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Abstract

Correlating Solid-Binding Peptide Structure with Biomimetic Function

Brittney Hellner

Chair of the Supervisory Committee:
Francgois Baneyx

Department of Chemical Engineering

While much progress has been made in elucidating the mode of action of biomineralizing
proteins and in emulating their function using combinatorially selected solid-binding peptides
(SBPs), we remain far from duplicating the sophisticated architectures produced by biological
systems. This is in part due to a poor understanding of the relationship between SBP
conformation and inorganic adhesion and precipitation. This dissertation focuses on correlating
the structure of Car9, a SiO2/TiO2-binding dodecapeptide originally isolated for its ability to
recognize the edges of graphitic nanostructures, with silica binding affinity and titania
precipitation activity. We start by quantifying the binding kinetics of a fusion protein between
superfolder green fluorescent (sfGFP) and the Car9 SBP to silica using surface plasmon
resonance (SPR) measurements, develop a two-step kinetic model that accurately captures the
unique cooperative adhesion behavior of the fusion protein, and demonstrate that elimination of
multiple basic residues converts the binding to a Langmuir process. Using a panel of mutants in
the Car9 segment, we combine SPR characterization and molecular dynamics simulations

initiated from Rosetta structural predictions to gain insights on the interplay of amino acid



composition, structure, and adhesion modality. We show that the high affinity binding of Car9 to
silica stems from persistent electrostatic interaction with the surface that, along with high surface
coverage, promotes cooperative interactions between neighboring SBPs. Additionally, we
ascribe the transition to Langmuir adhesion to the loss of two or more such contacts due to
mutagenesis. Finally, we show mutations in the Car9 extension biases the crystallinity of titania
bioprecipitated by sfGFP-Car9 fusion proteins between anatase and TiO> (B) phases and harness
our knowledge of SiO; adhesion to interpret these results. Collectively, our results provide a
roadmap for developing a fundamental understanding of SBPs’ inorganic adhesion and offers
insight in how to intuitively design peptide-protein scaffolds to produce unique composite

materials for applications ranging from biomedical engineering to catalysis.
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Chapter 1 Introduction

Nature routinely interfaces organic and inorganic materials to produce unique composites
that fulfill a structural or protective role. Examples include bones and teeth made of hydroxyapatite
calcium phosphate!, mollusk shells composed of calcium carbonate?, and diatoms skeletons with
silica walls.® The mineralizing organisms that fabricate these materials do so with high specificity
and nanoscale precision using proteins and other biomolecules* that have the ability to bind to
inorganic materials and to act as scaffolds and building blocks to give highly ordered structures.’
Understanding how proteins interact with inorganic materials and controlling protein-aided
materials synthesis would open the door to a broad range of applications in electrochemistry®,
biosensing’, drug delivery’, and protein-templated device fabrication.?

This work focuses on: (1) gaining a predictive understanding of how solid-binding peptides
(SBPs) fused to larger protein scaffolds adsorb to silica surfaces; (2) and on improving our
understanding of the biomineralization process with a focus on titania precipitation. We ask these
questions within the context of Car9, a solid binding peptide or SBP initially selected for its ability
to bind to the negatively-charged edges of carbon nanostructures® and later found to interact with
silica.!® More specifically, we study how various mutations in the Car9 sequence and their
insertion location within the superfolder green fluorescent protein'! (sfGFP) scaffold, influences
SBP structure and chemistry, and thus interactions with silica surfaces and titania precursors. Our
long-term goal is to harness this understanding to predictively manipulate the interaction of Car9-
related SBPs with silica interfaces, and to control the production of titania species with user-
specified morphologies, phases and compositions.
1.1 Solid binding peptides (SBP)

A solid binding peptide (SBP) is a short stretch of amino acids with an affinity for inorganic

materials.'> SBPs have been used to precipitate, reduce, decorate, or assemble various materials'?
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and their genetic or chemical coupling to a protein can be used for controlled immobilization at
inorganic interfaces.'*!> SBPs are generally selected by cell or phage surface display in a process

13.15 about

known as biopanning. For instance, in the FLiTrx bacterial flagellar display technology,
107 random dodecapeptides inserted within the active site loop of Thioredoxin 1 (TrxA), which is
itself inserted within the flagellar F1iC protein are expressed in Escherichia coli (E. coli). Each cell
manufactures a defective flagella that contains a particular peptide, and the resulting library is
contacted with an inorganic substrate of interest. The substrate is washed under conditions of
various stringency to remove weak binders, strong binders are recovered by physically shearing
off their flagella, and the biopanning process is repeated three to five times to enrich for high
affinity binders. The plasmid DNA encoding the winning sequences reveal the amino acid
composition of inorganic binders which are referred to as SBPs.!3!3
1.2 The Car9 solid binding peptide

Car9 was originally isolated via FliTrX cell surface display by the Baneyx lab as carbon-
binding, disulfide-constrained dodecapeptide of sequence CGPDSARGFKKPGKRGPC using the
one letter amino acid code (the flanking CGP and GPC tripeptide are invariants in FliTrX display).’
Car9 binds to the hydroxyl-, carbonyl- and carboxylate-rich edges of graphitic nanostructures, and
exhibits a preference for sp3-hybrydized carbon.’ Since its initial identification, Car9 has also been
found to bind to silica,'® enabling affinity purification,!® immobilization in sol-gels,'® and
microcontact printing!” of proteins to which it is fused. While these interactions likely implicate
electrostatic contacts between the basic lysine (K) and arginine (R) residues of the Car9 sequence
and the silanol-rich and negatively-charged surface of silica,'” the precise binding mechanisms and
peptide conformation at the silica interface remains unknown.
1.3 Silica-binding proteins and biosilicification

1.3.1 Formation of diatom frustules
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For decades, there has been considerable interest in understanding how biomineralizing
proteins control the formation of complex architectures such as the silica skeleton of single-celled
algae called diatoms.'®!” There are thousands of species of diatoms in nature, each with a unique
cell wall called a frustule (Figure 1.1).!® These porous structures which consist of silicic acid
coated in a layer of organic material?’ are formed in intracellular compartments called silica
deposition vesicles (SDVs).2! SDVs contain a high concentration of silicic acid, Si(OH)a, and are
held at a more acidic pH than the surrounding cellular environment.?-?2 This promotes silicic acid
hydrolysis and polycondensation to form silica.!®
1.3.2 Silaffins

Silaffins are polypeptides isolated from the diatom Cylindrotheca fusiformis.?®> They have
a high affinity for silica and template the formation of unique silica structures when mixed with a
pre-hydrolyzed solution of silicic acid in vitro.?* With a growing interest in biomimetic silica
structures for enzyme immobilization, controlled release, biocatalysis, microfluidic reactors,
biosensors, antifouling materials,”* and even photonic devices,” there has been a drive to
understand how silaffins control the deposition and templating of silica into unique architectures.

Three silaffins were isolated from Cylindrotheca fusiformis, silaffin-1A, silaffin-1B, and
silaffin-2 with the corresponding masses 4, 8, and 17 kDa.?’ The first gene cloned was sill from
the Cylindrotheca fusiformis cDNA library, this gene encodes the precursor protein Sillp (Figure
1.2) composed of 265 amino acids.?* It has an acidic N-terminal domain that is removed during
silica maturation and a basic C-terminus that is proteolytically cleaved into 7 peptide units (R1-
R7) with repetitive amino acid sequences (Figure 1.2).!%2* Silaffin-1A and silaffin-1B are a result
of this proteolytic processing with silaffin-1A being divided into silaffin-1A; (R3-R7) and silaffin-
1A> (R2) and silaffin-1B (R1).2%?” A unique feature discovered about silaffins is the post-

translational modification of certain amino acids. In silaffin-1A, silaffin-1B and silaffin-2,
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hydroxy-amino acids are phosphorylated, the e-amino groups of lysine are alkylated and some
become hydroxylated or phosphorylated at the §-C-atom.?® Silaffin-2 also has hydroxyl amino
acids that are sulfated or glycosylated.?®?® The serine and lysine modifications increase the
tendency of silaffins to form large aggregates to guide the nanopatterning of silica formation at
ambient temperature and pH.?® The lysine modifications are also thought to be one of the factors
for the silica formation under acidic pH conditions.?*°

Silaffins also contain a unique KXXK motif (where X is any amino acid) which is repeated
multiple times. Weineke and colleagues?® have shown that this motif affects silica precipitation
using three synthetic GKAXKG hexapeptides bearing 3 specific mutations in X (serine, glutamic
acid, and alanine).?> These mutations changed the overall charge, polarity, and hydrophobicity of
the peptides. When used for silica formation the serine mutation promoted the production of more
silica material, while the glutamic acid mutation produced the least. SEM images for each
precipitate showed the varying morphologies for the three, the serine mutation consisted of spheres
clustered together with a grainy precipitate, the glutamic acid mutation only had grainy silica, and
the alanine mutation was mainly spheres clustered together.?’ These results demonstrate that the
overall charge and the KXXK motif in silaffins affect the quantity and morphology of silica
formed.?
1.3.3 RS peptide

The RS peptide is a 19 amino acids-long peptide of sequence SSKKSGSYSGSKGSKRRIL,
which is repeated 19 times in Sillp,>® a Silaffin from Cylindrotheca fusiformis.>® Post
translationally modified RS peptide in silaffin-1A has maximum silicification activity around pH
5.2% Silica precipitation activity of the R5 peptide is said to be dependent on the peptides ability
to aggregate and self-assemble forming a template for silica formation.?” Synthetic R5 peptide’s

impact on biomimetic silica formation has been extensively studied; without the post translational
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modifications this synthetic peptide only promotes silicification at pH values above 7.23*! Senoir
et al. demonstrated that the amount of silica precipitated using synthetic RS peptide is linearly
dependent on the concentration of the silicic acid precursor.’! Sprenger et al. used molecular
dynamic simulations combined with a metadynamics enhanced sampling method to simulate three
different RS peptides with varying degrees of serine phosphorylation (control RS peptide, S14
phosphorylated, all serines phosphorylated) at two pHs (5 and 7.5).3? The results showed that the
binding free energy of R5 to a silica surface decreases with decreasing pH and increasing number
of serine phosphorylations.?? Concluding that the control of the peptide surface interactions are
dominated by the chemistry of the silica surface at pH 5 and the degree of phosphorylation
dominates the R5 peptide interactions with the silica surface at pH 7.5.32

The RRIL motif has been proposed by Knecht et al. to drive peptide self-assembly, and
produce a structure that influences the morphology of the precipitated silica.’® This was done using
truncated and mutated versions of the R5 peptide to examine the role of the RRIL motif. Truncated
peptides without the RRIL motif and peptides with the RR sequence mutated showed significantly
less silica precipitation activity, proving that it is more than just lysines and serines involved in
silica precipitation.’® However, a subsequent study by Lechner et al. argued that the RRIL motif
has a minor impact on silica precipitation activity and more of an impact on the precipitate
morphology.?* This was demonstrated by using R5 peptide variants to precipitate silica,
concluding that precipitation activity was more dependent on amino groups of the lysine residues
due to activity loss when they were mutated. When the RRIL motif was moved to different
locations in the peptides or broken up in the sequence, but still present, the peptide had similar
precipitation activity, but the precipitate morphology changed.** Lechner et al. concluded that the
RRIL motif in any form has to be present for silica precipitation, but the location of the motif

contributes more to peptide assembly, therefore affecting the morphology.*
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Beyond R5 composition and structure, processing conditions can greatly influence
biosilica morphology. For instance, while spherical silica structures are normally observed with
an excess of R5, bubbling nitrogen in the system changed the morphology to arches.’® R5 has also
been covalently linked to a cargo peptide via a disulfide linkage to encapsulate the R5/cargo
peptide conjugate within silica during precipitation.®®> This cargo molecule was partially released
from the silica precipitate after being exposed to TCEP, a phosphine that reduces disulfide linkages,
demonstrating the possibility of controlled release of peptides from silica precipitated with the RS
peptide.®®> Luckarift et al. also demonstrated that using the R5 peptide to precipitate silica in the
presence of the enzyme butyrylcholinesterase, allowed for the enzyme to be entrapped in the silica
precipitate, while still retaining its” activity.

Sewell and Wright, further demonstrated that R5 can precipitate TiO2 under ambient
conditions from a titanium lactate precursor, TIBALDH.?’ The precipitation of the TiO» material
was dependent on RS5 peptide concentration, as peptide concentration increased the amount
precipitated increased. The composition of this TiO, material had anatase and rutile characteristics
when heated above 600°C and nanoparticles in the size range of 13 to 50 nm.3” Using the
TiBALDH precursor and a phosphate buffer Cole et al. demonstrated that the RS peptide can
precipitate titanium phosphate with spherical and fused structures in the nanometer to micrometer
size range.38
1.3.4 Silicateins

Diatoms are not the only organism with a biosilica skeletal structure, marine sponges
(phylum Porifera) also have a skeletal structure, called the spicules, that is composed of biosilica
formed using enzymatic silicateins.3* Silicateins are the only major protein species found in the
spicules of marine sponges.*! Using the demosponge Tethya aurantium three silicatein subunits

(silicatein- a, silicatein-f, silicatein-y ) ranging in size from 27 to 29 kDa were isolated.*!

21



Silicateins are related to cathepsin, which is a hydrolytic enzyme, in the subfamily L of cysteine
proteases, in marine sponges, specifically identified in Geodia cydonium.** The cysteine at the
active site in cathepsin proteases is a serine in silicatein- a, but the six cysteine residues that form
disulfide bridges in the proteases are also present in silicatein- & .*' Sumerel et al. proposed that
this serine replacement increases the nucleophilicity of silicatein for nucleophilic attack at the
silicon substrate. 4043

Recombinant and native silicatein-a are active catalysts for the hydrolysis of silicon
alkoxides to form biosilica at neutral pH and ambient temperature.’**! Also, similar to silaffins,
silicateins undergo post translational modifications such as methylations of the N-terminal region
and phosphorylations, which are thought to assist in the templating and biosilicification process.**
Silicateins, like silaffins, have also been used to catalyze the hydrolysis and condensation of non-
natural occurring metal oxides, such as gallium oxohydroxide (GaOOH), under mild conditions.*®
1.3.5 The silica surface

Silica, a.k.a. silicon dioxide (SiO2), is an earth-abundant material with numerous
crystalline and amorphous allotropic forms,*® found in the skeletons of diatoms, sand, and quartz.*’
Silica is tetrahedrally coordinated with four oxygen atoms around one silicon atom.*® Silica
surfaces contain variable amounts of siloxanes (O-Si-O) and silanol groups (Si-OH). The three
types of silanol groups (Figure 1.3) on the surface are isolated silanol (=Si-OH), geminal silanol
(=Si(OH)2), and vicinal silanol, two silanol groups participating in hydrogen bonding with each
other.#->°

Proteins interact with silica surfaces through electrostatic, H-bonding and hydrophobic

interactions with silanol groups, and through hydrophobic interactions with siloxane groups.®!=>?

The process is not fully understood (see below) and further complicated by the fact that silica

surfaces exhibit a varying distribution of silanol and siloxane groups, depending on surface
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preparation and ionization state. (The latter parameter can be controlled experimentally by
changing the solution pH.>%)
1.3.6 Peptide adsorption onto silica

Significant work has been directed at understanding peptide adsorption to silica. As
mentioned above, electrostatic interactions, especially those involving the amine-rich side chains
of lysine and arginine and negatively charged silanol groups, play an important role in the
process.’* Further work has however revealed that hydrogen bonds and polar interactions between
silanols and the side chains of serine, histidine, and aspartic acid are important for the adsorption
of non-cationic peptides to silica.>* In addition, there is evidence that neutral peptides interact with
silica through hydrophobic interactions.> Thus, although electrostatics likely dominate, adsorption
is fine-tuned by a number of other interactions, raising the possibility that SBPs can be designed
to bind to silica in a user-specified fashion.

Emami et al. demonstrated using MD simulation that the pH of solution in which silica
surfaces are immersed is also an important parameter in the binding of peptides to silica.>® Using
a positive and negatively charged peptide at basic pH 9 (90% ionization of the surface) the peptide
adsorption is dominated by electrostatic interactions in the positively charged peptide and at acidic
pH 3 (0% ionization) the hydrophobic residues dominated the interactions with the silica surface.’¢
The pH had little effect on a neutral peptides’ binding, since the interaction with the silica surface
was dominated by hydrogen bonds and hydrophobic interactions.*¢

Silica particle size also influences the binding of peptides to the surface.’’® Puddu and
colleagues studied the effects silica particle size (28-500 nm) had on peptide adsorption using three
peptides with different net charges.*® All peptides had an increased adsorption per unit surface area
of silica with an increase in silica particle size. The net positive peptide had the largest adsorption

at 0.8 mMgm for the 500 nm particle, while the negative peptide had about 0.4 mMgm2.>® These
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results led to the conclusion that the larger particles have an increase in surface ionization causing
a shift in the adsorption mechanism towards more electrostatic dependence.>®
1.4 Experimental techniques for quantifying peptide adsorption

Experimental tools commonly used to study these SBP interactions include quartz crystal
microbalance (QCM), surface plasmon resonance (SPR), sum frequency generation (SFG), solid
state nuclear magnetic resonance (SSNMR), and atomic force microscopy (AFM).>*-%¢ Among
these techniques, QCM, SPR, and AFM can provide kinetic and thermodynamic information, but
SPR is particularly attractive because it rapidly and accurately quantifies binding kinetics by
monitoring how the refractive index changes over time when an analyte binds to a gold surface
coated with a target ligand or material.%”-°® While SPR has been extensively used to characterize
the binding of biomacromolecules to immobilized ligands, lipid bilayers, polymer films, and other
biomaterials,® it has more seldom been employed to monitor the interaction of SBPs with
inorganic surfaces.”®>%7* In most cases, adsorption isotherms are treated with a 1:1 Langmuir
model and kinetic parameters and free energies of binding are extracted from the fit. The fact that
QCM and SPR measurements are often noisy when conducted at low concentrations of synthetic
peptides further complicates the recognition that a SBP adsorption process might not obey
Langmuir kinetics. A significant amount of this work has been done by Sarikaya and coworkers
who used a biexponential Langmuir model to capture the non-ideality of gold-binding peptides to
either gold or platinum using both QCM and SPR.6%71-73
1.5 Biomimetic TiO: mineralization

Previous research has demonstrated that two family of proteins normally involved in
biosilicification, silaffins and silicateins, are also capable of inducing titanium dioxide (titania,

TiO») precipitation from soluble precursors.3”-”> This compound is technologically valuable and
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has been used as a pigment, photocatalyst, UV blocker, and for the fabrication of oxygen sensors,
lithium ion batteries, and solar cells.”®”’

Titanium dioxide pigments are industrially produced through a sulfate or a chloride process.
The sulfate process, which is used about 40% of the time, relies on concentrated sulfuric acid for
the dissolution of the raw materials, usually ilmenite or titanium slag, to form titanyl sulfate.”® The
method yields anatase TiO» pigments and a high concentration of waste iron sulfate.”® The chloride
process relies on flame oxidation of TiCls at temperatures of 900-1000°C.”® This method enables
a finer control over the final anatase pigment product and is less labor intensive then the sulfate
process. However, both methods have drawbacks including poor control over morphology, the
need for high temperatures, and the production of environmental waste.’®
1.5.1 Crystal phases of TiO>

TiO2 has many crystallographic forms with rutile, anatase, and brookite being most
commonly found in nature and rutile, anatase, and TiO»(B) forms most relevant to this work. TiO»
is composed of TiOs octahedra in which a central titanium atom is surrounded by six oxygen atoms
(Figure 1.4). How these octahedrons are coordinated determines the material’s phase. Anatase and
rutile are both tetragonal, while brookite is orthorhombic and TiO2(B) is monoclinic.” Rutile is
the most thermodynamically stable phase at all temperatures and pressures, and it is the most
symmetric and compact polymorph, with each TiO¢ octahedron surrounded by ten octahedra (two
of which are edge-sharing and eight corner-sharing; Figure 1.5A).8%8! Both anatase and brookite
are metastable, and transform irreversibly to rutile upon heating.” Anatase consists of four edge
shared and four corner shared octahedra (Figure 1.5B).3? The lattice structure of brookite is similar
to anatase, but orthorhombic, with TiOs octahedra sharing three edges (Figure 1.5C).%° Pure
brookite is rarely studied experimentally because it is metastable, has low-symmetry, and often

contains a secondary anatase or rutile phase. 7% TiO»(B), is monoclinic and the least dense of
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natural titania polymorphs.®*%¢ Tt consists of both edge- and corner-shared octahedra, with a
framework described as a stack of (011)-oriented sheets of double layers of edge-sharing TiO»
octahedra. These sheets are connected through the octahedron’s corners, leading to a relatively
open structure (Figure 1.5D). 8438587

The properties of TiO depend on crystal structure, morphology, surface area, and porosity
of the material.®® In bulk solutions, rutile is the most stable phase, and anatase and brookite are
metastable.®” This is not necessarily true at the nanoscale. The phase stability TiO, nanoparticles
depends on the environment (temperature and pH), on the amount of water present, and on how
the particle interacts with water.%® For instance, Zhang and coworkers have shown that particle
size plays an important role in determining the transition temperature and nucleation behavior of
the anatase to rutile phase change.”® (Larger particles require higher temperatures to undergo phase
transition.”’) Understanding these properties is important for the development of TiO»-based
materials with tailored photoactivity.
1.5.2 Titanium precursors

Biological precipitation of titanium dioxide has been conducted with various titania
precursors such as titanium isopropoxide®! and titanium (IV) bis(ammonium lactato) dihydroxide
(TiBALDH).” For this research, the focus is on TIBALDH, a water-soluble precursor that is stable
at near neutral pH,”? and consists of a titanium cation octahedrally coordinated with two bidentate
lactate ligands in the x-y plane and two hydroxyl groups in the z-plane (Figure 1.6A).5° The
hydrolytically stable TIBALDH is however prone to nucleophilic attack in both the x-y plane at
the lactate ligands, and the z-plane at the hydroxyl groups.® In the z-plane, a single hydrolysis and
condensation event is required to remove the hydroxyl group and coordinate two TiOs octahedrons
through a corner-sharing bond (Figure 1.6B), a structure most commonly found in rutile titania.

However, in the x-y plane, two hydrolysis and condensation reactions are required to remove the
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bidentate lactate, which leads to edge-sharing bonds (Figure 1.6C) that are more common in
anatase titania. In peptide-aided precipitation reactions employing TIBALDH, both reactions may
occur, which leads to the production of an amorphous TiO» material.”

1.5.3 Mineralization with a TIBALDH precursor

Expanding on the role of silicateins in biosilica formation, Sumerel and coworkers were
first to show that titanium dioxide could be synthesized at low temperature, low pressure, and near
neutral pH using TIBALDH as a precursor, and silicatein filaments as an inducer.’” The TiO; thus
formed was amorphous and exhibited characteristics of both rutile and anatase crystal phases.”
Spherical TiO> particles with rutile characteristics and ranging in size between 200-400 nm were
also obtained by adding recombinant silaffin (rSILC) to a solution of TIBALDH.?

In later work, Dickerson et al. found that peptides enriched in arginine, lysine, and histidine
residues promoted the formation of amorphous TiO; containing small amounts of anatase and
TiO2(B) nanocrystals, and material yields increased with the amount of positive charge.”
Consistent with an important role for basic residues, the cationic protein protamine was also found
to precipitate amorphous TiO, from a TiBALDH precursor.”® To investigate how peptide
conformation would influence titania precipitation, the TiO2 binding peptides, STB1 and RSTBI,
mineralization ability was compared to a linear TiO, binding peptide LSTB1.°® These results
demonstrated that the constrained cyclic peptides mineralized titania more efficiently at pH 8,
while the linear LSTB1 peptide did not, proving that the flexibility of the peptide plays a role in
the condensation process of the titania precursor.”¢

Not only was peptide sequence and structure studied, so was the type of titania precursor
used and other varying reaction conditions. Titania mineralization can also be done with titanium
alkoxides as the precursor.’! Puddu and colleagues showed that all reagents in the reaction play a

role, by testing titania mineralization with known titania binding peptides, Ti-1 and Ti-2, and how
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the mineralized titania results changed with varying buffers.”” Mineralization efficiency and
product morphology was compared in water, tris, and phosphate buffer. It was concluded that the
phosphate ions in the phosphate buffer can co-precipitate titanium phosphate and titanium dioxide,
yielding an unpure titanium dioxide with a different morphology than the TiO> produced in tris or
water.”’

Previous work demonstrates that peptide charge and structure change titania mineralization,
but similar to silica formation, the reaction conditions and reagents have an effect. Since the initial
TiO2 mineralization work researchers have concentrated on making functional TiO, materials.
Uniform and dispersed titania nanoparticles have been grown on micropatterned protein-
polyelectrolyte surfaces at ambient conditions using a TiBALDH precursor.”® Bifunctional
peptides have also been designed to produce metal oxide-metal nanocomposites like TiO2-Ag,
TiO,-Au, to make controlled fabricated materials.””3
1.6 Reaction-diffusion processes

Reaction-diffusion processes are common in nature and produce beautiful patterns and
structures,” (Figure 1.7), one specific example is rock patterns.!°%!°! One aim of biomimetics
research is to emulate the ability of nature to produce such unique patterns with graded materials.
For instance, Gryzbowski and colleagues used a wet-stamping process (WETS) to create micro
and nanostructures of defined geometry via reaction diffusion.”®!%2 The approach relies on the use
of a PDMS stamp to transfer a reactant such as FeCls or CoCly, to a dry gelatin substrate infused
with potassium hexacyanoferrate, KsFe(CN)s. The reactants diffuse from the patterned area and
react with hexacyanoferrate to form a thin precipitate with defined geometry.”® Mathematically the
process can be modeled, and the precipitation shapes predicted, by solving a set of partial

differential equations of the form:
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dc;(r,t)
at

= V- (DV¢;) + Ri(gp7,t) (1.1)

where r is the characteristic dimension, t the time, c; the concentration of species i, D; the diffusion
coefficient, and R; the reaction rate.””

This dissertation focuses on the study of a specific SBP, Car9, and its’ interactions with
the inorganic materials SiO; and TiO.. Chapter 2 discusses the development of an in-depth kinetic
model that quantifies the binding kinetics of a protein-peptide fusion (sfGFP-Car9) to SiO; using
SPR. Chapter 3 uses the kinetic model combined with Rosetta structural predictions and MD
simulations to study the effects a SBP’s structure has on its’ function using a panel of Car9 variants.
In Chapter 4 the SiO; knowledge from Chapters 2 and 3 is used to understand how a peptide
sequence and structure influences the formation, crystallinity, and morphology of precipitated
TiO,. Also discussed is TiO; precipitation in a reaction-diffusion environment (Chapter 5) and the

influence of peptide location in the sfGFP framework on SiO: binding (Chapter 6).
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1.7 Figures

Radial centric Polar centric Raphid pennate Araphid pennate

Aulacodiscus sp.

Figure 1.1 SEM images of the cell walls (frustules) of four different diatom species. '*

30



MKLTAIFPLLFT 12

AVGYCAAQSIADLAAANLS 3
TEDSKSAQLISADSSDDAS 50
SSVESVDAASSDVSGSSYV 69
ESVDVSGSSLESVDVSGSS 88
LESYV SS ) S EELRIL 107

r1  SSllscsyysvyer 122

SASRRIL 140
SGSRRIL 182

SGSYSGYST

R2 SS SGSYSGYST

R3 SS SGSYSGSEGSERR I L 181
R4 SS SGSYSGSEGSERRNL 200
RS SS SGSYSGSEGSERR I L 219
RE SS SCGSYSGSEGSERRNL 238
R7 SS SGSYSGSEgGSgRR I L 257

SGGLRGSM 265

Figure 1.2 The amino acid sequence of sillp with acidic amino acids (green), basic amino acids
(red) and the signal peptide (blue). The different R peptides, R1 to R7, (labeled on the left) that
compose the C-terminal domain.?°

31



H

/
0

|
/1N

Isolated Silanol

c H
S S
o) 0

5i—O—s;j

/1IN

Vicinal Silanol

H
s N

o) o)
\ /
/N

Geminal Silanol

D
0
Si/ \Si
/1IN /I'\
Siloxane
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Figure 1.4 A TiO¢ octahedron with the titanium atom in silver and oxygen atoms in red. (Prepared
using MolView)
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Figure 1.5 Organization of TiOe octahedra in various phases of titania: (A) rutile, (B) anatase, (C)
brookite, and (D) TiO2(B). Titanium atoms are represented by blue spheres and oxygen atoms by
red ones. (Prepared using VESTA)
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Figure 1.6 (A) Structure of the water-soluble titania precursor TIBALDH with titanium atoms in
silver, oxygen atoms in red, carbon atoms in grey, and hydrogen atoms in white. Structures of (B)
corner-shared TiOg octahedra, and (C) edge-shared octahedra. (Prepared using MolView)
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Figure 1.7 Reaction diffusion patterns formed in Dictyostelium cells.!%
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Chapter 2 Modeling the Cooperative Adsorption of Solid-Binding Proteins on Silica:
Molecular Insights from SPR Measurements
2.1 Introduction

Whether derived from biomineralizing organisms or identified by phage or cell surface
display, solid-binding peptides (SBPs, a.k.a. materials-binding peptides) provide a rich source of
synthetic or genetically encodable chemistry to control the structure, composition, and properties

of advanced materials and devices.®!%31% Applications are numerous and range from biomedical

110,111 59,115

engineering!%-1% to catalysis, and from energy materials!!?!!* to opto-electronics.
However, despite many success stories and progress in characterization and simulation, we remain
unable to replicate nature’s exquisite degree of control over inorganic morphogenesis and
assembly, in part because our understanding of how SBPs interact with surfaces remains limited.
While using SPR to quantify the binding of sfGFP-Car9 (a fusion between superfolder
green fluorescent protein!! and the Car9 SBP) to silica-coated gold chips, we observed an unusual
sigmoidal adsorption behavior. Here, we describe the construction and validation of a two-step
cooperative model that captures the silica binding kinetics of sfGFP-Car9 and other Car9 fusion
proteins with high fidelity. We further show that extracted model parameters deliver insights on
the complex interplay between surface, SBPs, fused framework and ions, which should improve
our ability to design solid-binding proteins for practical applications and predictive materials
synthesis.
2.2 Materials and Methods
2.2.1 DNA Manipulations and Protein Purification
Plasmid pET-24a(+)-sfGFP-Car9 was described elsewhere.!® Plasmid pET-24a(+)-nh-
mCherry-Car9 which encodes a mCherry-Car9 fusion protein with an unmodified N-terminus was

constructed by PCR amplification of this segment from pET-24a(+)-mCherry-Car9'? and ligation
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into the Ndel and Xhol sites of pET-24a(+). Plasmid pET-24a(+)-sfGFP-Car9Q4 which encodes
a fusion between sfGFP and Car9Q4 (DSARGFQQPGQQ) with an intervening GGGS linker was
obtained by inserting a DNA cassette encoding these elements between the HindIIl and Xhol sites
of pET-24a(+)-sfGFP-Car9. To create plasmid pET-24a(+)-GK-Car9 which encodes a fusion
between GK and Car9 with a GGGS linker, a DNA fragment coding for glucose hexokinase (GK)
and flanked by Ndel and HindIll sites was PCR-amplified from 7. thermophilus DNA and inserted
into the same sites of pET-24a(+)-sfGFP-Car9. All constructs were verified by DNA sequencing.
Proteins were expressed and purified by silica-affinity chromatography as described,'®!'® and the
buffer exchanged to 20 mM Tris-HCI, pH 7.5 by dialysis. Concentrations were determined by
BCA assay and samples were stored at -20°C.
2.2.2 SPR Experiments

Silica-coated surface plasmon resonance (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 (PEVCD).” Chips were
cleaned by ethanol and UV-ozone treatment before use and mounted on the flow cell of a SPR
sensor from the Institute of Photonics and Electronics (Prague, Czech Republic). All experiments
were conducted at a flow rate of 50 pLmin! and a constant temperature of 25°C with protein
concentrations varying between 0.0312 umol L' and 1 pmol L' in 20 mM Tris-HCI at pH 7.5.
Increasing the flow rate to 75 puL min! had no impact on the sigmoidicity of sfGFP-Car9
adsorption to silica, confirming kinetic control (Appendix A Note 1).
2.2.3 Model Parameters Estimation

Initial guesses for ka1, ka1, ka2, ka2, and u (Table A.1) were informed by the physical
characteristics of the system and literature values. Rate constants for the first association reaction

are typically on the order of 10* to 10° M s! (classic Langmuir isotherm), while subsequent
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association and dissociation rate constants are in the 103 to 10 s!

range based on isotherm
modeling of SPR data.!'” Bounds were adjusted in a 25% window based on initial guesses.

An objective function subject to governing equations, initial conditions, and parameter
bounds was defined to minimize the Mean Square Error (MSE) of the SPR response. With the

MSE defined as the sum of the squares of differences between model and experimental outputs

divided by the total number of experimental data points, this function is expressed as:
N
1 2
Min N Z[Rexp,j - Rmodel,j (p)]
j=1

s.t. pl<p < p*
where N is the total number of experimental data points for the adsorption and desorption phases,

Rexp,j the experimental signal value for the j™ data point, Ryqer,j(p) the model-predicted value

for the same point, p the vector of estimating parameters, and p’ and pY its lower and upper
bounds. To account for the large difference in the magnitude of the rate constants and perform a
more accurate iterative optimization, the reference rate constant of the first association (k’a1) was
scaled by 10° while the other rate constants were expressed as an exponent of 10 (i.e., ka1 = 107*dz,
ka=107%az_ and k4, = 107*4z), Initial guesses, bounds, and converged parameters are summarized
in Table A.1 with values rounded off to three-decimal place. Simulations and optimizations were
carried out on a workstation with dual 8-core, 3.10GHz Intel Xeon processors, 32.0 GB RAM
using the NLPsolve (optimization method: nonlinear simplex, and evaluation limit: maximum) in
the optimization package of the Maple® software.

2.3 Results and Discussion

2.3.1 The Car9 Solid-Binding Peptide Confers Proteins to Which it is Fused Distinct

Sigmoidal Adsorption Kinetics on Silica.
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Silica (Si0O) surfaces are terminated with siloxanes (O-Si-O) and silanol (Si-OH) groups
which can be found as isolated silanols (=Si-OH), geminal silanols (=Si(OH)), or vicinal silanols
(two H-bonded silanol groups), at distributions and with concentrations that are modulated by
method of preparation and surface ionization state.>* Proteins that bind to silica in a nonspecific
fashion do so via electrostatic and H-bonding interactions with silanol groups, and hydrophobic
interactions with siloxane groups.!!® Although the same interactions control the adhesion of
naturally-occurring and combinatorially-selected silica binding proteins and peptides to SiO», they
are clearly deployed in a specific fashion.’*33->8

To better understand the molecular mechanisms that underpin the interaction of the Car9
SBP with silica surfaces, we quantified the binding kinetics of the sfGFP-Car9 fusion protein!’
using a gold SPR chip coated with a thin layer of SiO,. Under conditions where wild type stGFP
has little affinity for silica (Figure A.1), all sensorgrams displayed a sigmoidal adsorption behavior
typical of a cooperative process (Figure 2.1A). Indeed, the kinetics of the adsorption phase were
poorly captured by a rate-law based 1:1 Langmuir binding model which assumes homogeneous
surface, identical binding sites, monolayer coverage, and no interactions between adsorbate
molecules on adjacent sites (Figure 2.1B, dashed lines).'"”

Car9 contains five basic amino acids whose positively charged sidechains might contact
the negatively-charged silica surface. To probe the role of these interactions in the non-standard
adsorption behavior, we constructed a Car9 variant called Car9Q4 in which Lys-7, Lys-8, Lys-11
and Arg-12 were converted to uncharged glutamines. To our surprise, the sfGFP-Car9Q4 fusion
protein remained functional for silica binding and could be purified by silica affinity
chromatography (Figure A.2). However, its affinity for the material was drastically reduced, the
sensorgrams lost their sigmoidal character, and it was possible to accurately capture adsorption

kinetics with a rate-based Langmuir fit (Figure 2.1C; also see Figure A.8). We conclude that, as

40



with the silaffin-derived R5 peptide.?®3* and other combinatorially-selected silica-binding
peptides,> basic residues play a key role in high-affinity binding to silica. For Car9, they are also
critical in determining cooperative adsorption.

To rule out the possibility that sigmoidal adsorption is driven by GFP dimerization
events,!! and to explore the contribution of the fused protein framework, we appended Car9 to the
C-terminus of the red fluorescent protein mCherry, and purified the resulting fusion by silica
affinity chromatography (Figure A.2). Figure 2.1D shows that mCherry-Car9 followed similar
sigmoidal kinetics. However, saturation coverage at equimolar protein concentration was about
20-30% lower for mCherry-Car9 compared to sfGFP-Car9 in spite of the fact that the two proteins
have comparable molar masses, pls, and architectures (Figure A.3).

In an effort to further generalize results, we fused Car9 to the C-terminus of a predicted
glucose kinase (GK) gene amplified from the genome of Geobacillus stearothermophilus. To our
knowledge, this enzyme has not previously been expressed, and because bacterial GKs can be

monomeric, dimeric or tetrameric, 2

its quaternary structure is unknown. Thus, GK-Car9 provides
an unbiased platform to test the influence of both the Car9 SBP and framework oligomeric status
on silica adhesion.

We found that GK-Car9 expressed well in E. coli and that it could be purified to near
homogeneity by silica affinity chromatography (Figure A.2). Native polyacrylamide gel analysis
further revealed that, like Thermus thermophilus GK,'?! G. stearothermophilus glucokinase forms
a homotetramer (Figure 2.2A). A BLAST alignment revealed that the two proteins share 58%
homology and 40% identity at the amino acid level (Figure A.4), allowing us to model the structure
of the G. stearothermophilus tetramer using SWISS-MODEL'?? and the T. thermophilus GK

coordinates'?! (Figures A.4B and A.5). This exercise revealed that the C-termini are solvent-

accessible and located in the projecting lobes of each protomer (Figure 2.2B).
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SPR sensorgrams collected with GK-Car9 exhibited the characteristic sigmoidal
adsorption behavior of Car9 fusions. Surface saturation was lower than with either sfGFP-Car9 or
mCherry-Car9 (Figure 2.2C). Thus, at least when carboxyl termini are accessible, the
oligomerization status of the fusion partner does not affect the cooperative nature of binding. To
summarize, the Car9 SBP drives high affinity binding to silica through a unique cooperative
adsorption process that relies on the presence of basic residues but is independent of the identity
and oligomeric status of the fused protein scaffold.

2.3.2 Modeling the Kinetics of Car9-Silica Interactions

To model the sigmoidal character of Car9-mediated adsorption kinetics, we developed a
rate law expression based on the Frumkin-Fowler-Guggenheim (FFG) isotherm,'?* which takes
into consideration attractive or repulsive lateral interactions between neighboring adsorbate
molecules and reduces to the Langmuir formalism when these interactions are absent.!?+12°
Furthermore, because the kinetics of the desorption phase are poorly captured by a single
exponential decay (Figure A.6), we included a second reaction step that can be conceptualized as
a change in the conformation of the SBP once initial adsorption and nearest neighbor contacts have
occurred at the silica interface. Diffusional limitations were neglected as justified in Appendix A
Note 1. A schematic depiction of this process, and the governing equations of the resulting two-
step model is presented in Figure 2.3.

The rate law expression for the initial adsorption step considers the product of the flux and
a sticking probability which depends on the lateral interaction energy between adsorbed species.

The equivalent rate constant for adsorption (ka1 in Table 2.1) is thus expressed as:

N, RT —E —E,0
ko = 4 exp( 0) exp( R;' ) (2.1)
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where N, is Avogadro’s number, G 1s the density of binding sites on the silica surface which is
assumed to be identical under prescribed solution conditions, M is the molar mass of the adsorbing
protein, R is the universal gas constant, Eo is the molar intrinsic activation energy for bond
formation between SBP and surface, and E; is the molar interaction energy between nearest
neighbors, a quantity that is negative for attractive interactions. We assume that the time-dependent
SPR responses Ri(z) and R»(?) are directly proportional to protein surface concentrations. This
allows us to take 6, the surface coverage at time ¢, to be proportional to the ratio of the sum of the

SPR signals in each adsorption phase divided by Rmax, the maximum SPR signal at saturation:

0 R1(t) + R,(t)

(2.2)

Rmax
At fixed temperature 7, and for a given solid-binding protein and concentration of binding sites on
the silica surface, the species and temperature-dependent properties in Equation (2.1) can be

combined into a single parameter to give a rate constant of the form:

kal = k’alexp (uH) (23)
where:
Kaa(1) = 22 | exp (37) 24)
and

Thus, the entirety of protein-surface interactions is accounted for in the modified adsorption rate

constant £’a1. Of note, the overall rate constant k.1 also depends on the concentration of binding
sites available on the surface through the exponential factor exp(u6) which changes with surface

coverage. This factor accounts for cooperative SBP-SBP interactions and framework contributions.

A detailed derivation of the governing equations can be found in Appendix A Note 2.
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2.3.3 Model Validation

The solid lines in Figure 2.1A show that the proposed model closely fits the experimental
data and that it accurately captures the distinct sigmoidal adsorption phase of sfGFP-Car9 on silica.
Desorption kinetics, which are simultaneously fit by the optimization routine, are also captured
with good fidelity. However, the match with experimental data is not as good, presumably because
our model does not account for protein readsorption events. Examination of extracted parameters
for stGFP-Car9 (Table 2.1) reveal that the first adsorption step is kinetically dominant and that it
occurs with positive cooperativity (u > 0), firmly implicating protein-protein interactions in high-
affinity silica binding. The second step — an isomerization reaction — occurs with significantly
slower kinetics (Table 2.1), as confirmed in Figure A.7 by a comparison of the simulated values
of instantaneous adsorption and desorption rates for each reaction.

Our observation that sfGFP-Car9, mCherry-Car9 and GK-Car9 adsorb to silica with
comparable u values (Table 2.1) indicates that interactions between nearest neighbor Car9
segments are the main driver for cooperativity and that framework-framework interactions only
play a minor role in the process. The slight (~15%) increase in the value of u for GK-Car9 is not
unexpected and consistent with a situation in which co-presentation of four SBPs per GK-Car9
oligomer increases the likelihood of lateral interactions with Car9 segments from neighboring
tetramers.

Table 2.1 further shows that both mCherry-Car9 and GK-Car9 adsorb to silica with a
higher ka1 than sfGFP-Car9. In the case of GK-Car9, this result is well explained by the fact that
four Car9 extensions per GK oligomer are more effective at reducing the energy barrier Eo than a
single SBP because they contribute combined attractive electrostatic interactions between protein
and surface. The associated increase in ka1 clearly dominates over the opposite effect brought

about by the higher molar mass of GK-Car9 protomers (34.2-kDa compared to 28.6-kDa for
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sfGFP-Car9 monomers; see Equation (2.4)). In the case of mCherry-Car9 — a monomeric protein
comparable in mass and shape to sftGFP-Car9 — the increase in ka1 likely results from more subtle
framework effects. For instance, the “bottom” face of mCherry from which the Car9 extension
projects has a higher electrostatic potential than the bottom face of stGFP (Figure A.3). This might
minimize short range electrostatic interactions between the mCherry framework and the positively
charged SBP, allowing Car9 to more efficiently engage the silica surface.

It is finally of interest to note that both mCherry-Car9 and GK-Car9 desorb at higher rates
than sfGFP-Car9 after initial adsorption. The higher kq1 values, along with a more complex
interplay of association and dissociation events during the isomerization step account for the lower
saturation coverage (e.g., compare Figures 2.1A, 2.1D and 2.2C at 0.1 pM). For comparison,
fitting of sftGFP-Car9Q4 sensorgram data with a rate law-based Langmuir model that is appropriate
for the dataset (Figure 2.1C and Figure A.8) yields values of k, (3000 = 100 M's™") and k4 (0.18
x 103+ 0.07 x 1073 s7!) that are typical of nonspecific protein adsorption processes. 2
2.3.4 Influence of Ionic Strength

To assess the robustness of our model, we conducted additional SPR experiments using
0.125 uM sfGFP-Car9 and increasing concentrations of sodium chloride to screen charges on both
silica surface and protein shell. All sensorgrams retained a sigmoidal character, establishing the
validity of the cooperative two-step model under more physiological solution conditions (Figure
2.4). However, there was a ~40% decrease in saturation surface coverage in the presence of 50
mM NacCl, and an additional 10% decrease in € at 100 mM NaCl. These results can be explained
by the screening of silanol-rich Car9 binding sites by sodium ions, and consistent with the
observation that the zeta potential of silica nanoparticles decreases from -55 mV to -27 mV when

the NaCl concentration is raised from 0 to 100 mM at neutral pH.!?’
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Parameters extracted from the model provide validation for the above hypothesis and
insights on the molecular basis of ionic effects (Table 2.1). First, a decrease in the net number of
Car9 binding sites (captured by parameter omax in Equation (2.4)) should cause k’a1 to increase
with the salt concentration, a behavior that we observe experimentally. NaCl may also contribute
to the increase in k’a1 by shielding repulsive interactions between sfGFP framework and silica
surface, thus reducing the activation barrier Eo. Second, there is a 25% decline in the value of u in
the presence of salt. This suggests that attractive electrostatic interactions between neighboring
Car9 domains (and to a lower extent sftGFP monomers, see above) contribute to cooperativity and
are shielded in the presence of salt. Third, the rise in the rate of protein desorption (kq1) with salt
concentration is consistent with such weakened lateral interaction and a lower protein coverage,
much like we observe with GK-Car9. Finally, there is a progressive increase in the rate constant
for the isomerization step (ka2) with salt concentration (Table 2.1). While the underlying
mechanism remains unclear, it is tempting to hypothesize that ionic screening of lysine, arginine
and aspartate side chains facilitates conformational rearrangement of Car9 extensions at the silica
interface.

2.4 Conclusions

SPR%7:%8 and QCM!2® are mature characterization techniques that have proven remarkably
useful for quantifying the binding of biomacromolecules to ligands immobilized on sensor chips.
They have also been used for well over a decade to study the direct interaction of SBPs with
inorganic and synthetic surfaces.®>!% In most cases, adsorption isotherms are treated with a 1:1
Langmuir model and kinetic parameters and free energies of binding are extracted from the fit. At

65.71-73 in which a biexponential

the exception of a handful of studies by Sarikaya and coworkers
Langmuir model was used to capture non-ideality in the binding of gold-binding peptides— a

phenomenon originally thought to be associated with the polycrystalline nature of the surface but
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later attributed to surface diffusivity and time-dependent evolution of adsorbed peptides
structures” — little attention has been paid to the appropriateness of the Langmuir treatment.!?’
The fact that QCM and SPR measurements are often noisy when conducted at low concentrations
of synthetic peptides further complicates the recognition that a SBP adsorption process might not
obey Langmuir kinetics.

Here, we have used large fusion proteins to characterize the adsorption of the promiscuous
and technologically useful Car9 peptide to silica-coated SPR chips. The approach yields high-
quality sensorgrams, enables SBP compositional and functional analysis within a solubilizing
context, and relevant to our long-term goal of installing SBPs within computationally designed
scaffolds for controlled assembly of hierarchical structures, it provides molecular insights on how
SBP, surface, fusion partner, and solution conditions modulate binding.

Our results indicate that Car9 endows protein scaffolds to which it is fused with a sigmoidal
adsorption behavior on silica, irrespective of — but influenced by — the identity of the host
framework and the SBP valency. This unique adsorption modality was accurately captured by a
two-step kinetic reaction model in which cooperative binding driven by intermolecular contacts
between Car9 extensions (and to a lesser extent by fused framework contributions) is followed by
an isomerization step that “locks” SBP and fusion partner in a high-affinity interaction with the
surface. The model is consistent with both the tendency of certain SBPs to self-assemble into

ordered structures at interfaces,®* 74115130

and with the enthalpic binding mechanism proposed by
Walsh and Knecht!%+131:132 in which anchor residues (amino acids that spend a significant amount
of time at the interface) mediate strong enthalpic contacts between SBP and silica. By contrast,
sfGFP-Car9Q4 exhibits a more traditional Langmuir behavior. It may therefore belong to the class
of entropic SBPs which achieve high affinity binding by assuming multiple conformations at the

interface.!04 131,132
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Such a conversion in binding modalities between Car9 isoforms suggests that it should be
possible to gain a detailed understanding of how Car9 adsorbs to silica by generating a panel of
Car9 mutants, pairing model parameter extraction from SPR experiments with structural
predictions and advanced molecular dynamics simulations.

The approach described herein should be generalizable to other technologically useful
SBPs exhibiting non-Langmuir adsorption. It should also provide a rich source of information on
how SBP-SBP interactions, host framework and solution conditions modulate adhesion, which

will be critical in enabling predictive material synthesis with solid-binding proteins.
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Figure 2.1 Adsorption kinetics of sfGFP-Car9 (A-B), sfGFP-Car9Q4 (C), and mCherry-Car9 (D)
on silica-coated SPR chips. Sensorgrams were collected using the indicated protein concentrations.
A wash phase in which protein-free buffer is flowed over the chip starts at t = 900 s and causes
protein desorption. In panel B, fitting of the sftGFP-Car9 adsorption phase with a kinetic Langmuir
model is denoted with a dashed orange line while the fit obtained with the two-step cooperative
adsorption model is shown with a solid orange line. The SPR shift is plotted on a different scale
and higher protein concentrations are used in panel C. All solid lines in panels A and D were
obtained by fitting experimental data to the two-step cooperative adsorption model. All solid lines
in panel C were obtained by fitting experimental data to a rate law-based Langmuir model.
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Figure 2.2 Oligomerization, predicted structure, and silica-binding properties of GK-Car9. (A)
Native polyacrylamide gel analysis of GK-Car9 showing the migration positions of marker proteins
and those of bovine serum albumin (BSA, 66-kDa) and sfGFP (26.8-kDa). (B) Predicted quaternary
structure of the GK oligomer. In these front and side views, a monomer is shown in blue and the four
C-termini are colored in red. (C) Adsorption kinetics of GK-Car9 on silica-coated SPR chips. Fits
obtained with the two-step cooperative adsorption model are shown with solid lines.
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Figure 2.3 Proposed two-step cooperative binding model for the adsorption of Car9 fusion
proteins to silica surfaces. The adsorption and desorption phases are schematically illustrated with
proteins depicted in green, linkers in orange, and Car9 SBPs as blue triangles or blue squares to
reflect the fact that they undergo a conformational change after they have bound to their nearest
neighbors. (A similar conformation change occurs upon desorption). The governing equations
which are simultaneously solved by the optimization routine are also shown. Ri(t) and Ra(t)
correspond to the time-dependent SPR responses associated with the first and second
adsorption/desorption phases, respectively. The Car9 SBP drives protein adsorption to the silica
surface (A) at a rate dependent on the rate constant ka1, the bulk protein concentration Ca, and the
surface concentration of free binding sites. Interactions between neighboring Car9 moieties, and
to a lesser extent between fused protein frameworks, engender cooperative behavior. Bound
species next undergo a conformational rearrangement at the interface or desorb from the surface.
These are parallel first-order processes with rate constants ka1 and ka2, respectively. The
isomerization step is reversible, and bound forms corresponding to signal Rx(t) can convert back
to the original isomeric form with first-order kinetics and a rate constant kq>. The desorption phase
(B) is described by the absence of analyte in the bulk liquid, (Ca=0). Adsorbed proteins switch
between isomeric forms, with parallel desorption of the isomer corresponding to signal Ri(t) back
into the liquid phase. This causes the gradual decay in SPR signals observed in the desorption
phase of the SPR sensorgrams. See Note 2 in Appendix A for a detailed explanation of model
equations.
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Figure 2.4 Influence of the NaCl concentration on the adsorption of sftGFP-Car9 (0.125 uM) to
silica substrates.
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2.6 Tables

Table 2.1 Kinetic parameters for the two-step adsorption of Car9 fusion proteins at pH 7.5

Protein? [NaCl] u k’a ka1 ka2 kaz
(%)) M s %1073 (s1) %1073 (s1) x107 (s1)
sfGFP-Car9? 0 2.9+0.1  20700+1200 0.76+0.05 0.17+0.05 0.03+0.01
mCherry-Car9? 0 29+0.1  27100£1200 2.40+0.60 0.85+0.20 0.20£0.10
GK-Car9? 0 3.1£0.2 34100+900 4.32+0.90 0.67+0.10 0.05+0.01
sfGFP-Car9® 0 2.9 20000 0.84 0.12 0.060
sfGFP-Car9® 0.05 22 29000 2.15 0.20 0.020
sfGFP-Car9® 0.1 23 30000 4.71 0.51 0.100

®Mean and standard deviations were obtained from three fits of SPR data obtained on the same chip at
protein concentrations of 0.031, 0.075 and 0.1 pM for sfGFP-Car9, 0.05, 0.075 and 0.1 uM for mCherry-
Car9, and 0.075, 0.1 and 0.125 pM for GK-Car9.

®Model parameters were extracted from the experimental data of Fig. 4 which was conducted on a single
chip and at sfGFP-Car9 concentration of 0.125 uM with the indicated concentrations of NaCl.
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Chapter 3 Structure-function analysis of the Car9 silica-binding peptide
3.1 Introduction

Solid-binding peptides (SBPs) isolated from biomineralizing proteins*® or selected by
biopanning,'?!33134 have proven remarkably useful to modify surfaces, fabricate functional
architectures and devices, and control the morphology, crystallography and properties of inorganic
phases.3-64104.133.135-140 Eor these processes, binding and morphogenetic outcomes result from the
complex interplay of solution conditions, surface chemistry and crystallography, and SBP
composition, conformation, and dynamics at the biotic-abiotic interface. The local chemical and
structural context experienced by a SBP may also be important if the peptide is genetically inserted
within a larger protein or displayed on the surface of an organism. Additionally, host protein
frameworks or displaying organisms may themselves contribute to inorganic adhesion, nucleation
or growth. Gaining a holistic understanding of these factors could pave the way to the use of solid-
binding proteins for the predictive design of materials with user-specified properties and under
synthesis conditions that are both mild and environmentally friendly.

Within this context, the relationship between SBP interfacial structure and inorganic-
binding properties is of particular interest. Models derived from experimental data and advanced
simulations hold that most combinatorially-selected SBPs sample an ensemble of conformations
in solution (i.e., they are intrinsically disordered),'#! and that they achieve high-affinity binding
either by assuming many different surface-adsorbed conformational states (entropic binders), or
by making long-lasting contacts with the surface through one or more anchor residues (enthalpic
binders).!%132 For the latter class of binders, NMR studies of the titania-binding TBP
hexapeptide!*? (RKLPDA) in contact with TiO> and SiO: nanoparticles,'*»!** suggest that
acquisition of structure at the interface is important to orient anchor residues for optimal surface

interactions. This view is consistent with the well-established role of all levels of structure in
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controlling the interaction of biomineralizing proteins and peptides with inorganic interfaces.3?!4>-

148 To date, however, there is no experimental or computational path to identify those rare families
of SBPs with the capacity to present both types of binding mechanisms.

In this chapter, we combine SPR measurements, the previously developed model, Rosetta
calculations and molecular dynamics (MD) simulations to gain insights on the interplay of amino
acid composition, structure and silica adhesion modalities in a panel of Car9 variants fused to the
C-terminus of superfolder green fluorescent protein (sfGFP).!! We conduct an analysis of the
kinetics, energetics and predicted structures from MD to understand the superior silica-binding
characteristics of the Car9 SBP, present additional examples of sftGFP-Car9 variants displaying
cooperative or Langmuir binding mechanisms, and propose that the crossover in adsorption
modalities is due to shifts in the type of dominant interactions at the peptide-surface interface.

3.2 Materials and Methods
3.2.1 DNA manipulations and protein purification
Oligonucleotides encoding mutant Car9 sequences were purchased from Integrated DNA
Technologies, hybridized, digested with HindIIl and XAol, and the resulting cassettes were inserted
within the same sites of plasmid pET-24a(+)-sfGFP-Car9 which encodes a sftGFP-Car9 fusion
protein under transcriptional control of the T7 promoter.!? The presence of the correct mutations
was verified by DNA sequencing. Proteins were purified as described!®!!¢ and stored at -20°C in
20 mM Tris-HCI, pH 7.5. Molecular masses of select mutants was verified by mass spectrometry.
3.2.2 SPR experiments, model parameter extraction and free energy calculations
Silica-coated surface plasmon resonance (SPR) chips consisting of a glass substrate coated
with a 2 nm titanium adhesion layer, a 48 nm evaporated gold film, and a PECVD-deposited 4 nm
silicon were fabricated as described.!*® Chips were cleaned by ethanol and UV-ozone treatment

before being mounted on the flow cell of an SPR instrument (Institute of Photonics and Electronics,
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Prague, Czech Republic). Sensorgrams were collected at 50 uLmin™!' and 25°C, and at protein
concentrations varying between 0.063 and 1 pmol L', Sensorgrams obtained with sfGFP-Car9
and its F6A and P9AG10A derivatives were fitted with a two-step cooperative adsorption model
and the cooperativity parameters and rate constants were extracted from the fit as described.!*
Equilibrium dissociation constants were calculated for each reaction step (Kai = kd1/ka1 and Kq» =
kao/ka2). Overall adsorption rate constants for the first reaction step (ka1) were determined using
Equation (3.1), the values of k.1’ and u extracted from the model, and monolayer surface coverages
(0) of 89% for sfGFP-Car9 and 92% for its F6A and POAG10A variants. Monolayer coverages
occurred at approximately 250 nM for all three proteins. The corresponding surface coverage for
the R4QR12Q and K8AKI11A variants were approximately 52% and 40%, respectively. Free
energies of adsorption were calculated using AG = RT In(Kq) with R = 8.314 JK''mol!and T =
298K.

3.2.3 Rosetta calculations

O was used to predict the peptide

Rosetta’s ab initio fragment-assembly algorithm!>
structures from their sequences. We used a modified version of algorithm that was found to better
sample peptide structures,'>! that uses 4-mer and 6-mer fragments and fragment picking without
secondary structure prediction. Around 79,000-95,000 structures were generated for each peptide
sequence.

3.2.4 Molecular dynamics simulations

The Car9 dodecamer and its F6A, POAGIOA, K8AKI1A, R4QR12Q variants were
simulated using GROMACS 5.1.2'%2 in a 6.95 nm x 6.85 nm x 7 nm box encompassing a silica
surface, water molecules, a single peptide, and counterions. Three trials of Car9 and each mutant

were simulated for 250ns (750 ns of MD per peptide in total) in the NVT ensemble, using the

Rosetta predicted structures as the starting configuration, placed within 2 nm of the surface. The
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peptide and counterions were modeled using CHARMM36,'>3 the surface was obtained from
INTERFACE'*, and SPC'>® water was used. The surface was adjusted to mimic pH 7 conditions,
with 9% of surface hydroxyls ionized and neutralized with sodium ions. Further details
surrounding MD simulations can be found in Appendix B.

The gromos'*¢ clustering algorithm (RMSD cut-off of 0.2 nm) in GROMACS was used to
determine the top structure present in each trial, and the frequency of occurrence. To obtain an
estimate of the structural differences between MD and Rosetta predictions, RMSD (using alpha
carbon atoms) was calculated for each structure, using the Rosetta structure as a reference point.
To visually compare Rosetta and molecular dynamics predictions of the peptide conformation, the
Rosetta structure was superimposed on the top peptide cluster for each mutant using the
visualization software VMD.!>7 To better understand the affinity of each mutant towards the
surface, we used GROMACS to tease out the short-range Coulombic and Lennard-Jones energies
between the surface and the protein, and used time-averages across 3 trials for the last 100 ns of
simulation, when the peptide was bound to the surface. Using PLUMED 2.4.2,!% we tracked the
z-distance between the center of mass (COM) of each sidechain in the peptide, to a reference point
on the surface. These distances were time-averaged across the last 50ns for each 3 simulations; to
understand the variance across the three trials, the mean and standard deviation from the time-
averaged data was reported.

3.2.5 Molecular dynamics simulation details

All simulated peptides were capped with an acetyl group at the N-terminus. Unfavorable
contacts in the initial configuration were removed using a steepest descent algorithm. The system
was evolved in the NPT ensemble (T = 300 K, P = 1 atm) for 1 ns using the Donadio-Bussi-

t159

Parrinello thermostat!> with a time constant of 0.1 ps, and the Berendsen barostat!®® with a time

constant of 1 ps. Only the longest box dimension (z-direction) was allowed to change during the
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NPT simulation. Production runs were conducted in the NVT ensemble (T = 300 K), with pressure
maintained with the Donadio-Bussi-Parrinello thermostat (t = 0.1 ps). Unfavorable contacts were
removed as above and the pressure stabilized by simulating the system in the NPT ensemble for 1
ns using the Berendsen barostat.!®® Then equilibrated for 1 ns in NPT ensemble (Parrinello-
Rahman barostat!¢"). Following this, production runs were simulated in NVT for 250 ns for each
peptide. All simulations utilized a 2 fs time step by constraining the bonds between hydrogen and
other heavy atoms with the LINCS!®? algorithm. Electrostatic interactions were calculated with the
particle mesh Ewald (PME)!®? summation method and a cutoff value of 1.0 nm. A van der Waals
cutoff value of 1.0 nm was used.
3.3 Results and discussion
3.3.1 Predicting Car9 conformation at the silica interface

We used classical MD simulations to connect molecular scale structural details of the Car9-
silica interface with insights from SPR experiments. To reduce the conformational space, we first
modeled the Car9 peptide using the Rosetta software suite. Ab initio structure prediction was
performed as described for the validation of designed peptide structures'>! From nearly 100,000
generated structures, Rosetta offered five low energy solutions (Figure B.1) sharing a common
architecture (Figure 3.1A). In it, K7, K8, and K11 form a tripod that protrudes from a bulbous
region defined by hairpin P9-G10 and stabilized by a buried F6. The side chains of the two
remaining basic residues (R4 and R12) project in opposite directions from the equator of the bulb,
endowing the peptide with a uniformly positive charge (Figure 3.1A). Although these results are
suggestive of a binding mode that involves the tripod, it is important to note that Rosetta has not
been benchmarked on flexible peptides. Plans are under way to collect experimental constraints

from solid state NMR to assess the accuracy of the model.
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We used the Rosetta-proposed low energy configuration as a starting point to conduct MD
simulations in the presence of an explicit silica interface. The peptide was parametrized with the
CHARMM36'% force field, and the INTERFACE!* force field was used to represent the (100)
surface of quartz under near neutral conditions (pH 7.5). We previously used this surface to
simulate the binding of the silaffin-derived R5 peptide to silica.>?

As shown in Figure 3.1B and 3.1C, there was good agreement between the Ca traces
calculated by Rosetta and those obtained in triplicate 250 ns simulation runs that included a silica
interface. Inspection of average distances between the center-of-mass (COM) of individual amino
acid side chains and the surface across all three simulation trials revealed a significant involvement
of R4, K7, and K8 in silica interactions (Figure 3.1D; also see Figure B.2): there very low variance
in side chain distances once these residues were bound to the surface and binding was strong in all
simulations. We refer to these amino acids as primary anchor residues. The analysis further
suggested that the side chains of K11 and R12 contribute to silica binding through more variability
in the surface contacts (secondary anchor residues).

3.3.2 Contribution of structure and electrostatics to silica binding

To understand the relationship between sequence and the observed binding motifs in Car9,
we constructed a panel of four sfGFP-Car9 variants containing alanine or glutamine substitutions
in residues proposed to play a structural role (F6A and P9AG10A) or to be involved in silica
binding (KEAKI11A and R4QR12Q). All proteins could be purified to near homogeneity by silica
affinity chromatography!'®!!¢ (Figure B.3), indicating that none of the mutations abolish silica
binding. We next quantified the kinetics of adsorption by performing SPR measurements on silica-
coated chips under conditions where mass transfer is not limiting and where unmodified sfGFP
has little affinity for the surface.!* We found that the FOA and P9AG10A variants exhibited the

sigmoidal adsorption behavior that is characteristic of wild type sfGFP-Car9 and other Car9 fusion
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proteins.'® By contrast, the KBAK11A and R4QR12Q mutants bound to the surface in a more
traditional (i.e., logarithmic) fashion (Figure 3.2).
The sigmoidal adsorption kinetics of FOA and POAG10A mutants were well captured by a

previously described model'®*

in which an initial cooperative binding event modulated by nearest
neighbor interactions between Car9 segments (and to a lesser extent fused passengers) is followed

by a slow isomerization step that we ascribe to a conformational rearrangement at the silica

interface (Figure 3.2A-B). The rate constant for the initial adsorption step can be written:

NA RT _EO _Elg
- } =)= K 3.1
ka1 o | 2eM P ( RT ) exp ( RT ) k' s1exp(ub) (3.1)

In this expression, the modified rate constant k',; captures the entirety of protein-surface

interactions (with E, representing the molar intrinsic activation energy for protein adsorption and
Omax the density of binding sites), while an exponential term depending on protein coverage (6)
and nearest neighbor interactions (u) accounts for cooperativity.

We extracted k', and u, as well as the rate constants for the subsequent isomerization and
desorption steps by simultaneously fitting all three sensorgram curves for both the adsorption and
wash phases of the SPR experiments. Table 3.1 shows that the most notable difference between
the F6A and P9AG10A variants and the sfGFP-Car9 wild type was a 40-50% decrease in k',;.
Considering that the three proteins have comparable molar masses (M) and that T, R and N, are
constant, Equation (3.1) indicates that the decrease in k', is caused by an increase in the activation
energy for adsorption E, likely to be associated with a conformational change that affects how
primary and secondary anchor amino acids are presented to the interface. Interestingly, while the
F6A variant experienced a slight decrease in cooperativity, POAGI10A exhibited a small increase

in u. Further highlighting the subtlety of these effects, the overall free energies of binding for the
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F6A and POAG10A variants were virtually identical and within 1 kJ.mol'! of the AG for wild type
sfGFP-Car9 (Table 3.1).

For the KEAK11A and R4QR12Q variants, adsorption kinetics were well captured by a
rate-law based Langmuir model'®* (Figure 3.2C-D). The proteins bound to the interface with rate
constants (k,) about fourfold lower than the wild type and desorbed from it with 4-to-8-fold lower
rate constants (kq;; Table 3.1). These results are consistent with the fact that each mutant lacks a
predicted primary (K8 or R4) and secondary (K11 or R12) anchor residue. They are also in
agreement with reports implicating interactions between positively charged side chains and
negatively charged silanol in the high-affinity binding of the R5 peptide,**3* synthetic LK

165,166

peptides, and certain combinatorially-selected peptides®* ¢ to silica. Nevertheless, the

binding of the KSAK11A and R4QR12Q mutants remained remarkably strong with AG values that
were comparable and only about 25% lower than the wild type (Table 3.1). In short, a broad range
of kinetic binding behaviors resides within a small band of free energies of binding.
3.3.3 Conformation of Car9 variants at the silica interface

To better understand the impact of the various mutations on interfacial conformation, we
once again turned to MD simulations using low energy starting configurations provided by Rosetta
(Figure B.1). Figure 3.3 shows that all Car9 variants were flexible and sampled a large amount of
conformational space. Inspection of RMSDs between simulations and Rosetta-proposed initial
structures further revealed that FOA and R4QR12Q variants tended to adopt extended or random
coil conformations over the duration of simulations, while POAG10A adopted a mix of folded and
extended conformations (Figure 3.3 and Figure B.4). On the other hand, the KSAK11A mutant
assumed a more folded configuration that exhibited the least amount of deviation from the original
Rosetta structure (Figure 3.3). In short, our simulations confirm that both the F6A and PO9AG10A

mutations disrupt the compact conformation of wild type Car9 (with F6A being more

61



destabilizing), and further indicate that conversion of basic amino acids to uncharged residues can
have either a structurally stabilizing (KEAK11A) or destabilizing (R4QR12Q) effect.
3.3.4 Role of electrostatic contacts

Consistent with the fact that sfGFP-Car9 has the largest k',; and lowest AG in SPR

measurements, an energetic analysis of the simulation trajectories unambiguously established that
Car9 experiences the strongest interactions with the silica surface (Figure 3.4A-B). This
interaction was almost entirely due to Coulombic terms, reiterating the importance of basic
residues in the formation of contacts with the interface. However, there were no significant
differences in the energy profiles of variants obeying cooperative (F6A and POAG10A) or
Langmuir (K8AK11A and R4QR12Q) adsorption kinetics.

To further explore the connection between electrostatics and adsorption modality, we
repeated the calculations of Figure 3.1D for all four variants, averaging the distance of each
residue’s center or mass from the silica surface over the last 50 ns of the simulation for all three
trials, and using the associated standard deviations as a proxy for side change fluctuations (Figure
3.4C). This analysis revealed that : (i) binders that follow Langmuir kinetics are characterized by
having only 2 highly stable interactions of a side chain with the surface while sigmoidal binders
have 3 or more such stable interactions; (ii) R4 is strongly stabilizing for sigmoidal binders; and
(ii1) uncharged residues S2 and (F/A)6 show notably closer stable interactions with the surface for
sigmoidal binders compared to the Langmuir counterparts. As with the Car9 analysis above, we
equate stability of interaction with lower variance in the mean side chain — surface distances,
indicating these average distances are found across multiple trials.

3.3.5 Discussion
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Biomineralizing proteins such as amelogenin, silicateins and silaffins have benefited from
millions of years of evolution to optimize their amino acid composition, post-translational
modifications, and structure for superior function in niche environments. SBPs, on the other hand,
are manually selected from combinatorial libraries that span a small fraction of the sequence space
using a few rounds of biopanning against inorganic or synthetic substrates.®!12104135 Ag a result,
what makes a given SBP more popular than another in subsequent characterization and
technological efforts is typically based on history and some arbitrary measure of affinity or
specificity rather than on a detailed understanding of the peptide’s structure-function relationship.

Here, we used protein engineering, SPR quantification of adsorption kinetics and MD
simulations initiated from Rosetta predictions to gain such an understanding for the Car9 SBP.
Our results indicated that Car9 has a high affinity for silanol-rich surface of silica, characterized
by a low energy barrier for adsorption (E,) and fast binding of the SBP and proteins fused to its
C-terminus to the interface (Table 3.1). Although MD predictions initiated from the bound state
show substantial structural variance, all Car9 conformers remain reasonably compact and show
binding dominated by electrostatic contributions and a spectrum of several persistent, stably bound
side chain residues. We propose that the high population of Car9 on the surface alongside these
stable interactions can lead to a high probability of Car9-Car9 cooperative interactions, likely
driven by an optimization of electrostatic interactions between vicinal SBPs and captured by the
parameter u. The clusters are now in an energetic deep trap, but conformational rearrangements
still occur on a much slower time scale, contributing about 247 of additional binding energy (Table

167,168 and

3.1). Such rearrangements have been documents for large proteins adsorbed to silica
likely include contributions from the fused framework interacting with the interface.
Variants of sfGFP-Car9 that exhibit a binding modality similar to the wild type (F6A and

P9AG10A) maintain similar features in the peptide-silica binding interface as determined by MD
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simulations. These mutations do increase the energy barrier for absorption, and therefore lower the
initial adsorption rate (Table 3.1). Yet, surface occupancy remains high and the mechanism of
cooperativity proposed above is retained. By contrast, elimination of two of the positively charged
anchor residues leads not only to a drastic reduction in adsorption rates and surface coverage, but
also profoundly affects the nature of binding (Figures 3.2 and 3.4). The binding mechanisms that
closely follow the Langmuir model are marked with a decreased likelihood of presenting the
“stable” binding side chains (i.e., low variance in the binding distance) while also generally placing
the side chains further from the silica surface. We propose that the reduced level of surface
interactions and occupancy explains the lack of SBP-SBP interaction that characterize sigmoidal
binding and explains the decrease in desorption rates (Figure 3.3).
3.4 Conclusions

Beyond providing a consistent molecular-scale interpretation for experimental results, this
study suggests a potential strategy for accelerating the discovery and optimization of SBPs for
materials science applications. We found that the initial structure prediction of Car9 by Rosetta in
which a cluster of basic binding residues project from a central core persisted in MD simulations
conducted in the presence of an explicit silica interface. We also found that the substantial
structural variance predicted by Rosetta upon introduction of one or two substitutions in the Car9
sequence was observed in MD simulations. Thus, the de novo design of a SBP-surface binding
system could be first approached by rapidly screening candidate sequences with Rosetta to find
similar structural motifs (e.g., cluster of sidechains with chemical compatibility to surfaces of
interest), and by next subjecting these systems to MD simulations to provide guidance for
mutagenesis, and to suggest a panel of substitutions across a family of binders that could be
experimentally tested within the context of fusion proteins. In the future, the concept could be

extended to entropic binders whose interactions with interfaces are not driven by dominant surface-
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side chain chemistries and include simulation components to probe and characterize the role of

proteins fused to the SBPs.
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3.5 Figures
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Figure 3.1 Predicted structure of the Car9 dodecapeptide at the silica interface. (A) Low energy
structure proposed by Rosetta. The electrostatic surface is colored between -10 kTe (red, not visible)
and +10 kTe (blue). (B) Superimposition of Rosetta structure (green) and top-ranked cluster
determined from trial 1 of MD-simulated structure at the silica interface (pink). (C) Root mean
square deviation (RMSD) traces of Cx atoms for three trials of Car9 adsorbed to silica. (D)
Distance of the center of mass (COM) of each residue from the silica surface averaged over the
last 50 ns of the three simulation trials. Primary and secondary anchor residues are shown in red
and pink, respectively.
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Figure 3.2 Adsorption kinetics of sfGFP-Car9 variants on silica-coated SPR chips. Sensorgrams
were collected at the indicated concentrations of (A) sfGFP-Car9(F6A), (B) sfGFP-
Car9(P9AGI10A), (C) stGFP-Car9(K8AKI11A), or (D) sfGFP-Car9(R4QR12Q). Solid lines
correspond to data fits obtained with a two-step cooperative adsorption model (A, B) or rate-law
based Langmuir model (C, D). Arrows indicate the start of the wash cycle in which pure buffer is
flowed over the chip.
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Figure 3.3 Root mean square deviation (RMSD) traces of C atoms for three trials of the FOA (A),
P9AGI0A (B), KEBAKI11A (C), and R4QR12Q (D) Car9 variants adsorbed to silica. Lower panels
show the superimposition of Rosetta initial structures (green) and top-ranked clusters determined
from one of the trials of the MD-simulated structure at the silica interface (pink).
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Figure 3.4 Decomposition of protein-surface potential energy into short-range components of the
Coulombic (A) and Lennard-Jones (B) energies. (C) Average distance of the side chain center of
mass of indicated residues to the silica surface (error bars are 1 standard deviation). The data are
averaged across three trials over the last 50 ns.
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3.6 Tables

Table 3.1 Kinetic and thermodynamic parameters describing the adsorption of sftGFP-Car9 and

indicated variants to silica-coated SPR chips.

protein® u

sfGFP-Car%® 2.9+ 0.1
F6A 28+0.1
POAGIOA 32+0.1
K8AKIIA NAs¢

R4QRI12Q NA

k', ork,

M's)
20700 + 1100
12400 + 500
10700 + 700
4200 + 300

5500 + 700

kg or ky

x 107 (s1)
0.76 + 0.02
0.79 + 0.20
1.06 + 0.5

0.18 + 0.04

0.13 £ 0.02

kﬂ
x 107 (s)

0.17 £+ 0.06
0.16 £ 0.04
027 £ 0.18
NA

NA

"az
x 107 (s)

0.03 £ 0.01
0.02 £+ 0.01
0.03 +0.01
NA

NA

AG,
(kJ.mol')

-48.9

-47.3

-47.1

NA

NA

AG,
(kJ.mol")

-43

NA

AG

(kJ.mol")

-53.1

-52.6

-52.4

-42.0

-43.5

® Adsorption kinetics of the sftGFP-Car9(K8AK11A) and R4QR12Q variants are captured with a rate-law
based Langmuir model that only yields two rate constants (k. and kq).
® Data for sfGFP-Car9 is from reference 31.

¢ NA not applicable
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Chapter 4 Influence of the Car9 peptide in TiO: precipitation
4.1 Introduction

Previous research has shown that silaffins and the RS peptide, originally identified for their
silica affinity, have the ability to mineralize TiO> from TiBALDH.?” Our group previously
demonstrated that a protein with a fused Car9 peptide has an affinity for carbon and silica.”!* In
Chapter 3 we looked closer at the Car9 peptide’s silica affinity and its’ structure to function
relationship by designing unique Car9 mutants (either removing positively charged amino acids or
mutating key structural amino acids). Using surface plasmon resonance experiments and molecular
dynamic simulations based on Rosetta structural predictions it was determined that Car9’s binding
to silica is highly dependent on electrostatic interactions. This work uses the sfGFP-Car9 and the
sfGFP-mutant Car9 proteins and the knowledge about the Car9 peptide’s structure to function
relationship from the SiO; binding study and applies it to TiO2 precipitation. The goal is to
understand how a peptide’s structure and charge influences TiO; formation by studying the effects
it has on the yield, morphology, and crystallinity of the TiO; precipitate. In addition, this work
gives insight into the long-term goal of controlling the formation of composite materials using
specific protein-peptide fusions.
4.2 Materials and Methods
4.2.1 DNA manipulations and protein purification

Expression plasmids for wild type stGFP, sfGFP-Car9, and for sfGFP-Car9 variants
containing the F6A, POAGI0A, K8AK11A and R4QR12Q mutations in their Car9 segment were
described in Chapter 3. A plasmid encoding the KSHK11H variant of stGFP-Car9 was constructed
by hybridizing oligonucleotides encoding the mutant sequence, digesting the double-stranded
DNA with Hindlll and Xhol and ligating the resulting cassette in the same sites of pET-24a(+)-
sfGFP-Car9.!° Proteins were purified as described!'® and stored at -20°C.

71



4.2.2 TiO precipitation reactions

Titania precipitation reactions were conducted at room temperature in 37.5 mM citrate
buffer using 25 mM of TiBALDH (Sigma-Aldrich 388165) at protein concentrations, pH, and
incubation times specified in the text or figure legends. In typical experiments, 11.8 L of 1.7M
TiBALDH was added to 600 xL of 50 mM citrate buffer, pH 5.0 in a 1.5 mL microfuge tube and
mixed five times with a pipette tip. Protein was then added at a 10 M final concentration to bring
the reaction volume to 800 uL. The solution was agitated on an orbital shaker (Invitrogen
Dynabeads sample mixer) at 80 rpm for 120 min for most experiments and the precipitate was
recovered by centrifugation at 8§,000g for 5 min.

The amount of protein incorporated into titania precipitates was quantified by monitoring
the decrease of sfGFP fluorescence in reaction supernatants over time or after 120 min of
incubation. For these experiments, supernatant samples (150 yL) were aliquoted in triplicate in the
wells of a black 96 well microplate (Genesse Scientific), and fluorescence emission was recorded
at 510 nm on a SpectraMax M5 microplate reader (MolecularDevices) with excitation at 475 nm
and a cutoff wavelength of 495 nm. Because the sfGFP chromophore exhibits reduced
fluorescence under acidic conditions due to a change in the charge state of the chromophore!6%170
the concentration of free protein in reaction supernatants was calculated using a calibration curve
constructed with stGFP-Car9 in 37.5 mM citrate, pH 5.0 (Figure C.1). Readings were normalized
to the fluorescence of a protein solution in 37.5 mM citrate buffer, pH 5.0.

The amount of unreacted TiBALDH was determined using a quantitative Tiron
colorimetric assay.”” For these experiments, 280 uL of 5SmM Tiron (Honeywell Fluka 89460) in
citrate buffer at pH 5, was mixed with 20 L of sample (10 uL of supernatant diluted with 10 L.

of water) in a clear 96 well plate (Genesee Scientific). The mixture was incubated for 1 hour on
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the benchtop at room temperature and the absorbance was measured at 380 nm on a plate reader.
The concentration of unreacted TIBALDH was calculated using the calibration curve of Figure
C2.

4.2.3 Characterization of precipitated titania

Titania precipitates were collected by centrifugation at 8,000 g for 5 min, washed 3 times
with 200 pL of deionized water and lyophilized for 1.5 hours. The mass of precipitated titania was
measured at different protein concentrations using tared 1.7 mL microcentrifuge tubes.
Thermogravimetric analysis (TGA) was conducted on a TA Q50 instrument to determine the ratio
of protein to titanium dioxide in the precipitated product. Samples where heated in an aluminum
oxide pan from 20°C to 900°C, at a heating rate of 20°Cmin™! under nitrogen gas flow.

For fluorescence imaging, precipitates were resuspended in 200 uL of deionized water by
mixing with a pipette and a 10 L aliquot was deposited on a microscope slide and imaged using
a Nikon Eclipse TE200-U microscope with excitation at 485 nm. For SEM imaging, precipitates
were mixed with ImL of bleach (Ultra Bleach 94% Bleach) and heated at 70°C for 10 min to
remove bound proteins. Samples were centrifuged at 10,000g for 5 min, washed twice with 1 mL
of bleach solution, and washed three times with 1 mL of deionized water. Samples were
resuspended in 100 uL of deionized water and 3 uL. was spotted on a silicon wafer. Micrographs
were collected on a FEI Sirion XL30 SEM. For x-ray diffraction measurements, lyophilized
precipitates were deposited on a silicon wafer and spectra were collected on a Bruker D8 Discover
XRD system. The size of the nanocrystallites was calculated using the XRD peak at 26 = 25° and
the Debye-Scherrer equation

D= 0.91
~ Bcosh

4.1)
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with D being the particle diameter (nm), 4 the x-ray wavelength equal to 0.154 nm, f the full width
at half the maximum of the desired peak in radians, and 6 the Bragg angle in degrees (12.64°). The
distribution of crystalline phases was determined by comparing the ratio of signal intensities at 20
= 28.7° (a TiO2(B)-specific reflection) and 25° (corresponding to TiO anatase (25.3°) and TiO2(B)
(24.99°) reflections which overlap in our experiment) to the ratio of intensities at the same 20
values for the pure TiO2(B) phase (0.9; PDF 00-305-0088).

For TEM imaging, samples resuspended in 200 uL of water were subjected to 5 cycles of
sonication (I min each followed by 1 min rest) using a Fisherbrand Model 120 Sonic
Dismembrator with a 3.2 mm probe and 30% amplitude. Aliquots (10 L) were deposited onto a
C-flat holey carbon grid (Electron Microscopy Sciences) and excess solution was wicked away
with filter paper. Samples were stored in a desiccator for at least 24h before imaging at on a FEI
Tecnai F20 SEM operated at an acceleration voltage of 200 kV.

4.3 Results and discussion
4.3.1 The Car9 extension promotes TiO: precipitation under acidic conditions

Initial attempts to induce TiO: precipitation using 10 uM sfGFP-Car9 and a solution of
TiBALDH according to published protocols®***°7 failed. This result was not surprising in light of
the fact that previous studies used synthetic peptides at molar concentrations exceeding that of our
silica-binding protein by 20- to 500-fold. We reasoned that medium acidification would favor
protein-mediated TiOx precipitation by promoting the hydrolysis of bound lactate ligands. Mindful
of the fact that phosphate buffers can cause spontaneous titanium phosphate precipitation from
TiBALDH solutions,*®” we made use of a citrate buffer that allowed us to tune the pH in 0.2 units
increments while introducing citrate ions that are capable of modifying the reaction equilibrium

by competitively chelating Ti(IV).171172
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Indeed, when the pH of the solution was dialed to 4.8, both wild type sfGFP and sfGFP-
Car9 promoted the formation of a precipitate. However, only sfGFP-Car9 induced inorganic
precipitation at pH 5.0, and the fusion protein became a rather ineffective inducer of mineralization
when the pH was raised to 5.2 (Figure 4.1A). This sharp dependency on pH, together with the fact
that no precipitation was observed in the absence of protein over the 4.0-5.8 pH range, provided
us with an opportunity to decouple the influence of the sfGFP framework from that of the Car9
extension. Thus, all subsequent experiments were conducted in citrate buffer held at pH 5.0.

The ease of stGFP detection by fluorescence spectroscopy (adjusted for its chromophore’s
emission loss under acidic conditions,!®*!”* (Figure C.1) enabled us to accurately monitor the
incorporation of sftGFP-Car9 within the mineralized phase as a function of protein concentration.
As reported for the R5 peptide’’ and combinatorially-selected solid binding peptides,”* the
depletion of protein from supernatant fractions was linearly related to precipitate formation
(Figure 4.1B) and the reaction occurred at a rate of 0.88 uM or protein incorporated per uM of
protein supplied under our experimental conditions. In agreement with this result, both the mass
of precipitated material (Figure 4.1C) and the amount of TIBALDH consumed (Figure 4.1D)
increased linearly with the amount of sftGFP-Car9 added, although we started to observe a plateau
in the amount of protein incorporated and TIBALDH consumed at sfGFP-Car9 concentrations
exceeding 17 uM.

An analysis of the reaction kinetics further revealed that both sfGFP-Car9 and the wild
type control were very rapidly incorporated in the mineral phase (Figure 4.1E). This burst
occurred nearly instantaneously upon protein addition, and on a much faster timescale than we
could measure experimentally. As expected, the presence of the Car9 extension at the C-terminus
of sfGFP caused a significant increase in the initial kinetics of mineralization with 40% more

sfGFP-Car9 than wild type protein partitioning in the insoluble fraction in the first 5 minutes of
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reaction. Subsequent kinetics were slower and could be fitted with an exponential model with a
rate constant that was two-fold higher for sSfGFP-Car9 than for sfGFP (k= 8.2 x 102 s'! vs. 3.8 x
1073 s1). Finally, while 87% of the sfGFP-Car9 originally supplied was found in association with
the mineral phase upon completion of the reaction (t > 90 min), 40% of the sftGFP remained soluble
(Figure 4.1E).

Taken together, the above results suggest that protein-induced precipitation of solutions of
TiBALDH acidified with citric acid results from the displacement of a solution equilibrium in
which lactate or exchanged citrate ligands complexed with Ti(IV) species are displaced by the
added protein which adsorb to small clusters and promote titania polycondensation. Our
experiments provide several lines of evidence for such a solution equilibrium modulated by
solution pH (and therefore proton-assisted reactions) play a key role.

4.3.2 Characterization of the sftGFP-Car9 TiO: precipitate

The stGFP-Car9 TiO; precipitates were characterized using microscopy and XRD analysis.
The dense fluorescent spots in the fluorescent microscope image, excitation of A =485 nm, confirm
the presence of protein in the TiO; precipitate (Figure 4.2A-B). The SEM micrograph shows that
the morphology of the TiO; precipitate is rough and porous (Figure 4.2C). The XRD data (Figure
4.2D) has a high background noise, a signature of amorphous material, with crystalline material
approximately 2nm in size. These results give significant insight into the mechanism occurring
during the TiO: precipitation when sfGFP-Car9 is present. The rutile unit cell has 20% edge
sharing octahedra, the anatase unit cell consists of approximately 50% edge sharing titania
octahedra, and the TiO2(B) unit cell has even more edge-sharing octahedra.”-8! The XRD data for
sfGFP-Car9 has definitive signatures of both anatase TiO> and monoclinic TiO2(B), meaning that
the protein-peptide fusion promotes edge sharing titania octahedra. TEM (Figure 4.2E) confirms

the XRD data and that the formed TiO- is highly amorphous with crystallites in the 2nm size range.
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4.3.3 Influence of Car9 mutations on TiO: precipitation

Using sfGFP-Car9 we were able to successfully reproduce the results seen for TiO»
precipitation using the RS peptide, and that stGFP-Car9 successfully precipitates TiO> with anatase
and TiOx(B) crystal characteristics. Our previous silica study showed that Car9 structure and
electrostatics have a significant role in silica binding; less charge and a more flexible structure
displayed weaker binding characteristics. This work uses the previously made Car9 mutants to
understand how their mutations influence TiO: precipitation. The previous silica study found that
the structural mutations, F6A and P9AG10A, are enthalpic silica binders with the positively
charged side chains of the electrostatic amino acids acting as anchor residues in SiO2 binding.
These mutants differ from Car9 by lacking the peptide rigidity (F6A) and the hairpin (P9AG10A)
that orient the peptide in the most efficient binding position. The electrostatic mutations,
K8AKI11A and R4QR12Q, have Langmuir binding kinetics and a weaker affinity to the silica
surface. One additional mutant added to this study is KSHK11H, which is expected to show the
effects of the weaker positively charged amino acid histidine.

Fluorescence depletion measurements (Figure 4.3A) collected after a 2-hour reaction time
shows the effect of each mutation on TiO; precipitation, the higher the fluorescence depletion
means the more protein in the TiO» precipitate and the larger the TiO> yield overall. All mutants
precipitated more TiO2 when compared to the wild type sfGFP. As expected, the two electrostatic
mutants, KSAK11A and R4QR12Q, had a decreased amount precipitated, approximately 70%,
compared to the 80% for Car9, confirming the positively charged side chains assist in the formation
of TiO». The interesting results were in the structural mutations POAG10A, F6A, and the histidine
mutation KSHK11H. A slight decrease in amount of protein incorporated, from 80% to 75%, was
determined for the hairpin mutation P9AG10A, showing that the orientation of the positively

charged residues is important mechanistically for the formation of TiO,. The mutant that
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precipitated the least amount of TiO> material, therefore having the least amount of protein
incorporated, was the F6A. This is unique because the peptide is missing the hydrophobic core
that makes the Car9 peptide rigid, proving that peptide structure and flexibility has a significant
impact on the hydrolysis of TIBALDH and formation of TiO>. The K8HK11H results were also
unique, this mutation mineralized more TiO, compared to the Car9 peptide. Many factors could
have an influence on this, histidine has an imidazole ring in its side chain, this ring is protonated
at the reaction pH and adds a more rigid side chain for TiO» precipitation, which could potentially
increase its’ efficiency. Histidine also has the capability to bind to TiO; not only through
electrostatic interactions, but also through hydrogen bonding of the amine group and pi orbital
interactions, all factors that could promote the formation of TiO.!"

The XRD results, Figure 4.3B, gave significant insight into the mechanism of the TiO:
mineralization and the effect of two amino acid mutations on the crystal phases of the TiO> formed.
Similar to sfGFP-Car9 all mutants had anatase and TiO2(B) crystal phase characteristics. The
differences were in peak intensities and peak ratios used to determine the percentage of anatase
and TiO2(B) for each sample, Figure 4.3C. The crystalline material formed using sfGFP-Car9 is
composed of approximately 80% TiOz(B). The structural mutations, F6A and P9AG10A, formed
approximately 70% TiO2(B), showing that the peptide structure does not have a significant impact
on the crystal phase and the reaction still promotes edge sharing octahedra. The structural
mutations seem to have a larger effect on the amount of TiO; material formed compared to the
crystal phase. The electrostatic mutations formed lower amounts of TiO2(B) compared to Car9,
K8AKI11A approximately 60% and R4QR12Q approximately 40% demonstrating that the amine
side chains of lysine and arginine promote TiO2(B) crystal phase formation and mutating these

affects both TiO; yield and the crystal phase formation. The histidine mutant, KS8HK11H, formed
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approximately 80% TiOz(B), therefore concluding that the imidazole side chain in histidine
promotes TiO2(B) formation similar to arginine and lysine but has a larger influence on TiO- yield.
4.4 Conclusions

This work demonstrates that the Car9 peptide and its’ mutants react with the destabilized
TiBALDH forming a TiO2/protein precipitate. The material is amorphous with some
nanocrystalline structures in the 2 nm size range with both anatase and TiO2(B) crystal phase
characteristics. Mutations in the Car9 peptide show that simple two amino acid changes in a large
protein-peptide fusion can influence the TiO: precipitation reaction, whether it is in terms of the
yield or crystallinity. The highest TiO: yields required the positively charged amino acids, when
mutated and the peptide structure was changed the yield decreased. TiO; mineralization is more
sensitive to peptide structure compared to SiO» binding. Electrostatics not only affected the
efficiency of mineralization, but also the nanocrystallinity. Positively charged amino acids
promoted the formation of the more symmetric TiO2(B) over the more common anatase,
demonstrating how we can potentially bias crystallinity with just two amino acid mutations in a
given peptide. This will be beneficial knowledge for our long-term goal of designing unique

complex inorganic materials with specific functions.
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4.5 Figures
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Figure 4.1 Precipitation of TiO; by sfGFP-Car9 and wild type sfGFP. (A) UV photograph of
supernatant solutions and titania pellets obtained after centrifugation of TIBALDH solutions in
citrate buffer supplemented with 10 uM of sfGFP or stGFP-Car9. Solution pH are indicated. (B)
Relationship between the concentration of sfGFP-Car9 used to induce titania precipitation and the
incorporation of the protein into insoluble material. Relationships between the concentration of
sfGFP-Car9 added and (C) the mass of the precipitated titania, or (D) the amount of unreacted
Ti(IV). (E) Biphasic kinetics of sfGFP or sfGFP-Car9 (10 uM) incorporation into precipitated

titania.
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Figure 4.2 Characterization of the TiO; precipitate formed from sfGFP-Car9. Fluorescent
microscope images at (A) phase contrast and (B) excitation 4,,= 485 nm formed with 10 uM
sfGFP-Car9 at pH 5. (C) SEM micrograph of TiO; precipitate formed with 5 uM sfGFP-Car9 at
pH 5. (D) XRD analysis for a TiO; precipitate from 10 pM sfGFP-Car9 and 10 uM sfGFP at pH
5 having signature diffraction peaks for anatase and TiO2(B). (E) TEM analysis of TiO; precipitate
formed with 10 uM sfGFP-Car9 at pH 5.
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Figure 4.3 (A) TiO: precipitation reactions using 10 pM protein, 25 mM TiBALDH, 37.5 mM
citrate buffer pH 5 and a reaction time of 2 hours with agitation at 80 rpm. Protein fluorescence
depletion measurements with the calculated amount of free and incorporated protein percentage
with a p-test (* P < 0.05 and ** P < 0.01) compared to sfGFP-Car9. (B) XRD profiles at room
temperature for sfGFP, sftGFP-Car9 and Car9 mutants, with the signature anatase and TiO2(B)
peaks labeled. (C) Calculated percentages of anatase and TiO2(B) crystal phases in each sample.
Calculations were done using the intensities of raw data compared to intensities of the signature
crystal data.
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Chapter 5 Diffusion-controlled TiO: precipitation
5.1 Introduction

Previously it was shown that TiO> can be precipitated using sftGFP-Car9 in an equilibrium
process. This mineralization produced a mixture of anatase and TiO2(B) using a titanium precursor,
TiBALDH, mixed with citrate buffer at pH 5. When the Car9 tag was mutated, varying the
structure or charge of the fused peptide, the morphology and crystallinity of the TiO2 precipitate
changed. Another approach to this method of protein induced TiO precipitation is using a non-
equilibrium reaction-diffusion process, taking advantage of the concentration gradient formed in
a diffusion process and determining how this influences the TiO> morphology or crystallinity. The
long-term goal would be to produce specifically designed graded materials with a controlled
structure or crystallinity. The work discussed below demonstrates initial proof of concept
experiments for this reaction-diffusion controlled TiO> precipitation.
5.2 Materials and Methods
5.2.1 DNA manipulation and protein purification

Oligonucleotides encoding mutant Car9 sequences were purchased from Integrated DNA
Technologies, hybridized, digested with HindlIl and Xhol and the resulting cassettes were inserted
into pET-24a(+)-sfGFP-Car9 digested with the same enzymes. The presence of correct mutations
was verified by DNA sequencing. BL21(DE3) cells containing wild type or mutant versions of
sftGFP-Car9 mutants were grown to mid-exponential phase (4so0~ 0.5) at 37°C in 500 mL of LB
medium supplemented with 50 pg/mL of kanamycin. Protein expression was induced by addition
of 1 mM isopropyl 3-D-thiogalactopyranoside (IPTG) and cells were harvested by centrifugation
at 6,000g for 10 min after 4 h of incubation at the same temperature. Cell paste was resuspended
in 35 mL of 20 mM Tris-HCI, pH 7.5 supplemented with 2 mM EDTA and 1 mM PMSF and lysed

using 6 cycles of sonication for 3 min at 30% duty power using a Branson Sonifier. Insoluble
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material was removed by centrifugation at 10,000g for 15 min, and clarified extracts were
incubated at 70°C for 10 minutes to cause thermolabile proteins to aggregate. Insoluble material
was removed by centrifugation as above, and proteins were purified by silica-affinity
chromatography using 5g of silica gel (35-60 mesh, 15 nm pore size, Sigma Aldrich) equilibrated
in 20 mM Tris-HCI pH 7.5.1%!1¢ Proteins were eluted in 20 mM Tris-HCI supplemented with 0.5
M L-lysine pH 8.25 and subjected to dialysis against 3L of 20 mM Tris-HCI pH 7.5 with 3 cycles
of buffer exchange. Protein concentrations were assayed using the BCA assay and molecular
masses verified using mass spectrometry. Samples were stored at -20°C.
5.2.2 TiO; diffusion in agarose

For the diffusion experiments 4 mL of 1% agarose was poured into each round plate, with
two stoppers approximately 0.5 cm in diameter spaced about 0.5 cm apart to form the wells, Figure
5.1. The agarose was allowed to solidify for 1 hour. At t =0 hours 100 uL of 50 uM protein was
added to one well. TiIBALDH was mixed with citrate buffer pH 5 to give a resulting concentration
of 25 mM TiBALDH and 37.5 mM citrate buffer pH 5. Depending on the experiment, short
diffusion (t = 2hrs) or long diffusion (t = 20hrs), 100 pL of the TIBALDH citrate buffer mixture
was added to the second well and allowed to diffuse and react with the protein. Each diffusion
was done in triplicates.
5.2.3 Characterization by SEM

For SEM characterization, the TiO> precipitate was removed from the agarose. The sample
was cut from the agarose and mixed with 1 mL bleach and heated for 30 minutes at 65°C. After
heating, the sample was centrifuged at 10,000g for 5 minutes and the bleach supernatant was
removed. The sample was washed 3 times with 1 mL of dH>O each time and centrifuging at
10,000g for 5 minutes in-between each wash. After the first wash the samples were mixed with

ImL of bleach and centrifuged at 10,000g for 5 minutes to remove any residual agarose. The
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samples were washed again, 3 times with 1 mL dH>O and centrifugation at 10,000g for 5 minutes.
After the final centrifuging and removal of the supernatant the samples were resuspended in 100
puL of dH>0. For SEM imaging 3 puL of the resuspended sample was spotted on a silica wafer and
allowed to dry overnight. Samples were imaged on a FEI Sirion XL30 SEM.

5.3 Results and discussion

For diffusion controlled TiO: precipitation the effects of agarose on the reaction and the
proper reaction conditions were determined. From initial diffusion in agarose experiments the
TiBALDH/citrate buffer (precursor mixture) diffused approximately twice as fast as sfGFP-Car9.
For proof of concept reaction-diffusion experiments sfGFP-Car9 was deposited in one well and
diffused for 2 hours before the addition of the precursor mixture in the opposite well. Figure 5.2
shows that the precursor mixture front reached the sftGFP-Car9 diffusion front after two hours.
After 24 hours, a distinct TiO; precipitation zone was observed where the fronts met. This initial
experiment demonstrates that the reaction diffusion process can be used for non-equilibrium
synthesis of TiO».

Three Car9 mutants (F6A, KSAK11A, and K8HK11H) reaction-diffusion precipitation and
protein concentration effects were studied by changing the diffusion time of the proteins before
the addition of the precursor mixture. One short diffusion experiment (t = 2 hours protein diffusion
before addition (Figure 5.3)) and a long diffusion experiment (t = 20 hours protein diffusion before
addition (Figure 5.4)) were done. Both Figure 5.3 and Figure 5.4 show that the KSHK11H and
wild type Car9 precipitate more material compared to F6A and KS8AK11A. This correlates with
the results from the equilibrium TiO: precipitation experiments from Chapter 4. Figure 5.3 and
Figure 5.4 also demonstrate the differences between protein concentration. The density of the
precipitate changes with the protein diffusion time. For the short diffusion, the TiO; precipitate is

dense where the two fronts meet. The long diffusion produced a more visible gradient of
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precipitation due to the concentration gradient of the protein diffusing for 20 hours before
precursor addition. Both of these methods can be used to our advantage in designing specific
controlled graded materials.

To give more insight into the TiO produced in the reaction-diffusion experiments the
precipitates were removed from the short diffusion experiments for Car9 and characterized using
SEM (Figure 5.5). Two different morphologies were observed at the same magnification for the
TiO; precipitate. One morphology was a connected thin structure (Figure 5.5A) and the other was
single unconnected particles (Figure 5.5B). These results potentially mean that the concentration
gradients of the protein influence the morphology of the precipitate formed.

5.4 Conclusions

These initial proof of concept experiments prove that protein induced TiO> mineralization
can be done in a reaction-diffusion environment in 1% agarose. This shows that reaction-diffusion
experiments can form different morphologies in TiO2 precipitation. The next steps would be to
produce more material with a finer control and developing a model to have a method of predicting

how this material will form in varying locations.
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Figure 5.1 The non-equilibrium reaction-diffusion set up for the formation of TiO> from a protein
and titanium precursor.
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Figure 5.2 Non-equilibrium synthesis of TiO> using 50 uM sfGFP-Car9 and reaction-diffusion in
1% agarose. Addition of 100 pL of 25 mM TiBALDH in 37.5 mM citrate buffer pH 5 at 2 hours

of protein diffusion.
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Figure 5.3 Non-equilibrium synthesis of TiO> using short reaction-diffusion in 1% agarose and 50
uM of protein. Showing the differences between the different sftGFP tagged proteins (Car9, F6A,
K8AKI11A, and K8HK11H) after a 24-hour reaction time. Addition of 100 pL of 25 mM
TiBALDH in 37.5 mM citrate buffer pH 5 at 2 hours of protein diffusion.
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Figure 5.4 Non-equilibrium synthesis of TiO> using long reaction-diffusion in 1% agarose and 50
uM of protein. Showing the differences between the different sfGFP tagged proteins (Car9, F6A,
K8AKI11A, and K8HK11H) after a 40-hour reaction time. Addition of 100 pL of 25 mM
TiBALDH in 37.5 mM citrate buffer pH 5 at 20 hours of protein diffusion.
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Figure 5.5 SEM photos from short diffusion experiments using 50 uM sfGFP-Car9 (A),
(B) and F6A (C), (D). Proteins diffused for 2 hours before the addition of the
TiBALDH/citrate buffer mixture and a reaction time of 24 hours.
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Chapter 6 Influence of multiple Car9 peptides and location in sfGFP on SiO: binding affinity
6.1 Introduction
Previously we determined how Car9 peptide’s structure and sequence affected its binding

to silica and TiOz precipitation. In the future, we would like to make complex composite materials
using proteins with fused SBPs as the binding agents to inorganic material. One approach is
constructing a single protein with multiple peptide tags with the binding affinity for various
inorganic materials. This specific work discusses the construction of varying sfGFP proteins that
have individual or multiple Car9 tags inserted at different locations in the sfGFP framework and
how these variations influence SiO: binding affinity.
6.2 Materials and Methods
6.2.1 DNA manipulation and protein purification

Genes for the proteins were inserted in a pET-24a (+) plasmid, between restriction enzyme
sites Ndel at the N-terminus of sfGFP, HindIII at the C-terminus of sfGFP, and Xhol at the C-
terminus of Car9. The Car9 tag was inserted into the loop between BamHI and Spel digestive sites.
BL21(DE3) cells containing sfGFP and the Car9 variants were grown to mid-exponential phase
(4e00~ 0.5) at 37°C in 500 mL of LB medium supplemented with 50 pg/mL of kanamycin. Protein
expression was induced by addition of 1 mM isopropyl B-D-thiogalactopyranoside (IPTG) and
cells were harvested by centrifugation at 6,000g for 10 minutes after 4 h of incubation at the same
temperature. All proteins with the Car9 peptide where purified using silica affinity

chromatography, described previously,!%!1¢

and an additional 10-minute heat shock step at 70°C,
since sfGFP is a thermostable protein. The control protein sfGFP was purified by fast liquid
chromatography (FPLC) using ion exchange chromatography with a Whatman DES52 resin. The
column was washed with 20mM Tris-HCI at pH 8 and the protein was loaded and washed with the

same buffer. The washed protein was eluted using a gradient elution with 20mM Tris-HCI with
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IM NaCl at pH 8. Most of the protein eluted at 8SmM NaCl. Protein concentrations were
determined using a BCA assay. Samples were stored at -20°C.
6.2.2 Protein expression and solubility study

Protein expression and solubility was determined using 25 mL cultures. Eight 25 mL
cultures were inoculated with 0.5 mL of an overnight culture of BL21(DE3) cells containing the

desired plasmids with the desired protein gene inserted. Cultures were grown at 37°C, protein
expression was induced at A, = 0.5. After 4 hours of expression 3 mL of each sample was

centrifuged at 6,000 g for 10 minutes to be used in the solubility study. The soluble and insoluble
fractions were separated using a French press. The protein in the soluble fraction was separated
from other soluble material using chloroform-methanol extraction.
6.2.3 SPR experiments

Silica-coated surface plasmon resonance (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 (PEVCD). Chips were
cleaned by ethanol and UV-ozone treatment before use and mounted on the flow cell of a SPR
sensor from the Institute of Photonics and Electronics (Prague, Czech Republic). All experiments
were conducted at a flow rate 70 uLmin™! and a constant temperature of 25°C with protein
concentrations at 0.1 umol L' in 20 mM Tris-HCl at pH 7.5.
6.3 Results and Discussion
6.3.1 Multi-tag influences on protein expression and purification

To understand the influence that multiple cationic Car9 peptides and their location have on
silica binding sfGFP proteins with the Car9 peptide inserted in various locations were constructed
and purified. Figure 6.1A shows the f-barrel sfGFP protein where the Car9 tag permutations are

located. In total, there are 8 constructs, one being the control sfGFP. There are three versions of
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single tagged sfGFP proteins, with a Car9 tag fused to the N-terminus (Car9-sfGFP) by a TEV
protease cleavage site and a GGGS linker, in a permissible loop on the protein (sfGFP::Car9), and
fused to the C-terminus (sfGFP-Car9) with a KLGGGS linker, Figure 6.1B. Car9-sfGFP and
sfGFP-Car9 were constructed to test the location of the sequence of the tag and sfGFP::Car9 to
test the influence of a constrained peptide. The three dual tagged proteins are: one with the N-
terminal and in the loop Car9 tag (Car9-sfGFP::Car9), N-terminal and C-terminal Car9 tag (Car9-
sfGFP-Car9), and in the loop and C-terminal Car9 tag (sfGFP::Car9-Car9). The final permutation
of the tagged proteins is a tri tagged sfGFP protein (Car9-sfGFP::Car9-Car9) with Car9 at all three
locations.

After protein construction the effects of multiple tags on protein expression, Figure 6.2A,
and solubility, Figure 6.2B, were determined. The protein expression does not change by the
addition of single or multiple Car9 tags, or the location of the Car9 tag in the sfGFP framework.
When comparing the soluble and insoluble fraction of the expressed cells, it is apparent that the
addition of the Car9 peptide increases the insolubility. It is unclear the difference in solubility for
a single, dual, or triple tagged protein and a decent amount of protein can still be obtained from
purification of the soluble fraction. All of the multivalent Car9 proteins where purified on a silica
affinity column, with a relatively similar purity, Figure 6.3. One observation is that the single
tagged proteins had the highest yield and adding multiple tags decreased the concentration of
protein released from the silica column. This effect is most likely due to the strength of silica
binding of the multi-tag proteins and the ability of being released from silica with 0.5 M Lysine
elution buffer in 20 mM Tris-HCI at pH 8.25.

6.3.2 Influence of peptide location in sfGFP on SiO; affinity
SPR sensorgrams for the single tagged proteins, Figure 6.4, showed a significant

difference in the adsorption phase when comparing the C-terminal Car9, sfGFP-Car9, to the loop
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(sfGFP::Car9) and N-terminal (Car9-sfGFP). All three proteins displayed the similar sigmoidal
cooperative two step adsorption with similar desorption rates. The significant difference was in
the surface coverage and the rate of adsorption. The proteins sfGFP::Car9 and Car9-sfGFP had a
faster on rate, but only covered about 70% of the surface that sfGFP-Car9 did, potentially due to
the tag location and mode of adsorption. For sfGFP::Car9 the tag is located in a permissive loop,
making it more rigid, and not nearly as flexible when binding to SiO; as the N- or C- terminal tags.
This will also influence how the sfGFP backbone is positioned at the SiO; interface. The
positioning of the backbone for sfGFP::Car9, Figure 6.4, could block open binding sites or cause
electrostatic repulsion with other sfGFP::Car9 proteins therefore decreasing the overall surface
coverage compared to Car9-sfGFP or sftGFP-Car9.

For the N-terminal tag, Car9-sfGFP, the increased adsorption rate and the decreased
surface coverage could be due to the increased linker length, as well as the structure of the amino
acids introduced to the SiO surface. Previously in Chapter 3 we demonstrated that the Car9 tag
on the C-terminus has tripod like structure, with the three lysine amino acid side chains protruding
from the peptide and interacting with the silica surface, which is the optimal Car9 structure for
electrostatic interactions with SiO; surface. When the Car9 tag is on the N-terminus it has a
negatively charged aspartic acid at the N-terminus and the lysines are closer to the linker and are
most likely not in the optimal structure for binding. This could cause a different mechanism of
binding that is not as dependent on electrostatics changing the on rate and surface coverage. The
decrease in surface coverage could also be due to the linker length, once the Car9 peptide is bound
the longer linker can cause the sfGFP framework to have more movement near the surface that
could potentially block open sites or repel other Car9-stGFP proteins, decreasing the overall
surface coverage.

6.3.3 Multi-tag influence on SiO; affinity

95



Three of the four multi-tag proteins had a significantly different mode of adsorption
compared to the single tagged proteins, Figure 6.4. The proteins sfGFP::Car9-Car9, Car9-sfGFP-
Car9, and Car9-sfGFP::Car9-Car9 all had a significantly lower rate of adsorption, so much lower
that the adsorption time was increased from 15 minutes to 20 minutes in order to reach equilibrium
surface coverage during the binding time. For these proteins the slower adsorption rate could be
due to the Car9 peptide being on the same side of sfGFP. Car9 is a cationic peptide and when two
are located near each other the electrostatic repulsion could interfere with the optimal binding
structure causing the binding rate to decrease. This also could be the reason Car9-sfGFP::Car9 is
the only multitag protein with a similar adsorption mechanism as sfGFP-Car9. This mutant has the
Car9 on opposite sides of the protein so the peptides on the same protein most likely don’t interfere
with each other when binding to SiO2. One interesting observation from the SPR data is that once
the multi tagged proteins bind to SiO; they are not released from the surface and their desorption
rates significantly decrease compared to the single tagged versions. This stronger affinity would
explain why the yield decreases for multi tagged proteins in purification.

6.4 Conclusions and future direction

This work discusses initial steps in multi tag labeling of stGFP with a Car9 peptide. Protein
expression, solubility, and silica affinity were studied to understand the effects of multiple tags at
various locations in the sSfGFP framework. It was determined that the lower purification yields for
multitag proteins were due to the proteins not being released efficiently from the silica with the
elution buffer, 0.5 M Lysine in 20 mM Tris-HCI at pH 8.25. This lower yield problem could be
addressed by doing an experiment varying concentration of lysine and/or the pH of the elution
buffer to determine the optimal release conditions for the multitag proteins.

These initial experiments show the differences for the multitag proteins and help

understand the next steps in order to fully understand the templating abilities of multitagged
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proteins. Some further work would be to confirm how the number of tags and tag placement
influence the binding by determining exactly the influence of increased flexibility with a longer
linker, the rigidity of the peptide in the loop, or the optimal binding position depending on location.
This could all be done, by more SPR experiments, confirming no mass transfer limitations, or with
more advanced molecular dynamic simulations studying the protein-peptide fusion binding to SiO,.
Another approach that might be worth looking into is the influence on TiO; precipitation for these
various protein-peptide fusions, and how the changes with the Car9 in the sfGFP framework

influence the crystallinity or the morphology.
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6.5 Figures

Car9-sfGFP
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r Car9
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Figure 6.1 (A) The sfGFP protein with the three possible locations for the Car9 peptide (orange
circle). (B) The added amino acids and linkers (single letter code) for the addition of the Car9
peptide on the N-terminus (Car9-sfGFP), in the loop (sfGFP::Car9), and on the C-terminus
(sfGFP-Car9). For the multiple tagged proteins, the Car9 peptide is in the same location with the
same sequences, there is just more than one.
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Figure 6.2 (A) SDS-PAGE gel displaying the effect of multiple Car9 tags and the placement of
the Car9 tag on protein expression. (1) Pre induction (2) Post induction. (B) SDS-PAGE gel
showing how protein solubility is affected by the different Car9 tagged proteins. (1) Whole cell (2)
Soluble fraction (3) Insoluble fraction.
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Figure 6.3 SDS-PAGE gel showing the purity of the Car9 tagged proteins purified by silica affinity
chromatography..
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Figure 6.4 (A) Potential SiO; binding poses for the N-terminal Car9-sfGFP, with the longer linker,
the rigid permissive loop sfGFP::Car9, and the C-terminal sfGFP-Car9. (B) Diagram of the
multitagged Car9 proteins showing the location of the Car9 peptide and demonstrating how two
tags could be “near” each other to have potential electrostatic repulsion. SPR results for the
multivalent silica binding studies with the 7 various proteins at 0.1 M in 20 mM Tris-HCl pH 7.5
with a flowrate of 70 plmin! with an adsorption time of (C) 900 seconds and (D) 1200 seconds.
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Chapter 7 Conclusions

In this work we have employed a combination of experiments and simulation to understand
how silica binding kinetics and energetics correlate with amino acid composition and predicted
conformation in a family of silica-binding peptides fused to the sftGFP framework.

In Chapter 2, we used SPR and silica-coated chips to characterize the adsorption behavior
of these fusion proteins. We developed a cooperative two-step kinetic model that explains the high-
affinity and sigmoidal binding of Car9 to the substrate through intermolecular contacts between
nearest neighbor SBPs, and more accurately captures desorption kinetics through a slow
isomerization step that stabilizes the fusion protein on the surface. In Chapter 3, we applied this
model to a panel of Car9 mutants to assess how the energetic and kinetics of silica binding were
influenced by mutations affecting the charge or structure of the Car9 SBP. We combined this
information with molecular dynamic simulations initiated from ab initio Rosetta structure
predictions to develop an in-depth understanding of how Car9 interacts with silica interfaces. In
Chapter 4, we harnessed this knowledge to understand how peptide sequence and structure
influenced the formation, crystallinity, and morphology of precipitated TiO,. We discovered that
Car9 and its KSHK11H mutant were most effective at promoting the formation of TiO2(B)
nanocrystallites, and that presentation of positively charged side chains in a compact conformation
helped improve yields, and that conversion of basic residues to uncharged amino acids biased the
phase of the crystallites towards TiO; anatase. In Chapter 5, we showed that the diffusion of solid-
binding proteins and precursors in solid gels can be used to control the precipitation of TiO2 in
geometrically defined regions and to influence its crystallinity. Finally, in Chapter 6, we
investigated how the local insertional context and the engineering of multiple Car9 segments

within the sfGFP framework influenced silica binding kinetics and affinity.
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The approaches and fundamental understanding developed in this work provide a roadmap
that can be applied to other technologically useful SBPs. For instance, computationally
inexpensive Rosetta predictions could be deployed to identify especially promising peptides from
combinatorially selected populations, mutagenesis informed by MD simulations could be used to
improve function (e.g., variable affinity for a material or precipitation of a defined crystallographic
phase); insertion of SBPs at defined locations in the sfGFP framework and eventually other
scaffolds could be used to modulate adhesion; and gel diffusion could be used to control
morphology at larger scales. This work is also highly relevant to the broader goal of installing
SBPs within computationally designed scaffolds for controlled assembly of hierarchal structures

and the production of advanced materials and devices, with applications in fields as varied as

105-108 109,110 114,115

biomedical engineering , catalysis , and opto-electronics.
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Appendix A Supplementary Information for Chapter 2
Note 1 Justifying the Assumption of Kinetic Control

In modelling the binding kinetics, we neglect any transport limitations and assume that the
evolution of the SPR signal is determined by the attachment of the analyte molecule to the surface.
The validity of this assumption is confirmed by estimating the Damkohler number for this system.
The Damkohler number (Da) of a reaction-diffusion system is a dimensionless group that is
essentially a measure of the relative rate of surface reaction to that of mass transport by diffusion.
Alternatively, it may be regarded as the ratio of the characteristic timescales of diffusion to that of
surface reaction. A low value of Da thus implies strong kinetic limitations relative to diffusion.
For our system, Da is defined as:

kyicgl
= '1
Da D (A.1)

where ¢ is the surface concentration of binding sites, ka1 the rate constant for the first association
reaction, and / and D the characteristic diffusion length scale and the diffusion coefficient of the
protein in water, respectively.

For solid-binding proteins obeying the two-step cooperative model, ka1 is surface-coverage
dependent and we take 100 m?® mol™! s! as a typical average value. Since rate laws are expressed
in terms of the SPR signals Ri(?) and R»(?), the exact concentration of surface binding sites is
unknown, and we take c; to have a typical value of 10® molm™ based on the method of Hansen et
al.'”™ The characteristic diffusion length perpendicular to the direction of bulk flow is
approximately / = 5 um while the diffusion coefficient of proteins in water is about 101 m? s'! is
used for D.!75-176

Substituting these values in Equation (A.1) gives us a Da value of approximately 0.05
which implies that kinetic limitations are more severe than transport. The kinetically controlled

regime is also indicated in the dissimilar SPR signal response signals for different analytes for
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experiments at identical analyte flowrates. A transport-limited regime would likely mask the
differences in association kinetics in the different proteins, all of which possess similar transport
properties.
Note 2 Derivation of Model Equations

Let g, (t) and o, (t) denote the instantaneous surface concentrations of the two adsorbed
protein isomers. We assume these quantities to be proportional to their respective contributions to

the total SPR signal, giving us the following relations:

01(t) = kR, (t) (A.2)
a,(t) = KR, (t) (A.3)
O_max(t) = KRpax (0) (A.4)

where k is a proportionality constant.

The total surface coverage may thus be written using Equations (A.2) — (A.4) as:

o)+ 0a(t)  Ri(t) + Ry(0)

— (A.5)
Umax Rmax
recapitulating the chemical equations for the adsorption phase,
A+ B =2 AB = AB” (A.6)

here, A denotes the adsorbing protein, and B denotes a surface binding site.
The rate of the initial adsorption step may be expressed as a product of a molar flux J, and
sticking probability p as follows:

Taas = JaP (A.7)

For a constant bulk solution concentration ¢, , the molar flux for adsorption from dilute solution

may be found in terms of the Hertz-Knudsen equation as follows:!"-178
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RT
Ja =

= A8
% |3 (A.8)

where the quantity ’ R s proportional to the average velocity obtained assuming a Maxwell-

Boltzmann distribution for molecular velocities at a given temperature T. M denotes the molar
mass of the adsorbing protein.

The sticking probability p represents the fraction of molecules arriving at the interface that
get adsorbed, and thus corrects the bulk flux to give the net adsorption flux at the interface.!”® In
the Frumkin-Fowler-Guggenheim model, p is a function of adsorbate—adsorbate interactions, in
addition to the fraction of available sites and the activation energy barrier for bond formation. It is

therefore denoted as:

—-Ey —E;f0
p=(1- g)eR—TOeW (A.9)

where Ey the molar intrinsic activation energy for bond formation between the adsorbing molecule
and the surface, and E; the molar interaction energy considering nearest-neighbor interactions of
the adsorbed species.!?* In the absence of adsorbate interactions, £, =0 and we recover the classic
Langmuir dependence.

Equations (A.7) — (A.9) may now be combined to give the rate of the initial adsorption step:

—E, —Eif

Taas = Jab = (1—6)eRrTe RT (A.10)

A lonMm

equivalently, we can use Equation A.5 to express the adsorption rate as follows:

RT —Ey —E;0 1 RT —E;i0
Tads = Ca }2 M (1—-0)eRT e RT = — ’W(Umax oy (t) — gz(t))e T e RT (A.11)

We also assume first-order kinetics for the desorption and isomerization reactions denoted in

Equation (A.6). Thus,
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Taes = Kq101(t) (A.12)
and the net rate of the isomerization reaction is given by:
Tis = Tisf — Tisp = Ka201(t) — kap0,(t) (A.13)
We can now use the rate law expressions given by Equations (A.11) — (A.13) to arrive at the
governing equations for the surface concentrations o, (t) and o0,(t), or equivalently, the SPR

responses R, (t) and R, (t). Thus,

do(t)
T = Taas ~ Taes1 ~ Tis (A.14)
day(t) (A.15)
dt =Tis
which can be written as,
dao(t) 1 RT —Ey —Ef
= —— 5 (e = 01 = 02(0) T T — kn01(6) = ka2 (6) + ko (0 (A.16)
and,
do,(t)
;t = ka201() = kaz02(0) (A.17)

Equations (A.16) and (A.17) are now connected to experimentally relevant quantities by
substituting Equations (A.2) — (A.4), to give the final set of governing equations:

dR,(t)
dt

= kal(Rmax — R () — R, (t)) — kq1R1(t) — kaaR1(t) + kaz Ry (t) (A.18)

dR; t(t) = kaaR1 (t) = kaaRy(t) (A.19)

where, for a given adsorbing species, site concentration and temperature, the constant parameters

have been combined into an effective adsorption rate constant K, given by:

kal == k,aleug (A.ZO)
_—E (A.21)
YERT

R L (A.22)
T Gax RT |27M
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Figure A.1 Adsorption kinetics of sfGFP (0.1uM) on silica-coated SPR chips.

108



N &2 fGFP-Car9Q4
W ) oy S
R & X
kDa S S kba sféFP Bl E2 £3
250/ 250
;20 - 130 100
7 95 =
55 72 - 80 |
55 - Py
s
- - 3 I
28 - W - 3 9 .
— —— 3 -
28 J—— 2 40 |
3 -
m
17 20
17
10 B 10 - 0

sfGFP-Car9 sfGFP-Car9Q4
Purity 97% 96% 95%* 97% 96%

Figure A.2 Purification and silica-binding activity of proteins used in this study. (A) SDS-PAGE
fractionation of purified proteins. At the exception of sftGFP which was isolated by conventional
ion exchange chromatography,'” all proteins were purified by silica affinity chromatography.!%-11¢
The lower molecular mass band in the mCherry-Car9 lane is a characteristic degradation fragment
observed when mCherry is fractionated on SDS-PAGE gels.!” This fragment is therefore included
when calculating the purity of mCherry-Car9 (*). (B) SDS-PAGE analysis of successive sfGFP-
Car9Q4 elution fractions from a silica column. Purified wild type sfGFP is included as a control.
(C) Silica pull-down show that sfGFP-Car9Q4 retains a high level of silica-binding activity. For
these experiments, 5 mg of silica gel was dispensed in triplicate microfuge tubes, and the washed
powder was supplemented with 200 pL of 2 uM sfGFP-Car9 or sfGFP-Car9Q4. After 1 h
incubation at room temperature, supernatant fluorescence was measured at 510 nm on a microplate
reader with excitation at 475 nm and a cutoff wavelength of 495 nm. Values were normalized to
untreated solutions of proteins (2 uM). Images were acquired on a transilluminator operated at 302
nm.

109



Protein Mr (kDa) pl Protein Mr (kDa) pl
SfGFP 26.8 5.92 mCherry 26.9 5.62
sfGFP-Car9 28.6 6.80 mCherry-Car9 287 6.62

Figure A.3 Electrostatic surface of sfGFP (A) and mCherry (B) color-coded between -10
kcal/(mol*e) (red) and +10 kcal/(mol*e) (blue) were generated using Chimera. Images show
clockwise the “front”, “back”, “bottom”, and “top” of each protein. Tables list relative molar
masses and pl.
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LASLVKAFDP 238

125
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245

228

thermophilus (3VOV, Query) and G.

stearothermophilus (Sbjct) glucose kinase (GK) sequences over amino acids 60 to 238. (B)
Dimeric homology models offered by SWISS-MODEL!?? (purple) were aligned to the 3VOV
tetramer (green) in PyMol.
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Protein

GK 32.4 5.56

GK-Car9 34.2 6.41

Figure A.5. Electrostatic surface of G. stearothermophilus glucose kinase (GK) color-coded
between -10 kcal/(mol*e) (red) and +10 kcal/(mol*e) (blue) and generated using Chimera. Images
show clockwise the “front”, “right side”, and “bottom” of the tetramer. The Table lists relative
molar masses and pls.
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Figure A.6 Desorption kinetics of sfGFP-Car9 at 0.075 uM concentration modeled using a single
exponential decay (dashed line) or the two-step cooperative model (solid lines).
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Figure A.7 Simulated instantaneous reaction rates for the initial cooperative adsorption (A) and
desorption (B) from the silica surface, and for their second step adsorption (C) and desorption (D).
Note that the panels have different units. Simulations were generated using the fit parameters for
0.125 uM sfGFP-Car9 sensorgram data (Table 1 of the main text).
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Figure A.8. SPR sensorgrams (A) and Langmuir adsorption isotherm (B) for the adsorption of
sfGFP-Car9Q4 to silica. The slope of 0.94 is consistent with Langmuir behavior. Surface
coverages (q) were calculated as the ratio of Req t0 Rmax and a Rmax value of 10.9 nm.
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Table A.1: Summary of lower and upper bounds, and initial guesses for the fitting of sigmoidal
sensorgrams using the proposed two step model.

Parameter

Protein

Condition

0 mM NaCl, pH 7.5 20000 25000 | 22000
sfGFP-Car9 | 50 mM NaCl, pH 7.5 20000 30000 | 25000
ka1 100 mM NaCl, pH 7.5 25000 35000 | 29000 M-lst
GK-Car9 pH 7.5 15000 35000 18000
mCherry-Car9 | pH 7.5 15000 33000 18000
0 mM NaCl, pH 7.5 0.32 1.0 0.55
sfGFP-Car9 | 50 mM NaCl, pH 7.5 0.32 3.2 1.26
ka1 100 mM NaCl, pH 7.5 1.0 10.0 5.0 x107 s7!
GK-Car9 pH 7.5 0.32 1.0 0.63
mCherry-Car9 | pH 7.5 0.32 1.0 0.63
0 mM NaCl, pH 7.5 0.06 0.32 0.13
sfGFP-Car9 | 50 mM NaCl, pH 7.5 0.03 0.20 0.06
ka2 100 mM NaCl, pH 7.5 0.16 1.0 0.56 x107 s7!
GK-Car9 pH 7.5 0.06 1.0 0.1
mCherry-Car9 | pH 7.5 0.06 1.0 0.1
0 mM NaCl, pH 7.5 0.02 0.06 0.03
sfGFP-Car9 | 50 mM NaCl, pH 7.5 0.02 0.06 0.03
ka 100 mM NaCl, pH 7.5 0.001 0.01 0.03 x107 s7!
GK-Car9 pH 7.5 0.02 0.32 0.03
mCherry-Car9 | pH 7.5 0.02 0.32 0.1
0 mM NaCl, pH 7.5 2.5 3.1 2.9
sfGFP-Car9 | 50 mM NaCl, pH 7.5 1.8 2.8 2
u 100 mM NaCl, pH 7.5 1.5 3 24 -
GK-Car9 pH7.5 2 3.5 2.5
mCherry-Car9 | pH 7.5 2 3.5 2.5
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Appendix B Supplementary Information for Chapter 3
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Figure B.1 Energy landscape sampled during Rosetta ab initio structure prediction of Car9 and its
mutants. Rosetta energy in Rosetta Energy Units (R.E.U.) is plotted against C-a root mean square

deviation (RMSD) to the lowest energy model. Rosetta energy was calculated with the Talaris 2014
score function.
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Figure B.2 Distance of each residue center of mass (COM) to the silica surface for the Car9 peptide.
Distances were averaged for the last 150 ns of simulation over all three simulation trials. Anchor
residues sit at short distances from the surface and exhibit low (primary anchor, red) or moderate
(secondary anchor, pink) variance in the distances.
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Figure B.3 SDS-PAGE fractionation of stGFP-Car9 (Car9) and of its FOA, POAG10A, KSAK11A,
and R4QR12Q variants following silica affinity chromatography.
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Figure B.4 Superimposition of Rosetta initial structures (green) and top-ranked clusters
determined for each trial of MD-simulated structure at the silica interface (pink).
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Appendix C Supplementary Information for Chapter 4
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Figure C.1 Fluorescence calibration curve for sftGFP and sfGFP-Car9 in 37.5 mM citrate buffer

at pH 5.
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Figure C.2 Ti(IV) colorimetric assay calibration curve used to determine the concentration of
unreacted TIBALDH that is remaining in solution after TiO: precipitation.
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Appendix D Kinetic binding coefficients determined using the Langmuir and Hill Isotherm
Fit method to SPR data

Estimating the kinetic binding coefficients (kon, Kofr, and Kp) from SPR sensorgram data
and using these values to determine the free energy of binding (AG). First SPR sensorgram data
was collected for each protein at varying concentrations (high affinity proteins 1000nM to 15.6
nM and low affinity 4000 nM to 62.5 nM). Two SPR chips (4 concentrations per chip) were used
with one common concentration used to align the SPR data, Figure D.1. From this data a response
equilibrium, Req, was estimated for each concentration, Figure D.2 and Table D.1. The Req is
considered to be when the SPR sensorgram reaches a plateau for each concentration. For
sensorgrams that seemed to have non-monolayer surface coverage at higher concentrations
(sfGFP-Car9 at 1000 nM) the Req was assumed to be at the point the curve would level off and not
considering the rise caused by non-monolayer surface coverage.

An isotherm plot was constructed from plotting the Req with concentration, Figure D.3.
Each isotherm plot was fit with the Langmuir isotherm, Equation D.1, and the sigmoidal binders

were also fit to the Hill isotherm, Equation D.2:

[C]Rmax
Rea = 3Tl (D.1)

=Ko [
where Rmax is the maximum SPR response, Kp the equilibrium dissociation constant, and n the
Hill coefficient that denotes binding cooperativity. Dissociation constants and Hill coefficients
were determined using the Chi-Square curve fitting method in Excel.

Kinetic off rate constants (ko) were obtained by fitting raw SPR data in the wash cycle

with an exponential decay, Equation D.3,
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R = exp korrt (D.3)
where R is the SPR response and ¢ the time. From these values the kon, Equation D .4, and the Gibbs

free energies of binding, Equation D.5, can be calculated.

Korr
= 9] D.4
Kon X (D.4)
1
AG = —RT In(—) (D.5)
Kp
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Figure D.1 Raw SPR sensorgrams for C-terminal sfGFP tagged proteins with (A) Car9, (B) F6A,
(C) P9AGI0A, (D) KEAKI11A, (E) R4QR12Q, and (F) K7ARI12A. Two SPR chips area aligned
using the concentration 125 nM for sigmoidal binders and 500 nM for Langmuir binders.
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Figure D.2 Req estimates for each concentration for the raw SPR sensorgrams with the C-
terminal sfGFP tagged proteins with (A) Car9, (B) F6A, (C) P9AG10A, (D) KSAKI1I1A, (E)

R4QR12Q, and (F) K7AR12A.
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Table D.1 Req estimates for each concentration for the raw SPR sensorgrams with the
C-terminal sfGFP tagged proteins.
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Figure D.3 Isotherm plots for SPR data of the sigmoidal binding proteins Car9, F6A, and
P9QGI10A. Each is fit to the Langmuir Isotherm (grey) or Hill Isotherm (red) for (A, D) Car9,
(B, E) F6A, and (C, F) POAGI10A. Fits for the Langmuir binding proteins (G) KSAK11A, (H)

R4QR12Q, and (T) K7AR12A.
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Table D.2 Calculated kinetic binding constants by fitting the Langmuir equation to the isotherm
data. Kp, Ko, and Rmax (blue) where determined from fitting the data and kon, AG, and Chi?
where calculated from the values determined.

TS Ko (W) | k(™) | R | K, (uM75”) | AG (kimol™) | Ch?
Car9 0.0744 0.0035 14.4 0.0465 -40.7 0.85
F6A 0.0614 0.0031 13.1 0.0500 -41.1 0.52

PO9AG10A 0.0580 0.0027 12.6 0.0469 -41.3 0.65

K8AK11A 0.4390 0.0027 12.7 0.0061 -36.3 0.02

R4QR12Q 0.2270 0.0024 14.7 0.0106 -37.9 0.22

K7AR12A 0.4009 0.0031 134 0.0078 -36.5 0.39

Table D.3 Calculated kinetic binding constants by fitting the Hill equation to the isotherm data.
Kb, Koft, n, and Rmax (blue) where determined from fitting the data and kon, AG, and Chi? where
calculated from the values determined.

Hill 4 a1 -1 . )
Isotherm KD (‘LIM) koff (S ) n Rmax(nm) kon (MM S ) AG (kJmoI 1) Chi?

Car9 0.071 0.0035 1.10 134 0.0487 -40.8 0.31

FEA 0.284 0.0031 1.44 12.0 0.0108 -37.4 0.29
PO9AG10A | 0.225 0.0027 1.40 11.5 0.0121 -37.9 0.37

Table D.4 Average kofr values determined from fitting the exponential decay function, Equation
D.3, to the off rate of the SPR sensorgram data for the five largest concentrations of each protein.

kot error Koff (5'1)
Car9 0.0035 + 0.002
F6A 0.0031 + 0.001

P9AG10A 0.0027 + 0.001

K8AK11A 0.0027 + 0.0004

R4QR12Q 0.0024 + 0.0004

K7AR12A 0.0031 + 0.0007
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Appendix E Effects of pH on SiO; binding
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sfGFP-Car9 7.5 0.1 29 22500 0.84 0.20 0.02
sfGFP-Car9 8.5 0.1 2.7 21700 1.45 0.32 0.04

Figure E.1 Comparison of effects of pH on silica binding, experiments were run in 20 mM Tris-
HCI (pH 7.5 or pH 8.5) with a flow rate of 50 uLmin!. (A) 0.1 u M sfGFP-Car9 (B) 0.1 uM
sfGFP::Car9 (C) 0.2 uM sfGFP::Car9-Car9. (A) and (B) adsorption time was 900 seconds and
desorption time 900 seconds. (C) adsorption time was 1200 seconds and desorption time 900
seconds. (D) Kinetic values for sfGFP-Car9 at pH 7.5 and pH 8.5 fit with the two-step cooperative
model.
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