v/v) N,N-
diisopropylcarbodiimide (DIC)/DMF. The mixture was agitated for 10 minutes at room
temperature, filtered and washed 5 times with DMF. Nucleophilic displacement of the
bromine with different primary amines was conducted by addition of 1.5 mL of primary
amine monomer (0.6 M) in N-methyl-2-pyrrolidone (NMP), followed by agitation for 10
minutes at room temperature. The monomer solution was filtered from the resin and
washed 5 times with DMF. Acylation and displacement steps were repeated until the
entire R5 peptoid analog was synthesized. The final crude product was cleaved from the
resin by addition of 2 mL of TFA/water (v/v = 95/5) and agitation for 30 minutes. The
solution was collected by filtration, followed by washing the resin twice with 1 mL of 95%
TFA. The solvent was next evaporated under a stream of N2 gas, yielding an oily crude

product that was dissolved in H2O/CH3CN (v/v = 1/1) for HPLC purification. The target

75



Nada Naser

peptoids were purified by reverse-phase HPLC on a XBridge Prep C18 10 um Optimum
Bed Density (10 um, 19 mm x 100 mm), using adaptable gradient of acetonitrile in H.O
with 0.1% TFA over 15 min. Purified peptoids were analyzed on a Waters ACQUITY
reverse-phase UPLC using a gradient over 7 min at 40°C ona 1.7 ym, 2.1 mm x 50 mm
ACQUITYBEH C18 column operated at 0.4 mL/min. The C18 column was connected toa
Waters SQD2 mass spectrometry system. The purified R5 peptoids were lyophilized in a
mixture of water and acetonitrile (v/v = 1/1). Peptoid powders were finally divided into

small aliquots and stored at —80°C until further use.
5.2.2 Silica mineralization templated by R5 peptides and peptoid analogs

In the following protocol, “reagent” is used to refer to forward/reverse
peptides/peptoids depending on the experiment. Solutions of orthosilicic acid were freshly
prepared as previously described. Samples were prepared by resuspending the pre-
weighed lyophilized reagent in phosphate-citrate buffer ((Na2HPO4] = 164.3 mM and [citric
acid] = 7.1 mM at pH 7) to reach a final concentration ranging from 1 to 3 mM. To induce
mineralization, orthosilicic acid was added to the reagent solution at a 1:10 volumetric
ratio, and samples were vortexed for 10 s. The reaction was allowed to progress at room
temperature for 5 minutes before vials were centrifuged for 10 minutes at 15,000g. The
supernatant was carefully removed by aspiration, and pellets were washed three times
with DI water and centrifugation for 10 minutes at 15,000 g. Pellets were finally taken into
100 pL of DI water. For SEM imaging, 3 pL of the solution was deposited on a silicon
wafer and allowed to airdry overnight. Images were acquired on FEI Sirion XL30 SEM
operated at 2 kV and a spot size of 1 using through-lens detection (TLD) and ultra-high

resolution (UHR) mode.
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5.2.3 Surface Plasmon Resonance (SPR)

SPR chips were fabricated in house using a glass substrate coated with a 2-nm
titanium adhesion layer, a 48-nm evaporated gold film, and a 4-nm silicon film deposited
by plasma-enhanced chemical vapor deposition.>® Chips were cleaned with ethanol and
DI water before use and mounted on the four-channel flow cell of a SPR sensor from the
Institute of Photonics and Electronics (Prague, Czech Republic). Channels were
equilibrated in phosphate-citrate buffer for 15 min as described previously.**3! Two of the
channels were then used to run “forward” R5 peptide and “forward” RS peptoid (called
R5A) samples at 25 yM. The third was used to run pure phosphate-citrate buffer to
establish a subtractable baseline. After 30 min, channels were washed with phosphate-
citrate buffer until a plateau in the SPR shift was reached. All experiments were conducted

at a flow rate of 40 yL-min~' and at room temperature.
5.3 Results and Discussion

In this study, we postulated that a peptoid analog of the R5 peptide might offer
significant improvements in silicification activity due to its alternative backbone structure
and conformational flexibility. We collaborated with the Pfaendtner Lab to investigate how
differences in molecular interactions, and the resultant binding energies to silica surfaces,
would influence SiO2 mineralization outcomes. Although it is possible to computationally
study an exact R5 peptoid mimic, where identical side chains are attached to backbone
nitrogen atoms, this design presented experimental challenges to collaborator Chen since
some amino acid residues were not readily available as precursors for peptoid synthesis

(including glycine which cannot typically be included in peptoid sequences). Fig. 5.1B
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shows the peptoid analogs that were used to synthesize R5 peptoids compared to their

canonical amino acid counterparts.

We used SPR to compare the binding affinity of peptide and peptoid constructs to a
silica surface. To this end, equimolar concentrations of the R5 peptide and its R5 peptoid
analog (Fig. 5.2) were flowed over a silica-coated chip until SPR shifts reached a plateau.
This equilibrium shift, which is reached when the number of dissociation events equals
the number of association events, approximates the macromolecular coverage on the
chip surface and can be used as a proxy for binding affinity. Fig 5.2A shows that the SPR
shift was approximately 4-fold larger for the peptoid relative to the peptide, denoting a
substantially higher binding. This trend was in agreement with MD simulations (Fig. 5.3)
predicting that the R5 peptoid analog had a substantially higher free energy of binding on
silica compared to the R5 peptide or atheoretical R5 peptoid mimic possessing identical
side chains. Calculations were used to study the two-dimensional free energy profiles and
identify the preferred backbone structure(s) corresponding to each construct on the silica
surface. Unlike R5 peptide, R5 peptoid analog was found to have only one clear mode of
binding to the surface with a radius of gyration around 1.4 nm. Additionally, MD
simulations identified residues Y8, K12, K15 and R16-17 as significant contributors to the
higher binding energy by virtue of being significantly closer to the silica surface due to

increased peptoid backbone flexibility.

We assessed the impact of these variations in binding energy on silica mineralization
by mixing 1 mM or 3 mM of the R5 peptide or its peptoid analog with silicic acid. At 3 mM,
both constructs yielded quasi-spherical SiO: particles in the 500-600 nm range (Fig. 5.4).

However, at the lower concentration, there was a marked difference in synthesis
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outcomes: while the R5 peptoid analog yielded similar 500 nm spherical particles, the
peptide induced the formation of an extended structure consisting of interconnected,
polycondensed nanostructures that lacked any morphological control. The peptoid’'s
retained morphological control at lower concentrations demonstrates the stronger
interactions with silica and backbone flexibility contributes to the superior silicification
activity. These results support the MD calculations and SPR experimental results

indicating strong silica binding affinity in the case of peptoid analogs.
5.4 Conclusion

In this collaborative work with the Pfaendtner and Chen labs, we conducted a
computationally guided study to understand the structural differences between the R5
peptide and its peptoid analog and their impact on silicification products. We conducted
SPR experiments to validate the differences in binding energy predicted by
metadynamics calculations. MD simulations were also used to show that charged and
polar residues lie in closer proximity to silica surfaces in the peptoid analog of the R5
peptide. Our results reveal that differences in binding energy could be useful in predicting
biomimetic mineralization behavior in agreement with previous work.'”® In addition, we
identify several key features that can aid in designing targeted mineralization templates

in the future.
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5.5 Figures
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Figure 5.1 (A) Differences in backbone chemistry and side chain placement between
peptides and peptoids, (B) canonical sidechain chemistry for serine, tyrosine, glycine,
arginine, and isoleucine (top) compared to their synthetic peptoid analogs (bottom).
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Figure 5.2 SPR sensorgrams obtained by flowing 25 uM solutions of R5 peptoid analog
(black) and R5 peptide (red) on a multichannel SiO2-coated SPR chip. Chemical

structures of R5 peptoid (B) and R5 peptide (C).
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Figure 5.3 Binding free energy of the center of mass (COM) of the RS peptide (solid red),

R5 peptoid theoretical mimic (dotted black), and R5 peptoid analog (solid black) to an

amorphous silica surface obtained through metadynamics calculations.
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Figure 5.4 SEM images of SiO2 mineralization products obtained in solutions of 3 mM (A)
or 1 mM (C) of R5 peptoid or 3 mM (E) or 1 mM (G) of peptide R5. Histograms show the

corresponding particle size distributions based on n = 30.
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Chapter 6 Conclusions

In this dissertation, we present a series of detailed studies aimed at gaining a
fundamental understanding of and achieving precise control over the biomimetic
mineralization and dynamic reconfiguration of inorganic materials mediated by
biomolecular building blocks. First, we construct silica-binding ELPs that exhibit unique
self-assembly behavior above their T, producing uniform micelles that display a high
density of the cationic silica-binding Car9 peptides on their coronae. We establish that,
unlike the extended protein unimers, protein micelles template the self-limiting growth of
60-nm silica nanoparticles that exhibited a high degree monodispersity, colloidal stability
and a positive surface charge. The silicification products were exploited for the
electrostatically driven assembly of a variety of mono- and bi-material hierarchical
superstructures that were stable over a span of months. Additionally, we demonstrated
the dominant role of the amine-containing Tris buffer catalyzing silica precipitation into
much larger particles with a negative surface charge regardless of the reaction

temperature or the sequence of the protein template.

In a follow-up study, we demonstrate the ability to mineralize silica particles of various
sizes by changing the sequence of the Car9 segment and the temperature at which
protein solutions are incubated prior to the addition of silicic acid precursor. By studying
the temperature dependent micellization kinetics and silica mineralization outcomes, we
gain fundamental understanding of the interplay between electrostatic repulsion of protein
micelles and the silicification reaction kinetics as a function of sequence and temperature.
We extract important design rules for the self-assembly of protein unimers including the

crucial role of arginine-4 and insignificance of lysine-8 and lysine-11 in this process.
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Further, we use silica mineralization to capture intricate and subtle differences in the
protein templates (for example destabilization, weakened repulsive forces, or core
compaction) that were otherwise indistinguishable using DLS and turbidity
characterization. This simple biomimetic approach to synthesize positively charged silica
NPs and hierarchical and composite superstructures eliminates the need for multiple
precursors or surface modifications and provides a simple route to controlling the
silicification products with genetic engineering of the peptide sequence, solution
conditions, and reaction temperature. It also enables the custom synthesis of silica
nanoparticles of tunable sizes and surface charges by introducing simple modifications
of the macromolecular template paired with reaction temperature. This can be useful in
heterogenous catalysis systems or modular drug delivery cases that need precise control

over the pore size and electrostatic repulsion between components.

Not only have biomacromolecules proven useful for mediating the biomimetic
mineralization of target inorganic materials, but they have also expanded the hierarchical
and configurational capabilities and achieved precise control over the size, morphology,
and arrangement of the mineralization outcomes. To achieve such control, biomolecules
are designed to contain multiple domains or motifs that serve different functionalities
including nucleation, capping, functionalization, surface decoration, and others. We used
gold-binding ELPs to synthesize gold nanoparticles that can be reversibly assembled into
clusters with distinct plasmonic signatures in response to temperature change. For both
systems, we study how protein sequence and concentration, solution conditions, and

temperature affect mineralization outcomes and plasmonic responses.
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Finally, we transfer learnings from solid-binding peptides to sequence defined
peptoids by designing a polymeric analog of the bio-inspired R5 silicifying peptides. We
use experimental work to validate the differences in binding energy predicted by
metadynamics calculations. MD simulations were also used to show that charged and
polar residues lie in closer proximity to silica surfaces in the peptoid analog of the R5
peptide. Our work reveals that differences in binding energy could be useful in predicting
biomimetic mineralization and identifies several key features that can aid in designing

targeted mineralization templates in the future.

The biomimetic approaches to the synthesis of size- and composition-controlled
nanomaterials described herein are simple and environmentally friendly, and the
extracted design rules should prove useful for the biological fabrication of a broad range

of hierarchical systems with applications in biomedicine and energy-related fields.
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Appendix A Inorganic mineralization templated by self-assembling de novo

designed protein fibers
A.1 Introduction

High information content biomacromolecules possess robust self-assembling
capabilities that can be harnessed and engineered for structural and functional
applications in nanotechnology.>'1-13.176-180 Self-assembled biological building blocks
including peptides®48181.182  and proteins'®3-185 have been shown to template
mineralization of inorganic materials in natural and engineered systems. For example,
self-assembly of amelogenin proteins regulates enamel biomineralization and has been
shown to affect signaling and structural properties in dental cells. '8 However, designing
self-assembling proteins to mimic natural systems, unlike DNA and short peptides,
presents a unique set of challenges due to the complexity of protein-protein interactions
and specificity and symmetry limitations. In an attempt to combat these design
challenges, Ma et al exploited the self-assembling capabilities of peptoids (N-substituted
polyglycines) to build a well-defined two-dimensional structural foundation functionalized
with solid binding proteins to template the mineralization of TiO2/Au nanocomposites.5%174
Despite the chemical programmability and proteolytic robustness of peptoids, they cannot

be modularly programmed for both self-assembly and inorganic mineralization.

In this work, we explore the mineralization of TiO2 nanoparticles on self-assembling
de novo designed protein fibers genetically fused to SBPs to nucleate inorganic
mineralization. Fascinating studies focused on de novo designing protein building blocks
capable of self-assembling into pseudosymmetric 2D arrays (sheets, helical bundles, and

filaments) via noncovalent interactions.’®-19 Given the variability in their sizes and
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architectures and their adaptability to design modifications and fusions, we proposed
using de novo designed helical filaments (DHFs) that enable modular fusion of SBPs to
their C- or N- termini as a scaffold for TiO2> mineralization. This nascent project is in

collaboration with Dr. Hao Shen, a Postdoctoral Fellow at the Institute for Protein Design.
A.2 Materials and Methods
A.2.1 DNA manipulation and protein purification

Early experiments were conducted using de novo repeat proteins: DHF58, DHF91,
and DHF119 from previous work by Shen et al.'®® Additionally, two unpublished designs
with varying architectures and dimensions were used HZ41 and HA13. The designs were
expressed in E. coli under the control of a T7 promoter and purified by immobilized metal

affinity chromatography (IMAC) as described in Ref 190.
A.2.2 Titania mineralization

Prior to mineralization experiments, protein concentrations were quantified using Azso
measurements. A diluted precursor solution was freshly prepared by mixing 95 pL of
Titanium (V) bis(ammonium lactato) dihydroxide (TiBALDH, Sigma-Aldrich) with 105 pyL
Dl-water and vortexing until dissolved. Aliquots (5 uL) of the TiBALDH solution were
added to 400 pL of fiber solutions to reach final concentrations of 10 uM proteins in 20
mM Tris-HCI at pH 6.0. Each solution was vortexed for 20 seconds and rotated at 30 rpm
for 2 hours or 6 days at room temperature. Tubes were placed in a 4°C fridge overnight
to sediment mineralization products. The supernatant was gently removed by pipetting,
and pellets were resuspended in 500 pL of DI water. Resuspended mineralization

products were then centrifuged at 10,000 g for 2 min and the supernatant was removed
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by pipetting. This wash step was repeated twice to remove salts and unreacted TiBALDH
before TEM. Mineralization products were finally resuspended in 200 yL of DI water for

TEM characterization.
A.3 Results and Discussion
A.3.1 Self-assembly newly constructed Car9-tagged DHF monomers

We designed DHF monomers that each contain a Car9 fusion that will be displayed
on the outer surface of the resulting self-assembled helical fibers. Since most of the
existing monomers contain sfGFP,' we used fluorescence microscopy and TEM to
verify whether the new SBP fusions hindered filament formation. Three fiber designs
shown in Fig. A.2 retained their self-assembling properties after genetically fusing Car9
to their termini: Car9-sfGFP-DHF91-His, His-DHF119-sfGFP-Car9, and
His-HA13-sfGFP-Car9 (except for His-DHF58-sfGFP-Car9 that failed to assemble into
fibers after expression and IMAC purification). Prior to mineralization experiments, we
also tested out the influence of reaction buffer conditions on the resulting fibers and

verified that they remain stable for 7 days at pH 6.0.
A.3.2 Titania mineralization on de novo self-assembling fibers

Proof of concept experiments revealed that solutions of Car9-sfGFP-DHF91-His,
His-DHF119-sfGFP-Car9, and His-HA13-sfGFP-Car9 self-assembled fibers can template
the precipitation of 5-nm TiO2 nanoparticles. It was observed that the mineralized fibers
tend to bundle as the reaction is allowed to progress longer (2 hours compared to 6 days).
HR-TEM analysis confirmed discrete nanoparticles with a lattice spacing consistent with

that of anatase TiO2 (Fig. A.5 B courtesy of Dr. Biao Jin at PNNL). Control mineralization
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experiments in fiber solutions lacking the Car9 fusions revealed the retained ability to
precipitate anatase TiO2 NPs over similar time frames. This was attributed to the positively

charged Hise tag used for purification.

To test out the influence of Hiss tag on non-specific mineralization, a new construct
was designed with an engineered TEV protease cleavage site at the N-terminus of the
monomer (called His-TEV-HA13-sfGFP-Car9). After the His tag was used for protein
purification, it easily cleaved before TiO. precursor was added to the fiber solution. Fig.
A.6 shows resulting TiO2 NPs were homogeneously distributed over the fibers and
reported an average diameter of 5 £+ 1 nm. Eliminating both Hise and Car9 leads to
aggregated, non-specific precipitating of Ti-containing materials that lacks structural or

morphological control.
A.4 Conclusion

These results laid out important design considerations for building mineralization
templates on de novo designed self-assembling fibers. We observed the influence of
reaction time on producing large bundles of mineralized fibers and fully encapsulated
mineralized structures. We observed non-specific mineralization on fibers that lacked
Car9 fusion due to the Hisg purification tag that likely promoted the nucleation of TiO>
similarly to Car9. Cleaving Hiss prior to the addition of precursor eliminates non-specific
NPs where Car9 is capable of promoting the mineralization of homogeneously distributed
anatase NPs in the 5-nm range. Next, we aim to control the NP distribution on the outer
surface of the assembled fibers which can result in varying functionalities and catalytic
properties. We will explore different-sized fiber monomers to control the distribution of

functional Car9 fusions that are accessible to precursor molecules. Combining our
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designs with pH-responsive fibers or peptide-dependent self-assembly can lead to

intricate hierarchical and responsive systems.

Confined mineralization space and limited access to precursor molecules can
drastically affect the resulting nanomaterials in terms of dimensions, shape, crystalline
phase, and others. A few unsuccessful attempts were made to direct TiO2> mineralization
at the inner pores of de novo self-assembling fibers (HA13 and HZ41) that have larger
inners pores compared to DHF constructs discussed in Chapter 4. We continue to try
different SBP fusion designs that minimize steric hinderance between the charged
moieties and enable self-assembly with the goal of directing mineralization to the inner
pores. Other approaches can be explored to control the NP distribution on the outer
surface of the assembled fibers including using different-sized fiber monomers to control
the distribution of functional Car9 fusions that are accessible to precursor molecules. We
can combine our designs with pH-responsive fibers or peptide-dependent self-assembly

in the future to create more intricate hierarchical and responsive systems

In natural biomineralization systems, formation of enamel containing highly ordered
bundles of apatite is thought to begin with the precipitation of calcium phosphate (CaP)
mediated by amelogenin in the extracellular protein matrix.'®' De novo designed fibers
offer a robust hierarchical system than can mimic this natural process with the goal of
controlled CaP mineralization. The insights we gained from DHF designs and TiO2
mineralization experiments can be translated into this complex system taking inspiration

from recent work where self-assembled nanoribbons could template CaP nucleation.’®'-

193
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A.5 Figures

Figure A.1 Computational model (left), representative cryo-TEM images (middle), and
cryo-EM structure (right) corresponding to DHF58 (A), DHF119 (B), and DHF91 (C) from
Ref 19,

92



Nada Naser
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Figure A.2 Schematic showing the structure and dimensions of Car9-sfGFP-DHF91-His
(A — PDB 6E9X), His-DHF 119-sfGFP-Car9 (B — PDB 6E9Z), and His-HA13-sfGFP-Car9
(C) based on cryo-EM analysis.
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Figure A.3 TEM micrographs of unstained TiO2 mineralization products from 10 yM
solutions of Car9-sfGFP-DHF91-His after 2 hours (A-B) or 6 days (C-D). Control
experiment used sfGFP-DHF91-His lacking the Car9 N-terminal fusion (E-F).
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Figure A.4 TEM micrographs of unstained TiO2 mineralization products after 2 hours in
from 10 uM solutions of His-DHF119-sfGFP-Car9 (A-B) or His-DHF119-sfGFP lacking
the Car9 C-terminal fusion (C-D).
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Figure A.5 TEM micrographs of unstained TiO2 mineralization products after 6 days in
from 10 uM solutions of His-HA13-sfGFP-Car9 (A-B) or His-HA13-sfGFP lacking the Car9
C-terminal fusion (C-D).
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Figure A.6 TEM micrographs of unstained TiO2 mineralization products after 2 hours in
from 10 uM solutions of HA13-sfGFP-Car9 (A-B) or HA13-sfGFP lacking the Car9 C-
terminal fusion (C-D). Hise tag was cleaved from both constructs prior to the mineralization

reaction.
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Figure A.7 TEM images of unstained fibers comprised of His-DHF119-sfGFP (A) and
sfGFP-DHF91-His (B) monomers without the addition of TIBALDH precursor.
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