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Biomolecules have the ability to regulate the formation of hierarchically structured
biominerals through their interactions with inorganic crystals. However, the details of the atomic
structure at the organic-inorganic interface that governs this process are not yet known. This work
will present a set of design principles for the creation of molecular templates targeted to interact
with calcium carbonate and hematite. The starting hypothesis states that a structured flat molecular
template could achieve heterogeneous nucleation of calcium carbonate or facet-specific and
oriented binding of proteins to hematite by pre-organizing binding moieties for calcium or iron on
its surface. To test this, helical repeat proteins displaying regularly spaced carboxylate arrays on
their surfaces were designed. It was discovered that these protein templates directly nucleate nano-
calcite with non-natural (110) or (202) facets. These proteins also allow for the bypassing of
vaterite, which forms in the absence of the proteins. The resulting nanocrystals then come together
by oriented attachment to form calcite mesocrystals. By altering the protein length and
manipulating their surface chemistry, the nanocrystal size and nucleation rate can be adjusted. As
the size of the carboxylate arrays decreased, the nanocrystal diameters increased. Furthermore, the
nucleation activity was eliminated by partially replacing the carboxylates with lysines. In the case
of hematite, binding studies suggested that proteins with a target spacing of 10.9 A (but a most
likely interhelical spacing of 11.2 A) are capable of interacting specifically with the target (012)
surface. This was observed for incubation conditions under which the surface potential is identical
for both test facets. Binding on the off-target (001) surface was heterogeneous and domain-
dependent. Nucleation studies of hematite in the presence of proteins suggested that several
designed and non-designed proteins had a degree of inhibition in the effect of nucleation of
hematite starting with a ferrihydrite precursor. In sum, these templates achieve a degree of
tunability only accessible through protein design and represent one of the most programmable
systems for broader biomineralization studies. These advances open the possibility to use de novo
protein design to program biomineralization, offering a pathway to creating advanced hybrid
materials.
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1 Chapter 1: BACKGROUND and INTRODUCTION

1.1 Biomineralization

1.1.1 Overview

Nature’s ability to create inorganic crystals and shape them into remarkably intricate and
regular structures has fascinated scientists for centuries. Biomineralization is the process by which
living organisms deposit inorganic material in a controlled manner. This can be as a byproduct of
their metabolism, or intentionally as an adaptation mechanism imparting them structural, optical,
or environmental sensing advantages. These processes range from membrane bound nanoparticles
in unicellular organisms, to complex processes ranging multiple length scales in multicellular
organisms.

The story and developments in biomineralization have followed the evolution of
microscopy and structural characterization techniques since the late 17th century[1]. From the first
optical microscopy studies by Van Leeuwenhoek studying osteons in bones, to following studies
through the development of polarized light microscopy, X-ray diffraction, transmission electron
microscopy (TEM), scanning electron microscopy (SEM), and the cryo or in situ techniques
developed for the latter two microscopy techniques. Advances within the field in the past ten years
have been centered around transcriptomic and proteomic studies of mineralizing tissue, or
following structural developments and interactions between the organic matrix and the mineralized
component. Together, they have painted a picture of a biomineralization field where sequence to
structure to function relationships are key. These relationships together with the properties of

important biominerals will be explored in the following section.


https://paperpile.com/c/4TSaNv/4wxbv

1.1.2  Biominerals

The resulting biominerals have unique properties that go beyond what is achievable by
their synthetic or geological counterparts. For example ice-binding (IBP) and ice-nucleating
proteins (INP) are capable of the molecular recognition of ice and modification of its properties
such as the non-equilibrium depression of its melting point (thermal hysteresis), ice
recrystallization inhibition, and dynamic ice shaping[2,3]. These proteins are used as an adaptation
mechanism for organisms living at sub-zero temperatures. The remarkable activity of these
molecules has led to the development of small molecule and small peptide mimics whose potency
remains variable and not on par with that of native proteins[4]. Hence, numerous structure-
functional studies[5-9] have been carried out with the final goal of rationally designing potent
mimetics with improved stability and synthesizability. Biomineralized calcium carbonate has
superior mechanical properties, e.g. in nacre, the strength of a nacre shell is up to 3000 higher than
of pure CaCOs [10]. This is achieved by layers deposited of a calcium carbonate mineral called
aragonite sandwiched between organic matter believed to template and concentrate the precipitated

inorganic phase[11].
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In general, the way by which these properties are achieved can be related to the ability of
organisms to control the shape, position, phase, and orientation of the deposited minerals. This can
be in turn obtained by carefully regulating the environment, i.e. the flux of electrons, pH, and ionic
strength. An additional control includes the use of templates and constrained spaces for the
deposition of minerals. The combined use of solution condition controls and confined
environments with templates manipulates the free energy landscape of nucleation and growth and
effectively lowers the activation energy barrier to produce minerals with fewer energetic
requirements compared to minerals attained by synthetic routes or geological processes[12]. The
following section will explain how this is possible from the perspective of classical nucleation

theory (CNT).
1.2 Nucleation theory

This section will first frame the broader concepts of biomineralization through CNT in
solution and at surfaces. Crystallization is a phase transition from a high energy solvated state to a
low energy crystalline lattice. Living organisms control the phase, habit, and growth of a crystal
by manipulating the free energy landscape of this phase transformation. This can be achieved by
modulating the speciation of ions in solution, controlling the pH, in addition to potentially using
templates to guide the nucleation as described by the principles of homogeneous and
heterogeneous nucleation outlined below.

1.2.1 Homogeneous vs heterogeneous nucleation

The contents presented in this section are adapted from De Yoreo & Vekilov[13]. For ions
and molecules to transition from a solvated state to a solid, crystalline phase, a driving force is
required. The formation of a precipitate, in this case the new phase, is only thermodynamically

favorable when the free energy of the new phase in the final solution is lower compared to the free
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energy of its constituents in solution, i.e. the old solvated phase at equilibrium 4g.,uuirium. This
condition is achieved when the activity product of the reactants (AP) exceeds the equilibrium
activity product (Ksp), which is also known as supersaturation (o). Therefore, the chemical
potential (Ap) or driving force for nucleation is determined by the degree of supersaturation as

described by the equations below. Here ky is Boltzmann’s constant and T is the absolute

temperature.

Ap = Agsupersaturated - Agequilibrium (1.1
= kgTInAP — kgTInKy, (1.2)
= kyTln (ﬂ) (1.3)

Ksp
= kgTo (1.4)
= m(Z L5
o=In K (1.5)

Ions in solution, pH, redox potential, and ionic strength have all an effect on the degree of
supersaturation. The strong effect of solution conditions on supersaturation highlights how
regulation of solution conditions by organisms can induce and control nucleation. Local
fluctuations of particles then drive the formation and dissolution of clusters at a rate governed by
the chemical potential as a driving force, and the interfacial free energy () as a barrier for further

growth (Fig. 1.1, upper pathway).
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Figure 1.1. Homogeneous and heterogeneous nucleation (reproduced from Davila-Hernandez et
al.[14]). The upper pathway and dotted black line show the nucleation process in the absence of a
template. Fluctuations of particles need to overcome a free energy barrier dictated by the interfacial
free energy of the growing particle in order to reach equilibrium at the critical radius and then grow
further. The presence of a template (in orange and blue) lowers both the critical radius and the free
energy barrier. Better templates which can further reduce the interfacial free energy may create even
smaller nuclei (compare orange with blue).

The interfacial free energy can be defined as the energy required to form and stabilize a

surface or boundary between two dissimilar phases. To relate the driving force and barriers to

nucleation, another common key assumption is made about the shape of the nuclei. The nucleus is

assumed to adopt a spherical shape, as this is most likely to maximize the amount of molecules in

the new phase with the lowest surface area, hence adopting the lowest energy conformation.

Considering this, the following expression describes the sum of the bulk (4g,) and surface (49,)

free energy terms, where (2 is the molecular volume and r is the radius of the sphere.

Ag = Agy + Ags (1.6)

_ _{(5)0_"”}4\” t 4nr2a (1.7)

By plotting this equation as a function of the particle radius, a maximum point is reached

at a critical radius (7.) where the fluctuations building or dissolving the new phase are at

11
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equilibrium (Fig. 1.1). Ultimately, under supersaturation conditions, the new phase will form, but
the critical size of the nucleus and the related interfacial free energy and supersaturation will
determine the rate and the onset of nucleation (J,,) as described in (Eq. 1.8) where A is a factor
describing geometry and material parameters. In brief, this equation is derived by finding first 7,
and then obtaining the free energy barrier of nucleation (4g, ) by substituting the expression for 7,

back into (Eq. 1.7).

Jn = Aexp(=A4gn/kpT) (1.8)
= Aexp(—Ba3/a?) (1.9)
= 13‘;:;’ (1.10)

These concepts summarize the main factors of homogeneous nucleation. The next step will be to
discuss heterogeneous nucleation as a way to change the rate of nucleation by changing factors
affecting the interfacial free energy.

The introduction of a potential template for nucleation results in the formation of additional
surfaces or boundaries and their associated energies. Elements composing the total interfacial free
energy in (Eq. 1.11) below are: a;. between the solvent or liquid and the new phase — in this case
the crystal nucleus; a4, between the template or substrate and the crystal nucleus; and «;; between
the liquid and the substrate.

Aror = aic{l — (a5 — ase)/2a;c} (1.11)

The goal of a template is to significantly reduce the total interfacial free energy. Examples by
which this can be achieved include presenting chemical moieties compatible with the crystal
surface, by structuring its surface to closely match that of the nucleus and minimize lattice strain,
and to interact with the solvent to favor ion desolvation at the interface. A combination of these
effects can diminish the total interfacial free energy and as a consequence have a deep impact on

the barrier for nucleation, shift the size of 7. to smaller values, hence changing the rate of

12



nucleation(Fig. 1.1). Templates can offer additional features such as determining the plane from
which nucleation can start, the number, location, and orientation of the nuclei, and indirectly affect
the final size of the particles produced. Different ways by which templates can achieve these

features will be described in subsequent sections.

1.2.2  Ostwald law of phases

The contents presented in this section are adapted from De Yoreo & Vekilov[13]. The
pathway of nucleation in CNT is commonly assumed to proceed directly from solution to the
formation of nuclei with a crystalline structure that is identical to that of the eventual bulk crystal.
This is based on the capillary approximation, which assumes that the molecular arrangement in a
crystal's embryo is the same as in a large crystal, making the surface free energy of the nuclei
equivalent to that of the crystal interface. However, this assumption is unlikely to hold because the
energy barrier leading to a more disordered, less stable state is lower than that leading to the most
stable state. This revision is encapsulated by the Ostwald-Lussac law of phases, which explains
that the pathway to the final crystalline state will pass through all less stable states in order of
increasing stability.

The rate of nucleation equation (Eq. 1.9) shows that the only way a less stable phase can
nucleate more rapidly is by reducing the interfacial free energy by supersaturation ratio (a3/c?).
For a less stable phase, this implies that the Ky, is larger, which means that o is smaller. Therefore,
a must be reduced for the ratio to become smaller. The interfacial free energy («) is proportional
to the difference between the change in free energy in forming a crystal with a surface (4g) and

that of forming an infinite crystal (4g,) as evidenced by (Eq. 1.12), which is in turn derived from

(Egs. 1.6 & 1.7).

a=(4g —A4g,)/4nr? (1.12)
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Enthalpic and entropic contributions to the free energy terms can help explain the
differences between the less or the more stable phases (i.e., 4g,=Ah; — TA4s;). The less stable phase
would have both bulk and surface free energies that are smaller than that of the more stable phase.
This is ensured by the poorer bonding corresponding to the smaller enthalpy contribution (4h;)

and reflecting as well on the higher level of disorder which impacts the entropy term (4s;).

14



1.3 Minerals of interest and their biogenic or bio-inspired synthesis

1.3.1 Calcium carbonate & other calcium biominerals

The known polymorphs of calcium carbonate are six: amorphous calcium carbonate
(ACC), crystalline monohydrate, ikaite, vaterite, aragonite and calcite[15]. Solubility of these
polymorphs is inversely proportional to their stability. When nucleated in solution in the absence
of additives, and when supersaturated for ACC, the formation of the minerals typically transitions
from ACC through one or more of the rest of the metastable phases according to the Ostwald-
Volmer rule to finally transform into calcite [16]. The case of hydroxyapatite (HAP), a calcium-
based biomineral, is similar to calcium carbonate having an amorphous phase as a precursor which
transitions to several crystalline polymorphs. There is a large body of literature using synthetic and
natural additives to mimic the complex order, phase, shape, size, and orientation of calcium
carbonate crystals found in biominerals. These mostly rely on salts, small organic molecules[17—
19], polydisperse polymers[20], block copolymers, and natural or engineered proteins or peptides.
A commonality between the soft templates reported is the presence of anionic groups, potentially
responsible for the binding and concentration of calcium ions and a main driver for crystallization.
In this section, we will first review the biological and then the bio-inspired mineralization of
calcium carbonate and other calcium biominerals like HAP.

Natural biomineralization proteins are known to nucleate specific CaCO3 polymorphs, but
are intrinsically disordered, insoluble, or have no known tertiary structures[21,22]. One example
of this can be found in mollusk shells, where highly repetitive, acidic proteins are proposed to be
involved in the nucleation and growth of aragonite. X-ray studies have shown a close relationship
between aragonite and the B-chitin found in the organic matrix[23,24]. This protein is proposed to

self-assemble on the chitin, and create a periodic array interacting with the mineral. A protein with
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a known tertiary structure and a hypothesized binding mode to its inorganic partner is osteocalcin.
Structural analysis revealed how acidic groups, including y-carboxylated glutamic acid,
coordinated a row of calcium ions at the interface of the crystallographic dimer[25]. The
arrangement of these calcium ions matched two planes of hydroxyapatite belonging to the family
of planes observed in biogenic crystals. Fine details of this proposed structure to function
relationship between osteocalcin binding and bone nucleation or formation is not confirmed, but
the mechanism suggested can play a big role, together with self-assembly of protein monomers
within a larger organic matrix.

With regards to the bio-inspired mineralization of calcium carbonate, the use of rationally
designed proteins and peptides has also been explored. At least three different strategies have been
employed by the following examples. In the first case, ubiquitin is modified using click chemistry
to contain three phosphate groups lined on one side of the protein[26]. When mineralization is
induced, the protein creates a macroscopic Polymer-Induced Liquid-Precursor (PILP) film that
breaks down into amorphous nanoparticles which then mature into crystals with unique
morphology. In the next example, a protein composed of three domains: a chitin-binding, a silk
fibroin and a calcium-binding domain, is used to nucleate hollow spheres of vaterite composed by
radially distributed nanoparticles and nanoplatelets[27]. In this case, the effect of confining the
protein and binding it to the chitin surface, coupled to the structural formation of beta strands of
the silk domain and the concomitant formation of an alpha helix of the calcium-binding domain
during the mineralization reaction are all parameters that tie the deposition of the mineral with a
structural component of the protein. Thirdly, six designed peptides showed a large effect on the
shape of growing calcite crystals[12]. Of these low complexity, high flexibility peptide sequences

comprising 16 amino acids, only a couple showed clear differences between the effects produced
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by the designed peptides compared to the scrambled variants. This meant that potential sequence
to structure and function relationships could only be traced to a select few peptides with a net
positive charge and positive and negatively-charged residues. Peptides with negative charge
seemed to have a stronger effect both in the designed and scrambled variants, leading the
researchers to think that charge overrides the specificity that can be conferred in the presence of
positive and negative residues. In sum, all of these examples have sought to underline structure to
function relationships where chemical compatibility moieties were explored in conjunction with
some sort of structuring element: ubiquitin fold for the first example, binding and structuring

domains for the second, and helical propensity of a modeled sequence for the final.

1.3.2  Iron oxides with an emphasis on Hematite

Of the known biominerals, 40% are iron based with a diverse set of anions used and
polymorphs formed[28]. Iron is both highly abundant in the biosphere and poorly soluble in
water[29], which might explain why so many organisms opted to use iron, but had to evolve
different ways of making it available and easy to transform. Biogenic iron oxides tend to be highly
hydrated and less crystalline, making them more soluble and amenable for transformation by
organisms.

At room temperature, at atmospheric oxygen partial pressure, and over a significant range
of pH, hematite is the most stable form of the iron oxides. Its crystal structure lacks hydroxylation
between the layers of octahedrally-coordinated Fe(IIl) observed in other iron oxides. These
octahedrons are stacked in a corundum structure with two thirds of the octahedral interstices filled
with Fe(II)[30]. Nucleation of hematite is considered to occur from an amorphous iron oxide
precursor, or it can also be epitaxially-templated by other iron oxides like goethite[31]. To date

and to the best of my knowledge, there are no known organisms capable of synthesizing hematite.
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Hematite surface chemistry has gained attraction because of its use in photochemical
applications such as degradation of organic contaminants and generation of hydrogen gas from
water[32,33]. There are three well characterized and naturally occurring iron oxide surfaces (001),
(012), and (113). Chatman, Zarzycki, and Rosso[34] modeled and measured the pH dependance
of the surface potential for each of the main hematite planes described above. The ratio and
distribution of two different kinds of protonation and deprotonation sites is unique to each of these
surfaces, and explains their different behavior at a given pH value. Surface chemistry and structure
characterization of these surfaces reveal the expected different atomic arrangements and
symmetries found in the bulk[35,36], but different chemical terminations and degrees of
hydroxylation and protonation when in contact with water[37,38]. Broadly, terminations include
vacancies of oxygen atoms and modifications to the number of iron atoms at the top two layers as
expected from the bulk structure. These different terminations can have an effect on the reactivity
and surface potential.

Regarding natural proteins known to interact with and nucleate iron oxides, we can find
Mms6, a protein with an array of negative residues that requires self-assembly into larger structures
to create a mineral. This is a membrane-associated protein with evidence linking it with magnetite
growth in magnetotactic bacteria[39]. Although there is no molecular structure for the protein, the
monomers appear to form micelles in solution where the negatively charged c-terminus is exposed
to solvent, and the hydrophobic n-terminus points towards the inside[40]. After following changes
in assembly by TEM, DLS, and NMR at different iron oxidation states and concentrations, it was
concluded that the protein appears to have preferential binding for Fe(II) and to recruit Fe(III) by
simple electrostatic charges[41,42]. The binding and nucleating mechanism proposed involves a

disc-shaped protein assembly on the inner walls of a membrane (similar to what would be expected
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in the magnetosome), where the spacing of the monomers allows a fine alternating pattern for
selective binding of Fe(I1)[43]. In the same operon, there are multiple related proteins whose
function is closely related, but most of their structures are unknown. The commonality for most of
them is the presence of sites for iron binding, iron transport, sites for iron redox, transmembrane
domains, and their capability to oligomerize at the interface[44,45].

Regarding biomimetic production of iron oxides, one noteworthy example is that of a
protein-induced a-Fe203 synthesis using a hyperthermostable ferritin cage[46]. Ferritin is a native
protein composed of 24 subunits of a-helical proteins forming a hollow nanoparticle with high
geometry. Capture and transport of iron through pores in the protein shell, followed by non-
specific precipitation in the charged interior, ends with the precipitation of amorphous iron
hydroxide as a form of iron storage in natural systems[47]. After the formation of the iron
hydroxide, extensive heat treatment of the loaded protein cage lead to the formation of a-Fe2O3(46).
This provides some feasibility of nucleation of hematite by proteins, and the opportunity to test
the proposed set of interfacial design properties that can mediate protein binding and nucleation of

inorganic crystals.
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1.4 Protein-inorganic crystal interactions

In this section, different natural and designed interfaces between proteins and inorganic
crystals will be introduced. From these descriptions, key design rules that can be incorporated into

future idealized systems will be summarized.

1.4.1 Intrinsically disordered proteins

Intrinsically disordered proteins are a class of proteins or protein regions that do not have
a defined three-dimensional structure or adopted secondary structure under native conditions and
instead exist as an ensemble of structures with no equilibrium atom positions or bond angles[48].
There is a large body of literature studying the effect of intrinsically disordered proteins (IDPs) on
the natural and engineered precipitation of crystalline matter[49,50]. This interest arises from the
observation that proteins annotated for biomineralization are predicted to have a great degree of
disorder (mean of 53%)[51]. Common characteristics for IDPs involved in biomineralization are
low complexity, repetitiveness, small molecular weights, highly charged regions, and in some
cases the presence of partially structured domains. The general way in which IDPs are thought to
participate in nucleation and growth modification of minerals is through structuring after
interacting with their binding partners such as ions, other proteins, the inorganic crystal, an organic

matrix (e.g. chitosan), or after oligomerization[52].
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Disorder in proteins may promote the nucleation of inorganic matter for two reasons.
Firstly, by changing between various conformations, it can interact with different binding partners.
Secondly, the creation of ensembles that bind and pre-organize ions can encourage precipitation
in a way similar to how disordered regions play a role in enzyme catalysis[48,53]. Upon strong
binding, these molecules are capable of shaping or nucleating crystals, following the common rule
that good binders are good nucleators[21]. Novel bio-inspired synthesis systems have been
developed based on this using bio-panning studies where selection using phage display systems
yielded peptides or viral capsids capable of nucleating materials such as metal oxides for lithium-
oxygen batteries[54] and other architectures by self-assembly and interactions with ions, other
organic molecules and nanoparticles[55]. However, these peptides appear to be promiscuous in
their binding and nucleating capabilities. Thus, in order to engineer intentional nucleating and
binding capabilities of biomaterials, structured domains need to be used in order to produce
sequence to structure to function rules capable of imparting specificity.

1.4.2  Ice-binding and ice-nucleating proteins

IBPs are an example of a well-understood relationship between an inorganic crystal and its
binding protein partner. X-ray crystallography and ice binding or modulation studies have shown
that, independent of the topology, the activity of these proteins seems to be closely related to the
binding of water and creation of a polypentagonal semi-clathrate networks in register with one or
multiple planes of ice[56—58]. This feat is accomplished by a large, flat, and mostly hydrophobic
surface with a sparse array of sidechain or backbone atoms that form hydrogen bonds to water.
Several IBPs have B-solenoid repeat protein topologies that space their interacting residues in
close registry with the lattice spacing of water molecules on specific planes of ice. This creates a

flat, repetitive, semi-rigid structure that allows maximum compatibility with the interacting
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inorganic phase and reduces the lattice strain of epitaxially matching the inorganic to the organic
component.

INPs are capable of forming ice above the homogeneous ice nucleation temperature. There
are no structures of INPs to date, but models draw parallels to IBPs and suggest they share a similar
mechanism of action[9]. INPs are thought to mimic within a monomer multiple end-to-end IBP
subunits or to be products of IBP oligomerization. This has been explored by modeling studies[8]
and limited experimental evidence from ice nucleation experiments suggesting oligomerization as

a way of modulating IBP to INP behavior[59].
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1.4.3 Peptide self-assembly on carbon nanostructures

Epitaxy is defined as the long range crystalline order of a deposited phase, which is induced
through interactions with a crystalline surface[60]. This self-assembly process is guiding reported
interactions between peptides and carbon nanomaterials such as nanotubes (Single Walled carbon
Nanotubes, or SWNTs) or graphene. One strategy designs interactions between small proteins and
SWNTs by first defining interaction elements such as the beta-carbon of alanine on a helix and
interacting with the resonant, six-member ring structure of the extended carbon nanotube
sheet[61]. This is then followed by placement of an additional, interacting secondary structure
element (in this case another alpha helix) in such a way that it samples designable interfaces within
the symmetry constraints of a unit cell of the target carbon nanotube chirality. Sequences
constrained to repeats with alternating hydrophobic and charged interactions resulted in beta-
strands with opposed hydrophobic and charged faces[62]. These formed oligomeric interactions
through hydrogen bonding, as well as interactions with graphene by forming nanoribbons along
one of the six directions of the graphene’s symmetry. Both of these design cases on graphene and
SWNTs consider the coherent interactions between the protein and the carbon nanomaterial, as
well as the cooperative interactions between the alpha and beta secondary structure elements. To
summarize, these interactions are preorganized enough to enable selective binding, but not so

inflexible that a perfect fit is necessary for selective recognition to occur.

1.4.4 Interactions between inorganic crystals and designed proteins
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Designed proteins have been lattice-matched to the potassium sub-lattice on the surface of
muscovite mica (001)[63]. Different assemblies where the protein was aligned with the underlying
symmetry of the surface were achieved including nanoribbons formed by end-to-end
oligomerization and the formation of honeycomb structures. In another case, a designed beta-
propeller pizza protein with an engineered metal site formed a cadmium chloride nanocrystal
created at the interface between two trimers of the protein[64]. This is made possible by a
coordination motif lying on the symmetry axis of the trimer, which in turn matches the symmetry
of the crystal, and by solvent exclusion. Once again, both matching the symmetry of the system
and having compatible coordinating moieties precisely positioned are key components to
successful design of protein-inorganic crystal interactions.

1.4.5 Lessons learned from designed and natural protein-inorganic crystal interactions

In summary, lessons learned from natural and synthetic protein-inorganic crystal
interactions highlight the importance of (i) a binding interface with repetitive domains, (ii) the use
of compatible moieties to either create special coordination environments or interaction motifs,
(ii1) forming favorable intersubunit cooperative interactions, (iv) and most importantly symmetry
matching of the target material. This interface is further expanded by oligomerization and self-
assembly on membranes or by association with other organic materials or a crystalline matrix. The
organic matrix and other elements in the biomineralization system again emphasize the importance
of fine tuning solution chemistry by concentrating ions, changing their redox state, and confining
them. However, a common limitation is the lack of structural data and/or experimental evidence
tying the structure of a protein with specific binding or nucleating of a mineral and showing how
this strategy generally applies. Based on these examples we seek to explore if this mechanism

could be applicable to direct binding and nucleation of inorganic materials using designed proteins.
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Designing proteins that can mimic to some extent the intrinsically disordered repetitive domains
described in natural biomineralization systems, and confine them in a regular secondary and
tertiary structure, is an alternative to relying less on the multiple conformations these peptides
might adopt in solution. Regularity and tunability is the characteristic of designed proteins we

would like to explore.
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1.5 Protein design

The following section is adapted from Huang et al.[65]. Amino acid sequences, which fold
spontaneously from extended polypeptide chains into three-dimensional structures, encode most
natural biological functions. Through selective pressure on random variants of primordial proteins
over millions of years, the structure to function relationships of these sequences were explored.
However, the sequence space for a protein of typical length of 200 amino acids is vast, with 202%°
possible sequences to explore. Evolutionary processes have only explored a small region of this
sequence space through incremental and random means. De novo protein design is the systematic
and biophysics-based exploration of this sequence space to generate new proteins, allowing for the
discovery of sequences unrelated to those found in nature.

1.5.1 Principles for protein design

Protein design's physical principles are rooted in the hypothesis initially presented by
Christian Anfinsen, which posits that native-like protein conformations are unique,
thermodynamically stable conformations with low energy accessible through their amino acid
sequences[66]. These folded states are located in energy landscape minima and have a net
favorable Gibbs free energy change compared to the unfolded state. In order to satisfy this low
energy state, some design rules include the burial of hydrophobic residues in the core away from
the solvent, minimizing the size of the cavity that the protein occupies in the solvent, and
maximizing Van der Waals forces. Regarding hydrogen bonding, polar groups buried in the core
must be engaged in them and the formation of secondary structures is guided by interactions
between the polar carbonyl and amide groups of the polypeptide backbone. Another key
interaction is that of the side chains with backbone atoms, where steric and torsional effects favor

certain backbone geometries and hydrogen bonding stabilizes the termini of a-helices.
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1.5.2 Navigating the energy landscape using computational protein design

To predict and design proteins, algorithms are needed to sample the space of protein
sequences and structures. These are then evaluated using an energy function that approximates the
energetics of the system to identify a low-energy sequence and conformation (refer to Section 2.1
for protein design using Rosetta, and Section 2.1.1 for the Rosetta energy function). In contrast to
the structure prediction and fixed backbone design problem, de novo design involves an unknown
sequence and exact backbone structure. To reduce the search space, protein backbone design tasks
are typically limited by using short peptide backbone segments found in the Protein Data Bank
(PDB) or by algebraic equations that specify geometry parametrically. These strategies are
particularly useful for designing repeat proteins, which have an internal symmetry consisting of a
single idealized unit repeated multiple times. As a result, the sampling space is reduced to a small
sequence-structure combination that can be reused, and by utilizing parametric sampling, it is
possible to exercise remarkable control over the global structure. In summary, the protein shape
and energy landscape can be navigated using parametric design of repeat proteins to simplify the

sequence and structure search space while biasing towards a target conformation.
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1.5.3 Protein-inorganic crystal design principles enabled by protein design

As outlined in section 1.4.1, even though IDPs are commonly involved in the precipitation
of inorganic material, structured domains are apparently necessary to establish a sequence-to-
structure relationship that enables specific mineral interactions, including nucleation. The desired
template characteristics are summarized in preorganized interactions using a flat, repetitive, semi-
rigid structure allowing maximum compatibility with the interacting inorganic phase that reduces
lattice strain and creates a close symmetry match to the inorganic component. These preorganized
interactions need to use compatible moieties in fully or partially coordinated environments. All of
these requisites can be fulfilled by designed repeat proteins, as their tertiary structure can be
parametrically tuned to be flat, their nature is repetitive, and their high thermostability makes them
robust scaffolds for multiple surface mutations that can present intended interactive motifs that can

create partially coordinated environments.
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1.6 Scope of this work

Our main motivation is to use molecular design to interrogate a set of hypotheses that
would be intractable to address with natural biomineralization systems or the engineered proteins
to date. We are asking specific questions including: is a structured interface that can pre-organize
ions and mimic a crystalline structure required to create a good template?, what set of interactions
or surface chemistries are key to binding or nucleation?, and what is the role of interface size and
shape? Answering these questions will allow us to better understand biomineralization processes
and bring us closer to the rational design of artificial biomineralization systems. Our proposed key
innovation in this case is that protein design will allow us to create structured, tunable templates
from which we can draw and test design rules. These new systems could enable an alternative
method for the bottom-up nanofabrication of materials, and provide opportunities to study how
natural biomineralization systems work and find ways to manipulate them. Other long term
applications include therapies for biomineralization-related disease and development of new

materials for clean energy.
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2 Chapter 2: METHODS and their BACKGROUND

This chapter contains background and limited reproduction of content from a manuscript in

preparation by Davila-Hernandez, Jin, Pyles et al.[14].
2.1 Protein design with Rosetta

The following section is adapted from Leman et al.[67] Developed in the mid-1990s,
Rosetta is a comprehensive framework for computational structural biology that was originally
designed to predict protein structure and folding. Other modeling and structure prediction tools
and suites that rely on molecular mechanics, molecular dynamics, and quantum mechanics
calculations include Schrodinger[68], the Molecular Operating Environment[69], and Discovery
Studio[70]. Complementary to Rosetta are molecular dynamics packages like CHARMM][71],
AMBER[72], and GROMACS|[73], which simulate most atoms explicitly using a physics-based
energy function that solves Newton's equations of motion. Additionally, there are various other
tools used for specialized tasks, such as de novo modeling. Examples of such tools include
AlphaFold[74], QUARK]75], RoseTTAFold[76], and RaptorX[77]. This is by no means an
exhaustive list of all the tools and suites used for structural biology modeling.

The Rosetta protocol typically begins by taking a molecular conformation, referred to as a
Pose, which is then modified either deterministically or stochastically using a Mover routine. The
resulting conformation is then evaluated by a custom energy function described in Section 2.1.1,
and its acceptance is determined by the Metropolis criterion based on the computed energy
difference between the original and new conformation. Multiple independent trajectories are
generated, and the final models are assessed based on the scientific objective. However, there are
two main limitations to evaluating structures or groups of structures using Rosetta: sampling and

scoring. In terms of scoring, it is assumed that Rosetta's ScoreFunction is a close approximation
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of the biophysics of the system. Regarding sampling, it is assumed that the set of conformations

includes enough representatives. These concepts are summarized in Fig. 2.1.
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Figure 2.1. The sampling and scoring protocol of the Rosetta Macromolecular Modeling Suite,

reproduced from Leman et al.[67]. (a) Starting from a conformation, dubbed pose, a protocol called

mover is used to modify the conformation which is then evaluated by a custom score function

(described below in Section 2.1.1) before further selection or introduction into a new protocol

proceeds. (b and lower panel) Description of Rosetta’s score function energy terms and their

illustration using a model protein.
2.1.1 The Rosetta Energy Function

As described in section 1.5.1, proteins achieve their three-dimensional structures based on
their amino acid sequence and a balance between enthalpic and entropic factors of non-covalent
interactions. Energy functions aim to approximate this process. This section adapts content from
Alford et al.[78]. The score function is a linear combination of weighted score terms, which are
weighted to balance between statistically derived potentials and physics-based potentials. The total
energy (A4E..) 1s determined based on the geometric degrees of freedom (@;) and chemical

identities (aq;), and each term is multiplied by a weight (w;) as indicated in Eq. 2.1.

AEiotar =Y WiEi(6;, aay) 2.1

These potentials include van der Waals energies, hydrogen bonds, electrostatics, disulfide bonds,

residue solvation, backbone torsion angles, sidechain rotamer energies, and an average reference
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energy for the unfolded state (as described in Fig. 2.1). Some energy terms are further broken
down, and each component is parametrized separately. Additionally, guidance energy terms are
incorporated to either encourage certain features (such as amino acid composition and hydrogen
bond networks) or discourage others (such as voids and buried unsatisfied hydrogen bond donors
and acceptors) based on the design objective.

The score function has several important limitations. Firstly, it indirectly models entropy
by incorporating factors such as rotamer bond angles, solvation, peptide fragments, and pair terms
that represent only a half of the entropy at relevant temperatures and solvation densities.
Additionally, it is a knowledge-based function that relies on crystal structures, so it cannot capture
the full range of biologically relevant dynamic structures, and it is less generalizable and
understandable than a physics-based model. Finally, the implicit solvation model means that it
cannot explicitly model ions, water molecules, or lipid environments.

2.1.2 Design of helical repeat proteins with Rosetta

The design of flat, helical repetitive proteins which would fulfill the requirements of an
ideal template according to what is discussed in Sections 1.5.3, can be achieved through either
fragment-based assembly with biased superhelical parameters, or by parametric backbone
generation followed by translation of these helical elements on the XY plane. These are described
below.

For the fragment-based assembly with biased superhelical parameters, the protocol used is
adapted from Brunette et al.[79], and Hicks et al.[80], where initial structures were generated using
RosettaRemodel followed by scoring with a coarse-grained function weighted with target helical
parameters. We tested a number of combinations of sampled fragment lengths of helices and loops

to then determine that the best was to sample helices of equal length or with a difference in length
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within three residues. Helix lengths of 16 to 30 residues were sampled. The helical parameters
were biased to have a radius of 500 nm, a rise of 0 A and a curvature of 0 rad, yielding a protein
with a flat, repetitive surface. Inter-repeat distance was biased to either 8.7 or 10.9 A using
harmonic constraints and allowing for a deviation of 0.05 A. However, no satisfactory solutions
were found for the 8.7 A spacing. Sequence design was carried out using FastDesign with an
enforced inner repeat symmetry and enforced interhelical repeat spacing preventing the backbone
minimization cycles to create scaffolds with spacings deviating from the target. Residues on one
side of the surface of the protein were mutated to glutamates either manually or by using a custom
PyRosetta protocol.

In the case of parametric generation of helical bundles followed by translation on the XY
plane, the design method is reported by Huddy et al.[81] and is briefly described below: A helical
secondary structure element is placed along additional secondary structure elements that will be
part of the repeating unit using BundleGridSampler mover in RosettaScripts. The rigid body
transformation for the repeat propagation is set by translating a copy of the original helix; copies
are added as needed. Degrees of freedom are limited to the helix phase, displacement of repeating
helices on the XY plane, and change in height between adjacent helices. In the case of this
molecule, the inter-repeat distance was set to 8.7 A. Sequence design was carried out using
FastDesign with an enforced inner repeat symmetry. Residues on one side of the surface of the
protein were mutated manually or using a custom PyRosetta protocol to glutamates.

The top protein designs were selected based on various factors such as protein energetics,
core packing, secondary structure shape complementarity, helix quality, number of secondary
structures in contact, and buried unsatisfied hydrogen bonds. These designs were then subjected

to forward folding simulations to identify those that exhibited a funnel shape leading towards a set
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of low energy relaxed models near the original model, as evidenced by a low root-mean-square
deviation (RMSD). Another metric, the area to the left of the folding funnel from the lowest energy
point to +8 rosetta energy units, may also be used to select designs with a value less than 25, as
previously published[80,82].

The protein named DHR49-Neg was originally named DHR49 in Brunette et al.[79] and
was resurfaced manually to contain aspartates and glutamates on one side of its surface. In
addition, the inner repeat sequence was conserved at the termini, creating the possibility to create
end-to-end oligomers.

2.1.3 “Flattening” of scaffolds

To create idealized versions of the original protein designs that are perfectly flat and have
a set inter-repeat spacing the following protocol was implemented in Rosetta. In general terms,
this protocol performed monte carlo sampling of torsion angles that are propagated according to
the repeat symmetry while enforcing constraints. These constraints ensure that first, there is a given
distance between helices (harmonic constraints that are set between carbon-alpha atoms in each
repeat). Then, angle constraints between the termini and the center repeats ensure that there is no
curvature (to approximate 180°). Finally dihedral constraints on the termini of the protein ensure
that there is no twist along the other axis of the protein, this is translated in practice to a dihedral
angle close to 0° between two atoms on the first repeat and two atoms on the final repeat. Scoring
was then performed by BetaNov16 score function without weights enforcing the constraints.
2.1.4 Docking of scaffolds on different surfaces of calcite

The flattened, idealized models were then taken to perform docking simulations. A
simulation starts by initializing a pose with the interacting surface facing the mineral surface, and

creating a random rotation in 360°. The protein is then brought into contact with the surface while
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minimizing by small rigid body movements the docked configuration. This is then fed to Monte
Carlo simulated annealing protocol that iteratively minimizes the protein rigid body movements
while sampling the side chain configuration at the interface. The side chains are constrained in
such a way that the same configuration is chosen at every equivalent repeat position and thus gives
us an idea of likely interactions that are repeated and idealized by the interacting scaffold. Finally,
the binding energy was measured as ddG calculated in Rosetta Energy Units.

2.2 Experimental testing of the designed proteins

2.2.1 Protein expression and purification

Genes encoding the designs were then ordered through Genscript. Constructs with a N-
terminal His6-tag followed by a TEV Cleavage site were cloned into either pET-28b+ or pet21b
between Ndel and Xhol sites. An additional flexible linker with a tryptophan was added to help
with protein concentration determination by absorbance at 280 nm. The cloned genes were
transformed into either Lemo21(DE3) E. coli from New England Biolabs (NEB) or in BLR(DE3)
E. coli cells from Novagen. Expression then proceeded for 24 hours at 37 °C using 0.5 L cultures
in 2L flasks using Studiers M2 autoinduction media with 50 pg/mL kanamycin or 50 pg/mL
carbenicillin for pET-28b+ or pet21b, respectively. Cells were pelleted at 4000 g for 30 minutes
at 12 °C, then resuspended in ~40 mL of lysis buffer (20 mM Tris, 500 mM NaCl, 30 mM
Imidazole, 0.25% Chaps, ImM PMSF, 1 mg/mL DNAse, pH 8) and finally lysed after
homogenization using a microfluidizer (Microfluidics M110P) at 18K pounds force per square
inch. The lysate was clarified at 24000g for 30 minutes at 12 °C, and the soluble fraction was
filtered through 0.7 um syringe filters and set to do overnight batch binding with 1.5 mL of Ni-
NTA resin (Qiagen) equilibrated in wash buffer (20 mM Tris, 500 mM NaCl, 30 mM Imidazole,

0.25% Chaps, 5% glycerol, pH 8). This was then transferred to a gravity column and washed with
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25 mL of wash buffer before elution in 3 mL of elution buffer (20 mM Tris, 500 mM NacCl, 500
mM Imidazole, 0.25% Chaps, 5% glycerol, pH 8). Eluate was then dialysed in 3.5 kDa molecular
weight cut-off dialysis cassettes (Thermo) into 5 L of TEV cleavage buffer (50 mM Tris, 50 mM
NaCl, pH 8) three times before starting overnight cleavage by adding TEV protease in a ratio of 1
mg for each 25 mg of tagged protein. Secondary IMAC was carried out to remove the TEV
protease and uncleaved product. The flowthrough was collected for fractionation by size exclusion
chromatography. with an AKTA pure chromatography system on a Superdex 200 Increase 10/300
GL column in TBS (20 mM Tris pH 8.0, 100 mM NaCl). The purified proteins were then dialyzed
into MOPS buffer (10 mM) adjusted to pH 7 in the case of the proteins used for calcium carbonate
nucleation, or into 20 mM Tris at pH either 7 or 8 for the hematite-binding experiments. Dialysis
was carried out three times overnight with a dialysis ratio of 1:10000 volume each time and
aliquots of 20 pul were snap-frozen for long-term storage.
2.2.2 Measuring protein concentration

Absorbance at 280 nm wavelength of 2 pl of protein samples was measured using a
Nanodrop 8000 spectrometer (Thermo Scientific). The concentration was then calculated based on
the measured absorbance and the known extinction coefficient following the Beer-Lambert law.
2.2.3  Circular dichroism

Circular dichroism was used to determine the helical content or secondary structure of the
designed proteins as well as their thermal stability. This was achieved using a Jasco J-1500 CD
spectrometer. Measurements were taken on a sample with a concentration of 0.3 mg/mL in 20 mM
Tris pH 8 and 100 mM NaCl, using a 1 mm path length cuvette. The raw CD signal was divided

by N x C x L x 10 to convert it to mean residue ellipticity, where N is the number of residues, C is
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the protein concentration, and L is the path length of 0.1 cm. Thermal melts were by measuring
spectra at 95 °C.
2.2.4 Small Angle X-ray Scattering (SAXS)

To confirm the tertiary structure and quaternary structure of the designed models, SAXS
measurements were performed. The SIBYLS High Throughput SAXS Advanced Light Source in
Berkeley, California[83]was used to collect data. Each sample was exposed to the beam for 0.3 s
for a total of 10.2 s, which resulted in 33 frames per sample. The data was collected at both low
(~1 mg/mL) and high (~5 mg/mL) protein concentrations in SAXS buffer (25mM Tris pH 8.0,
150mM NaCl, 2% glycerol). The SIBYLS website's "SAXS FrameSlice" tool[84] was used to
analyze the data for the high and low concentration samples and determine the best dataset. If there
was evidence of aggregation in any of the 33 frames, only the data points before aggregation
occurred were used in the Gunier region; otherwise, all data was included. All data was used for
Porod and Wide regions. The resulting dataset was then compared to the predicted SAXS profile
generated from the design model using the FoxS SAXS server[85].

2.2.5 Size Exclusion Chromatography with Multiple Angle Light Scattering (SEC-MALS)

After the initial SEC run, the purified samples were combined and adjusted to a final
concentration of 2 mg/mL. A high-performance liquid chromatography system (Agilent) with a
Superdex 200 10/300 GL column was used to run 100 uL of each sample. A multi-angle light
scattering detector (Wyatt) was integrated with the fractionation runs to obtain the absolute
molecular weights for each of the designed proteins, as previously described[86].

2.2.6 Native Mass Spectrometry (nMS)
nMS experiments were carried out as described before[63]. To analyze sample purity and

integrity, an UltiMate 3000 RSLC (Thermo Fisher Scientific) coupled with an Exactive Plus EMR

37


https://paperpile.com/c/4TSaNv/DjUsV
https://paperpile.com/c/4TSaNv/rQzNI
https://paperpile.com/c/4TSaNv/aL4Ec
https://paperpile.com/c/4TSaNv/i5yjH
https://paperpile.com/c/4TSaNv/FEyBZ

Orbitrap instrument (Thermo Fisher Scientific) was used with a modified quadrupole mass filter
and surface-induced dissociation[87]. The procedure involved injecting 5 ul of 8uM protein in
TBS and on-line buffer exchanging it to 200 mM ammonium acetate, pH 6.8 using a self-packed
buffer exchange column[88] (P6 polyacrylamide gel, BioRad) at a flow rate of 100 pl per minute.
Mass spectra were then recorded, and UniDec version 2.6.5[89] was used to deconvolute the
spectra with the expected masses calculated using the NIST Mass and Fragment Calculator
v1.3242[90]. The injection time was set to 200 ms, and voltages were adjusted to minimize
unintentional ion activation while allowing ion transmission. The recorded mass spectra covered
arange of 1,000—12,000 m/z with a resolution of 8,750 defined at 200 m/z, with sample mass taken
every 1 Da, and a peak full-width at half-maximum of 1 Thompson using a Gaussian peak shape
function.

2.2.7 Crystallography

Crystallization experiments were conducted using the sitting drop vapor diffusion method
and crystallization trials were set up in 200 nL drops using the 96-well plate format at 20 °C.
Crystallization plates were set up using a Mosquito LCP from SPT Labtech, then imaged using
UVEX microscopes and UVEX PS-256 from JAN Scientific. Diffraction quality crystals formed
in 0.1 M TRIS pH 6.5, and 25% w/v Polyethylene glycol 3,350. Crystals were flash frozen in liquid
nitrogen before sending them to the synchrotron.

Diffraction data was collected at the Advanced Photon Source beamline on 24-ID-C. X-
ray intensities and data reduction were evaluated and integrated using XDS[91] and merged/scaled
using Pointless/Aimless in the CCP4 program suite[92]. Structure determination and refinement
starting phases were obtained by molecular replacement using Phaser[93] using the designed

model for the structures. Following molecular replacement, the models were improved using
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phenix.autobuild[94]; efforts were made to reduce model bias by setting rebuild-in-place to false,
and using simulated annealing and prime-and-switch phasing. Structures were refined in

Phenix[94]. Model building was performed using COOT[95].

2.3 CaCQO:s crystallization experiments

Sections 2.5 & 2.7 describe the experimental setup for the characterization of the
nucleation of CaCO3 and the interactions with CaClz in the presence of proteins. In a typical
crystallization experiment, 0.5 ml 10 mM CaCl2 was mixed with 10 mM NaHCO3 as a control
group. In the experimental group, we mixed 10 mM CaCl> with 2 uM of protein first and then

added 10 mM NaHCO3 to initiate the nucleation and growth of CaCOs.
2.4 Hematite nucleation experiments

Ferrihydrite was prepared by adjusting a 0.02 M FeCls solution to pH 7. This was then
incubated at 80 °C for 15 hours in the presence or absence of protein. Incubation with the protein
was done either directly or separated by a membrane. The membrane-separated setup incubated a
2 mL reaction containing ferrihydrite in the outer chamber while the inner chamber retained either
hematite nanoparticles, or protein. Ex-situ TEM characterization was performed as described in
Section 2.5.1.

2.5 Transmission Electron Microscopy

2.5.1 Ex situ TEM
Ex-situ TEM samples were prepared by dropping time-resolved 0.6 pl reaction solutions
on a carbon-coated Cu-grid (300 mesh) purchased from Ted Pella which was treated by a plasma

cleaner. TEM tests were performed in a FEI Titan ETEM 80-300 kV operated at 300 kV.
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2.5.2 Cryo TEM

Cryo-TEM experiments were performed in a Titan ETEM 80-300 kV. Prior to the
vitrification procedure, a pure lacey carbon grid is surface plasma-treated to make it hydrophilic.
Using an automated vitrification robot (FEI Vitrobot Mark III, blot time: 3s), a 3.0 pl mixed
aqueous solution including 5 mM CaCl: and proteins as well as 5 mM NaHCO3 was loaded onto
a grid and plunged into liquid ethane. The frozen sample was saved and transferred in a cryogenic
holder and cryo-TEM (FEI ETEM operated at 300 kV) under liquid nitrogen conditions, and thus
the microscope maintained its temperature near —192 °C throughout the experiment.
2.5.3 Liquid-phase TEM

All of the liquid-cell chips (Hummingbird Scientific), consisting of two square 4 mm?
silicon chips with 50 nm thick silicon nitride (Si3N4) membranes in 50 x 200 pum? windows for
imaging, were plasma cleaned in a Plasma Cleaner (Harrick Plasma) for 2 min before use. In a
typical experiment, 0.3 pul 10 mM CaCl: containing 2.16 uM protein was dropped onto the bottom
chip, followed by adding 0.3 pl 10 mM NaHCOs3 solution, and finally sealed the reaction solution
using a window chip. The sealed chips were assembled inside the liquid cell holder (Hummingbird
Scientific) and did leak-checking. After that, the holder was immediately inserted into the TEM
for observation within ~5 min. TEM was carried out in a field emission Titan ETEM 80-300 kV
(Thermo Fisher Scientific) operated at 300 kV. TEM images were acquired using an Eagle CCD
(1,024 x 1,024 pixels). In situ movies were recorded using free software called Camstudio for
Screen and Video Recorder. All images from in situ movies were processed using the open-source
software ImageJ. To minimize beam effects, a low electron dose rate (~100 e/nm?ss) was used to

observe the formation process by adjusting the condenser aperture size (50 pm), and spot size (3).
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2.6 UV-Vis and DLS

The CaCl: incubated protein solution was measured by UV-Vis spectrophotometer
(Ultrospec 2100 pro) and dynamic light scattering (DLS, using a Malvern Zetasizer) to evaluate
the protein-Ca interactions.

2.7 Attenuated Total Reflection Fourier Transform Infrared Spectroscopy

The crystallization process of CaCO3 was monitored in situ using a Bruker LUMOS II
Fourier transform infrared (FTIR) spectrometer with Superior p-attenuated total reflectance (ATR)
FT-IR Capabilities. The retractable diamond crystal is controlled by a high-precision piezoelectric
motor and it is integrated into the lens, which allows us to control the detector location exactly in
the reaction solution. The crystallization experiments were initiated by adding 200 pl 10 mM
NaHCOs3 into 200 pl 10 mM CaClz with or without DHR proteins. For each FTIR spectrum

1

recorded, 8 scans were carried out at a resolution of 2 cm™ using H20 as background. The first

spectrum was recorded ~5 s after mixing the solutions.
2.8 Atomic Force Microscopy

2.8.1 AFM for the characterization of protein binding to different hematite surfaces at
different pH values
Hematite substrates were sonicated in water and 2-propanol for 10 min, respectively. Then
the substrates were annealed from 1000 °C. The protein stock solution was diluted to a desired
concentration with 20 mM Tris buffer. 50 ul diluted protein solution was incubated on annealed
hematite substrate for 30 min before AFM imaging. The AFM characterization was done on
MultiMode VIII AFM (Bruker, CA) with PeakForce Tapping mode and ScanAsyst-Air (Bruker,

CA) probes. The data processing was done using SPIP software (Image Metrology, Denmark).
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Nuclease-free water was bought from Ambion. Tris buffer (pH 7 or pH 8) was bought from Sigma-
Aldrich.
2.8.2 AFM for the characterization of protein-protein and protein-calcium complexes

For DHR49-Neg, the protein stock solution was diluted to 0.5 uM in a 20 mM Tris buffer
with 3M KCI. Then 100 pl diluted protein solution was incubated on freshly cleaved mica for 30
min. For FD31, the protein stock solution was diluted to 1.0 pM in nuclease-free water with 5 mM
CaCl2. Then 100 pl diluted protein solution was incubated on freshly cleaved mica for 10 min.
The as-assembled proteins on mica were imaged using Cypher-ES AFM (Asylum Research, CA)
in a 20 mM Tris buffer with 3M KCI, and 5 mM CaCl2 , respectively. The amplitude modulation
mode and SNL-10-A probe (Bruker, CA) were used in the AFM experiments. The data processing
was done with SPIP software (Image Metrology, Denmark). Nuclease-free water was bought from
Ambion. Tris buffer (pH 7) and KCI were bought from Sigma-Aldrich. Mica was bought from Ted

Pella, CA.

42



3 Chapter 3: DIRECTING POLYMORPH SPECIFIC CALCIUM
CARBONATE FORMATION WITH DE NOVO PROTEIN
TEMPLATES

The material in this chapter is partially reproduced from a manuscript in preparation by Davila-
Hernandez, Jin, Pyles et al.[14].
3.1 Introduction and protein design principles

Natural proteins nucleate specific CaCO3 polymorphs[96—99], but none have known stable
tertiary structures and many are intrinsically disordered or insoluble[21]. Additives including small
organic molecules[17—19], polymers[20], amino acids[100], and peptides[12,101] affect CaCOs3
crystallization, but have not been shown to template nucleation. Stereochemical matched self-
assembled monolayers (SAM)[102] modulate the nucleation of CaCO3, suggesting that geometric
lattice matching may provide a general route to controlling mineralization[103,104]; [105,106].
In further support of this concept, the structures of ice binding proteins contain surfaces with an
epitaxial-like lattice matching to the ice lattice[ 107] which enables modulation of ice formation by
binding ice nuclei through preorganized ice-like waters.

Guided by the ice binding protein example, we hypothesized that designed proteins with
flat surfaces displaying functional groups lattice matched to a mineral of interest could be used to
modulate mineralization by promoting ion association in a pattern consistent with the mineral
lattice, thus directly reducing the free energy of formation of the critical nucleus (As described in
detail in Section 1.2). Advances in protein design now enable the creation of new proteins with
precisely specified structures, and in previous work we showed that lattice matched interactions
between arrays of carboxylate side chains on a designed protein surface and preformed mica

crystals direct formation of precise protein-mica assemblies[63].
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As a first test of the potential of designed proteins for directly nucleating inorganic
mineralization, we chose CaCOs3 as a model system due to its numerous polymorphs, well
documented nucleation behavior with and without proteins[108], and prevalence in natural
biominerals. We then sought to design proteins with structures suitable for nucleating crystalline
CaCOs. We aimed to generate flat repetitive surface arrays of calcium-coordinating carboxylate
groups (Fig. 3.1a) that could bind to and stabilize CaCO3 nuclei (Fig. 3.1b). To enable exploration
of the contribution of the size of the protein-mineral interface keeping the chemical composition
and geometry otherwise constant, we employed Designed Helical Repeat (DHR; [79]) proteins
that can be shrunk or extended simply by changing the number of repeating units. These proteins
have >10 nm? flat surfaces with comparable or better structural definition and superior tunability

relative to SAMs, but within individual genetically encoded soluble molecules that can be readily

reprogrammed.
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Figure 3.1. Design principles for the heterogeneous nucleation of calcium carbonate guided by a

protein template. (a) Coordination of calcium (Top) by carbonate ions within a unit cell of calcite,

and (Bottom) by carboxylate containing glutamate and aspartate residues in the structure of

calmodulin (PDB ID: 1A29, residues 18-33). (b) Tessellating binding moieties across repeated a-

helices within a designed protein capable of pre-organizing bound calcium ions.

These flat repeat helix-turn-helix-turn protein backbones were designed according to what
is described in Section 2.1.2 and were characterized according to the methodology described in

Section 2.2. In contrast to typical designed protein surfaces containing a mix of positive, negative,

and non-charged hydrophilic residues to promote solubility, and to hydrophobic protein surfaces
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designed to bind other proteins, we designed surfaces consisting entirely of carboxylate side chains
spaced at regular intervals to mimic the carbonate sublattice on various crystallographic planes of
CaCOs crystals as seen in Fig. 3.1b.

3.2 Results

3.2.1 Testing and biophysical characterization of the designed proteins

We selected 40 designs for experimental characterization and obtained synthetic genes
encoding them. FEight of these expressed at high levels in E. coli and were highly soluble. Two
designs, FDI5 and FD31, were selected for detailed characterization. Size exclusion
chromatography (SEC) showed that both proteins were monodisperse in solution with molecular
weights expected for the protein monomer (Fig. 3.2a,d,g). Circular dichroism (CD) experiments
showed the expected all alpha-helical structure, and the proteins were found to be hyperstable,
remaining folded at temperatures up to 95 °C (Fig. 3.2b,e,h). Small angle X-ray scattering (SAXS)
profiles of FD31 were consistent with profiles computed for the design model (Fig. 3.2¢). The
crystal structure of FD15 was solved at 3 A resolution and matched the design model with an
RMSD of 0.45 A (Fig. 3.2i). This perfectly straight repeat protein possesses a 8.7 A spacing
between helices in adjacent repeat subunits. We also designed an array of carboxylate side chains
onto the surface of DHR49, a previously designed flat DHR [79]. In order to allow protein-protein
assembly, as in some native biomineralization proteins[40,109], capping elements on DHR49’s
terminal repeats were removed to produce head-to-tail protein-protein interfaces. AFM
experiments suggest that this protein (DHR49-Neg) forms fibers through designed head-to-tail
interfaces at the mica-liquid interface (Fig. 3.2f), but some monomeric form seems to prevail in

solution (Fig. 3.2d).
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Figure 3.2. Biophysical characterization of designed proteins. (a, b ,¢) Characterization of FD31,
(d, e, f) DHR49-Neg, (g, h, i ) and FD15. First row shows the monomeric, monodisperse behavior
of the protein by Size Exclusion Chromatography traces and the second row shows that the protein
is hyperthermostable by Circular Dichroism thermal melt traces. (¢) Small Angle X-ray Scattering
confirms the quaternary structure of FD31. (f) Atomic Force Microscopy on the surface of mica
shows the formation of end-to-end oligomers. (i) The crystal structure of FD15 in gray overlaid on
the design model in green (solved at 3 A resolution, RMSD of 0.45 A).

3.2.2 Mineralization experiments of CaCO3 in the presence of DHR proteins

We first investigated the effect of the designed proteins on calcium carbonate

mineralization using in-situ liquid-phase attenuated total reflectance-Fourier transform infrared
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spectroscopy (ATR-FTIR) and time-dependent ex-situ transmission electron microscopy (TEM)
(Fig. 3.3). A mineralization solution of 5 mM CaCl; and 5 mM NaHCOs3, which is supersaturated
for both vaterite and calcite but undersaturated for amorphous calcium carbonate (ACC), was
prepared with and without 1 uM protein. Vaterite appeared as the first solid phase in the protein-
free mineralization solution or in the presence of FD15 or bovine serum albumin (BSA) (Fig.
3.3¢,k,l), which grew to hundreds of nm diameter spherical particles. In contrast, in the presence
of DHR49-Neg predominantly calcite nanocrystals ~5 nm in size were initially observed (Fig.
3.3f). TEM examination showed that FD31 even more effectively promoted the direct nucleation
of nanocrystalline calcite (Fig. 3.31), which was supported by selected area electron diffraction
(SAED) (Fig. S3a), cryo-TEM (Fig. S3b), and high-resolution TEM (HR-TEM) (Fig. S3c). In
contrast, FD15 did not alter the crystallization pathway from that seen with the negative controls.
Given that FD15, FD31, and DHR49-Neg all have flat surfaces with regularly arrayed carboxylate
groups, these differences likely stem from differences in repeat spacing, net charge, number of
carboxylate groups, ratio of aspartate to glutamate side chains, solvent accessible surface area, and

surface hydrophobicity (Table 3.1).
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Figure 3.3. Designed proteins modulate CaCO3 crystallization. The CaCO3 crystallization process
in supersaturated solutions containing 5 mM CaCl, and 5 mM NaHCO; was monitored in the
absence and presence of different designed proteins. (a) Schematic showing the nucleation and
transformation of calcium carbonate in the absence of additives. First, vaterite forms followed by
transformation to micron-sized calcite [110]. (b) in situ ATR-FTIR and (¢) TEM of CaCOs
crystallization in the absence of protein showing formation of vaterite. (d-1), Impact of 1pM
designed proteins on mineralization. Protein design models (d,g) and corresponding in situ ATR-
FTIR (e,h) showing formation of predominantly calcite in the presence of DHR49-Neg, and
exclusively calcite in the presence of FD31. Representative TEM images confirm the formation of
(c) vaterite in the absence of the proteins, (f) primarily calcite crystals with DHR49-Neg, and (i)
calcite nanocrystals in the presence of FD31. In contrast, in the presence of (j) FD15 or a BSA
control (j), only vaterite is formed (k,1).
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Table 3.1 Biochemical and structural properties of the proteins tested in this study.

Name Size (nm) Repea Net Number of | Number of | Ratio of Solvent Percent
(Ixwxh) t Charge carboxylate | carboxylat | aspartate | accessible surface
Spacin groups es at the to surface hydropho
g interface glutamate area bic
(nm) (nm?)
BSA 83x74x n.a. -18 98 n.a 39/59 279.33 57.8
6.1
FD15 64x55x 0.87 -32 67 30 10/57 154.54 51.5
1.8
DHRA49- 6.7x3.7x 0.97 -54 72 42 30/42 115.39 46.4
Neg 2.3
FD31 79x4.6x 1.12 -47 81 36 5/76 150.93 49.3
2.4
FD31- 46x4.6x 1.12 -26 45 18 2/43 89.93 50.1
Rep3 2.4
FD31- 11.2x4.6x |1.12 -68 117 54 8/109 220.13 474
Rep9 2.4
FD31-Gln- | 7.9 x4.6 x 1.12 -29 63 18 5/58 152.12 48.9
Chkr 2.4
FD31-Asp | 7.9x4.6x 1.12 -47 81 36 29/52 148.77 48.7
24
FD31-Lys- | 79x 4.6 x 1.12 -23 69 24 5/64 155.38 50.2
Chkr 24
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3.2.3 Nucleation pathways in the presence of FD31

t+110's

Figure 3.4. FD31 mediated nucleation of calcite nanocrystals. (a) Sequential LP-TEM images
showing the nucleation of eight CaCO3 nanoparticles in precursor solution containing FD31 protein.
(b) Low-mag LP-TEM image shows more nucleated nanoparticles. (¢) Sequential LP-TEM images
showing the initial nucleation and growth of two CaCOs; nanoparticles around the sheet-like
templates after FD31 was preincubated with CaCl, for 5 minutes before addition of NaHCOs. Inset
at t s displays multiple template formation at an early stage. A schematic (Inset at t+13 s) shows the
disconnected interface with a width of 1.2 nm between the as-formed particle and the substrate. At
t+129 s, the protein assembly disappears, likely due to depletion of Ca, and the protein disperses
into solution. Inset at t+129 s shows LP-HR-TEM image of newly formed particle with the {110}
lattice distance of calcite. (d) In situ LP-HR-TEM image reveals the interface structure between
calcite and the template. The FFT image in the inset shows the nucleated particle is calcite. As in
Fig 2, FD31 protein is at 1 uM and CaCl, and NaHCO3 at 5 mM.

To investigate the mechanism underlying these nucleation effects we focused on FD31,
which most effectively promoted direct formation of nano-calcite. Supersaturated solutions
containing 1 pM protein were sealed into a liquid cell for LP-TEM observations. Two nucleation
pathways were observed. In the first, calcite nanocrystals nucleated throughout the solution (Fig.
3.4a), reaching a diameter of ~7 nm and a number density comparable to that of the protein
monomers (~1.6E15 vs ~6.5E14). Due to their low contrast and small size, individual protein

monomers are not observable with LP-TEM, however AFM indicates their presence in solution
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(Fig. 3.6e). The calcite nanoparticles were also observed to be already present when the electron
beam was moved to neighboring regions and imaging was performed at lower magnification (Fig.
3b), indicating that electron beam effects were not driving the process. Given that FD31 is 8§ nm
by 5 nm by 3 nm in size, which is similar to the 1~5 nm critical nucleus size of CaCO3 [111,112],
the size and number density of calcite nanocrystals suggests nucleation is driven by individual
proteins. Further support for protein monomer-driven nucleation comes from the observation that
as protein concentration is increased from 0.5 uM to 1 uM and 2 pM there is an increase in the

number density of nano-calcite particles (Fig. 3.5a-c).
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Figure 3.5. FD31 concentration effects on CaCO3 nucleation in supersaturated solutions containing
5 mM CaCl, and 5 mM NaHCOs. FD31 was incubated with 10 mM CacCl; for 5 minutes prior to
addition of an equal volume of 10 mM NaHCO3. TEM samples were prepared 10-20 minutes after
addition of NaHCOs. (a-c) Representative TEM images show the resulting CaCOj; particles on
copper grids in the presence of 0.54, 1.08, 2.16 uM FD31 proteins. (d-e¢) TEM images show the
formation of CaCO3 nanoparticles on pre-assembled calcium-protein templates.
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We observed a second nucleation pathway driven by sheet-like assemblies when FD31 was
incubated with Ca?" prior to addition of NaHCOs. (Fig. 3.4c; Fig. 3.5d-¢). Preincubation of 2 uM
FD31 with 10 mM Ca?" in the absence of HCO3, led to the formation of supramolecular assemblies
(inset in Fig. 3.4¢). Upon addition of an equal volume of 10 mM NaHCO3 at 5 mins, we observed
the nucleation of nanoparticles (Fig. 3.4c) identified as calcite by in situ high resolution (HR)-
TEM (Inset in Fig. 3¢). The initial radial growth rate of the calcite nanocrystals is ~6 nm/s. As the
calcite particles continue to grow, the protein-Ca?" supramolecular assemblies dissolve (Fig. 3.4¢).
Incubation of FD31 with CaClz for 30 mins to 24 hours shows coordination of Ca* by carboxylate
groups as evidenced by the UV-Vis peak shift (Fig 3.6a,b) accompanied by formation of
assemblies, which were found to be crystalline as per beamline XRD and HR-TEM (Fig. 3.6g-1).
This suggests the assemblies may dissolve after NaHCO3 is added and calcite is formed because
the available Ca?" in their vicinity is depleted. At concentrations of 4 uM, protein the sheets persist
after numerous calcite particles form on their surface (Fig. 3.5d,e).

At favorable viewing angles, a ~1.2 nm interface layer was observed between the protein-
Ca?" assemblies and the nascent calcite nanocrystals (Fig. 3.4¢,d). This is consistent with the ~1
nm thickness of hydration layering on calcite [113] and suggests nucleation is an interface-driven
process, as observed in other mineral systems in which surface ligands present carboxyl rich
interfaces[114,115]. The flat periodic array of acidic residues on the surface of the proteins may
direct the absorption and organization of Ca" ions and water molecules in the hydration layer into
an arrangement consistent with the structure of calcite, or the interfacial region may alter the

activities of the CaCO3 phases to modulate the supersaturation for calcite vs vaterite.
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Figure 3.6. The structural characterization of the FD31-Ca complex. (a) Liquid-phase ATR-FTIR
spectra and (b) UV-vis spectra of pure FD31 (black) and FD31 plus CaCl, (red) solutions. The peak
shift shows the coordination of Ca?" with carboxylate groups on protein. (¢) DLS size measurements
of FD31 with different CaCl, concentrations (0, 5, and 10 mM). (d) LP-TEM image showing the
sheet-like assemblies. (e-f) Liquid-phase AFM images showing the sheet-like individual FD31
molecules and FD31-Ca complex. AFM image reveals a sheet-like shape of the FD31 protein
molecules dispersed in MOPS buffer solution with a size of ~8 nm by 5 nm by 2 nm (Length by
width by height), which is consistent with their simulated “Flattened” Rosetta structure model (~7.8
nm by 4.5 nm by 2.5 nm). The measured length difference from the model might be attributed to
their conformational change in solution, as predicted by AlphaFold2 models. (g) Beamline XRD of
assembled protein structure. (h-i) Representative TEM image showing the sheet-like assemblies (j)
Time-dependent LP-TEM images show the formation of the FD31-Ca complex.

3.2.4 The growth process of calcite in the presence of FD31

We next followed the growth of FD31 nucleated calcite nanocrystals over time using LP-
TEM. During the ~5 min following nucleation, individual nuclei assembled into ~10-20 nm
particles through multiple attachment events, rather than growing through a classical pathway (Fig.

3.7a). Ex-situ HR-TEM shows the larger agglomerated particles are surrounded by smaller
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particles (Fig. 3.7b-c), and the assemblies have continuous crystal lattices (Fig. 3.7d). Similar
agglomerates were also observed after growth with DHR49-Neg at this time point (Fig. 3.8). Based
on these observations we propose that oriented particle attachment[116] is the dominant pathway

for calcite growth in the presence of FD31 and DHR49-Neg.
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Figure 3.7. Calcite nanocrystal growth and assembly in the presence of FD31. (a) In situ LP-TEM
image sequence shows the attachment of multiple calcite nanocrystals into a larger one. (b) Ex situ
TEM image showing calcite grown through particle attachment. (¢) HR-TEM image showing the
aggregated crystal with (110) lattice orientation. White frames mark several individual calcite
nanocrystals around the larger particle. (d) HR-TEM image shows additional calcite nanocrystals
with a size of ~20 nm and (110) side faces. (¢) TEM image shows a ~100 nm rhombohedron-like
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calcite. The inset FTT shows the crystal orientation and single crystallinity. (f) TEM image showing
rhombohedral calcite with a size of ~300 nm. The embedded SAED image demonstrates the single
crystalline feature. Arrows mark several calcite nanocrystals on the surface. (g) HR-TEM and
corresponding FFT images in the inset confirm the single crystalline feature and that the rough
surface is composed of attached nanoparticles.(h-0)TEM images of calcite at 30 mins in the presence
of 1.08 uM FD31 protein. (h) Irregular calcite consisting of nanocrystals. Inset shows an individual
calcite aggregate. (i,j) One calcite crystal is surrounded by some calcite nanoparticles. Inserted
SAED image confirms the single crystalline feature. (k) Rhombohedral calcite crystals consist of
smaller nanocrystals. (I) TEM image shows a rhombohedral calcite with a size of ~800 nm. (m,n,0)
Higher magnification views of the corners of the particle in (I). (m) HR-TEM image of the corner
part, showing the same (110) lattice orientation for the crystal body. (n) HR-TEM image showing
several single-crystal units on the surface. (0) HR-TEM image showing numerous small
nanocrystals located around the rhombohedral calcite. (p) OM (q-s), TEM and SAED images show
the formation of rod-like calcite with the addition of 4 uM FD31 protein.

The ~10-20 nm agglomerated calcite crystals formed with FD31 and DHR49-Neg also
express different preferred facet orientations, (110) for FD31 (Fig. 3.7b-d) and (202) for DHR49-
Neg (Fig. 3.8b-f), both of which are distinct from the natural (104) facets of calcite grown in
protein-free solutions. These differences likely reflect differences in the structure and chemistry
of the two proteins (Highlighted in Table 3.1). First, while the proteins are both composed of
repeating alpha helices, these are spaced at different distances, leading to different extents of
epitaxially matching for different calcite surfaces (see Section 3.3.2 for further discussion, Fig
3.13). Second, although the two proteins have similar net-charges and number of carboxylate
groups, they contain different ratios of aspartate and glutamate residues, which present carboxylate
groups in different orientations, resulting in distinct stereochemical alignments relative to

carbonate ions in the calcite surface (see Section 3.3.2 for further discussion, Fig 3.12).
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Figure 3.8. The CaCO3 crystallization process in the presence of DHR49-Neg. (a) TEM and
inserted SAED images show the existence of calcite nanocrystals. (b) HR-TEM image shows an
individual nanocrystal with (202) lattice. (¢, d) HR-TEM and corresponding FFT images show
aggregated calcite single crystals. (e, f) HR-TEM and corresponding FFT images show a cubic-like
single crystal with exposed (202) facets. (g, h) Individual rhombohedral calcite with some

[Tt

nanocrystals on or around it. Inserted HR-TEM and FFT images in panel “g” to confirm that calcite
nanocrystals are incorporated into the pre-existed calcite.

At 20 min we observed ~100 nm calcite crystals with a pseudo-rhombohedral morphology
(Fig. 3.7e), their habit resembling the thermodynamically stable {104} calcite rhombohedron, but
with terraced corners and low contrast features that suggest a discontinuous lattice separated by
voids created by the inclusion of proteins. At 30-40 mins, the calcite crystals grew to ~300 nm to
~800 nm (Fig. 3.7f-1), and retained a similar morphology with rough surfaces, internal voids, and
multiple 4-8 nm particles on their surfaces (Fig. 3.7j-0), suggesting growth through repeated
attachment of the nanocrystals. This conclusion is supported by LP-TEM data (Fig. 3.9e).
DHR49-Neg also formed calcite rhombohedra of similar size and habit (Fig. 3.8g). These results
show that, in the presence of the proteins, the 5-7 nm primary calcite nanocrystals assemble
through oriented attachment to ultimately form micron-scale mesocrystalline rhombohedral

calcite. When the FD31 concentration was increased fourfold, calcite crystals elongated along the
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c-axis ([001] direction) formed (Fig. 3.7q-s). Thus, specific designed proteins can direct the
formation of nano-calcite, inhibit their further growth directly from solution species, and switch
the crystallization pathway from classical single crystal growth to a nonclassical oriented particle
attachment and produce calcite-microcrystals with morphologies that vary with protein design and

concentration.

t,#200s  t+350s  t+578's

Figure 3.9. LP-TEM observation of dynamical behavior of FD31 1 puM nucleated calcite
nanoparticles in liquid-cell. (a) Sequential TEM images showing the aggregation process of multiple
particles. (b) LP-TEM image showing the initial distribution of particles. (c) Series of TEM images
showing the formation of three aggregates. (d) LP-TEM image showing the aggregated particles.
(e) Sequential TEM images show the attachment of particles into pre-existed rhombohedral calcite.

3.2.5 Protein length and surface chemistry effects on CaCOs crystallization

We next investigated what specific features of FD31 contribute to its potent calcite

nucleation activity by generating versions of the protein with varied structural and chemical
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features. The effect of template length (the extent of the carboxylate arrays) was investigated by
generating versions of the protein with different numbers of repeat subunits. FD31 has 6 repeat
units and a 5 x 8 nm interface containing 36 carboxylate groups, and we produced a 3 repeat
version with a 5 x 5 nm interface containing 18 carboxylate groups and a 9 repeat version with a
5 x 11 interface containing 54 carboxylate groups. The 3, 6, and 9 repeat templates all drive the
formation of nano-calcite, but the 3 repeat version leads to larger nanoparticles (Fig. 3.10a-c),
likely due to reduced stabilization of the critical nucleus or weaker binding to calcite surfaces
following nucleation. Nucleation driven by monomers of FD31-Rep9 was observed by liquid-

phase TEM (Fig. 3.10d,e).
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Figure 3.10. Tuning calcite nucleation by varying FD31 length and surface chemistry. (a-c) Ex-
situ TEM and the size distribution of particles formed in the presence of (a) FD31-Rep3 with 3
repeats, (b) FD31 with 6 repeats, and (¢) FD31-Rep9 with 9 repeats. In situ LP-TEM observation
of CaCO3 crystallization process in the presence of FD31-Rep9 protein. (d) Sequential TEM
images showing the nucleation of CaCO3 nanoparticles. (e) TEM image showing multiple CaCO3
nanoparticles in liquid-cell. Inserted HR-TEM image confirms the calcite nanocrystals.
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To investigate the effect of surface chemistry on calcite nucleation activity, we modified
the surface chemistry of FD31 in three ways. We either substituted half of the glutamate residues
to nearly isosteric but non-charged glutamine residues (FD31-GIn-Checker), replaced 24 out of 36
glutamate residues with shorter aspartic acid residues (FD31-Asp), or mutated 13 out of 36 of the
glutamate to basic lysine residues (FD31-Lys-Checker)(Fig. 3.11). FD31 (containing an all
glutamate interface) and FD31-GIn-Checker generated calcite-dominant nanocrystals (Fig.
3.3g,h,i, Fig. 3.11a-d), both vaterite and calcite phases appeared in the presence of FD31-Asp (Fig.
3.11e-h), and FD31-Lys-Checker produced primarily vaterite (Fig. 3.11i-1). These variants
provide direct experimental evidence that the structure and chemistry of the pre-organized side

chain array in our DHR protein affects its templating of calcite nucleation.
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Figure 3.11. The resulting CaCOj3 in the presence of different FD31 mutants. (a-d) TEM, SAED
and FFT images show the formation of calcite-dominant nanocrystals in the presence of FD31-Gln-
Checker. (e-h) TEM, SAED, and FFT images show the predominant formation of vaterite and some
calcite nanocrystals in the presence of FD31-Asp. (i-I) TEM and SAED images show the formation
of a vaterite dominant phase in the presence of FD31-Lys-Checker.

3.3 Discussion

3.3.1 Nucleation pathways and growth mechanisms in the presence of FD31

Our designed protein templates promote the direct formation of nano calcite, bypassing the
typical formation of vaterite microcrystals, by both monomer and protein-Ca>" assembly driven
processes. The latter pathway resembles the multistep process in bone and dentin calcification
where Ca®* induced assembly of an acidic matrix protein precedes formation of apatite[117].

The Ca-protein template driven nucleation is more effective at driving nucleation as there
are no additional nucleation events observed in solution but the ones near the interface of the
template. In the case of the nucleation route driven by individual monomers, this route seems to
be the most prevalent one since the number of nuclei is comparable to the number of protein
monomers in solution. In this case, there is a higher number of calcite nuclei compared to the
number of monomers in solution. This implies that the monomers could be playing a role where
they catalyze the precipitation reaction and then proceed to either stabilize the nuclei, or to nucleate
more particles. There is precedent for ligands acting both as nucleators and stabilizing agents.

Initial studies in nanosciences showed that the synthesis of small nanoparticles was
achieved through the presence of ligands that would passivate the surface of a growing
nucleus[118]. The particle would keep growing until the spacing of the tail groups, which
decreased with decreasing particle curvature, was reduced to the point where their repulsive
interactions became self-limiting. This combined effect of surface passivation and steric hindrance

would limit the size into which these nanoparticles would grow and their self-assembly pathway
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guided through packing by shape. In this work, the interstitial spacing between particles
undergoing attachment (Fig. 3.9a,b) is in the order of 1 to 2 nm, leaving enough space for roughly
one monomer interacting face-on shared among at least two particles. The fate of the monomer is
then to be expelled from the growing aggregate or to be trapped and form the voids and interstices
observed in larger particles (Fig. 3.7¢,f). This expulsion from the growing aggregate together with
the stabilization of multiple particles by a single monomer supports the hypothesis of a monomer
being recycled after stabilization of particle aggregates. Considering the surface area of the
spherical nucleus and of the interacting face of the protein monomers, 9 monomers should roughly
stabilize a single calcite particle. This is unless the incipient nuclei are pinned and stabilized by a
single monomer, similar to what is done by individual protein monomers acting as antifreeze
proteins[3].

The proteins also drive post-nucleation growth through oriented attachment of 5-7 nm
nanocrystals into micron-scale rhombohedral single crystals with terraced edges and abundant low
contrast inclusions. Growth by oriented particle attachment can be interpreted or achieved through
three separate explanations[119,120]. First, particles come in close proximity and low energy
interfaces interact and orient the particle, followed by healing of the interface by atomic
rearrangement. Second, particles can be attracted to one another through temporary or permanent
dipoles. Third, particles are attached through random orientations, but coalignment occurs through
dissolution-recrystallization processes or atomic rearrangement after attachment. HR-LP-TEM
would be necessary to exactly determine the mechanism by which growth by attachment is carried
out in this case. However, evidence of orientation of particles and then attachment through low-
energy interfaces is possibly revealed in LP-TEM videos showing rotation of the particles before

they are brought into contact (Fig. 3.9a).
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3.3.2 The role of stereochemistry and epitaxial matching in the mineralization outcomes

The most significant differences between the designed proteins that could explain the
differences in outcome are the interhelical spacing and the surface chemistry, particularly the
presence of groups capable of stereochemical matching of different surfaces.

First, the use of odd (Asp) vs. even (Glu) number of carbons in the side chains of the
binding moieties could bias the formation of different interfaces by virtue of the angle at which
the carboxyl group is displayed on the surface of the protein, similar to what is found for SAMs
[111]. If the preferred angle of the carboxyl group matches the orientation of the carbonate groups
on that facet, the interaction will be favored. This angle is parallel to the substrate surface in the
case of Glu and in the case of Asp there is a preference for an oxygen atom to point out. Given
these orientations, Glu is likely to interact with {110} and Asp can interact most likely with

{202} (Fig. 3.12).
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Figure 3.12. Orientations of the carboxylate groups in different binding moieties could explain the
bias towards the formation of a particular calcite facet.

In the case of geometric matching, the interhelical repeat distance of a protein can be
compared to the distance between atoms on a plane. For this, we modeled the Rosetta energy of

flattened protein models with different interhelical spacings (See Section 2.1.3). The shape of the
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curve for the energy vs. interhelical spacing can provide information of the flexibility and spacings
that a protein can adopt, whereas the lowest energy in the curve can approximate the most likely
spacing adopted by the protein. Flat proteins were modeled since they represent the lowest possible
interfacial free energy driving the least possible mismatch between the crystal and the template.
The flatter curve after ~11.5 A spacing for FD31 (blue circles, Fig. 3.13), indicates that it could be
the most flexible, accommodating different interatomic spacings at 11.5 A and higher. This could
explain why FD31 has a higher nucleation activity compared to DHR49-Neg and FD15 (which
have increasingly narrower distributions). The minima for each protein model is close to the
crystallographic median interhelical spacing, for FD15 it’s 8.7 A, for DHR49-Neg it is ~10.5 vs

9.7 A (modeled vs. crystal structure), and for FD31 is ~11.5 vs ~11.2 A of the AlphaFold2 structure
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Figure 3.13. Normalized Rosetta Energy as a function of the interhelical spacing distances for
different protein models. Units on the x axis are angstroms. Vertical dotted lines represent the unique
interatomic spacings in plane on different surfaces of calcite: (a) (202) surface (b) (110) surface (¢)
(104) surface.

Beyond stereochemical matching arguments, there are additional elements to consider like
the effect of the solvent. The guiding hypothesis of structured proteins with carboxylate groups on
a regular surface considers that it can bind and pre-organize ions from solution. This leads to
further consideration of the ions, which can create some solvent structuring, and how proteins can
structure solvent at their surface. Interactions among ions and between ions and the solvent are
competing with interactions between the proteins and the ions. So this might point to the water
pre-organization capabilities of a protein scaffold to be the key for nucleation as opposed to simple
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stereochemical matching. Still, the structuring of the solvent would in the end be dependent on the
surface chemistry, the shape of the protein, and the different degrees of structuring of this template.
Further support for this structuring of water and ions as a driving force for nucleation is the
observation of a ~1 nm separation between the template and the nascent nuclei for the formation
of nanocalcite at the interface of the Ca-protein complexes (Fig. 3.4c,d).

3.3.3 Understanding template surface chemistry and size effects

The ways in which the protein can be interacting with calcium carbonate can be explained
considering previous MD studies[121]. Deriving from those studies it can be suggested that the
greater effect is imparted by the highly charged side chains presenting carboxylate groups which
could interact with Ca*? ions directly and with CO32 ions through salt bridges or water-mediated
interactions. Positively charged arginine and lysine groups can interact with CO32 ions. Other
interactions include hydrogen-bonding/ionic bonding of both ions with the oxygen atom of serine
or the nitrogen backbone atoms; electrostatic interactions of Ca*? with the hydroxyl group of
threonine; and coordination of either ion with the polar amide groups in asparagine or glutamine.
One possible reason as to why we see nanocalcite in the presence of FD31-GIn-Chkr but not in
that of FD31-Lys-Chkr is that the former does not disrupt Ca*? binding (these groups are capable
of coordination of the same ion as the negatively charged side chains), as opposed to positively
charged side chains in the latter protein being able only to interact with CO32 ions. However, it is
surprising to see that FD31-Asp nucleates both vaterite and calcite. Possibly, interactions between
the calcite nuclei and the negatively-charged residues create a mismatch at the interface and the
length and the rigidity of the side chains plays a role (aspartate chains have more restricted side
chain conformations compared to glutamate).

A separate set of interactions can be considered for the protein surface hydrophobic
residues and the solvent. Alanines, threonines, and other hydrophobic moieties in protein side

chains have been computationally modeled[7] and partially found through crystallographic and
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functional studies[56,122] to be involved in the formation of clathrate water networks as a
mechanism of interaction between proteins and ice. It stands to reason that similar networks can
arise in designed proteins, in the case of FD31, there is a total exposed hydrophobic surface area
of 7440 A2, compared to the 5354 A% of DHR49-Neg. Ordering water molecules on the surface of
proteins has an entropic cost, this can be compensated by the release of water back to the bulk after
desolvation of ions at the interface with the protein template. This can in turn facilitate interactions
of ions with the protein and the formation of an incipient nucleus according to CNT at
heterogeneous interfaces described in Section 1.2.1, Equation 1.11, where a high interfacial free
energy between the liquid and the substrate ous can drive the overall interfacial free energy down.
The smaller template nucleated larger calcite particles, either because it has a higher
interfacial free energy and is a less effective nucleator, leaving more Ca®* and CO3?* available for
post-nucleation classical growth, or because it is a weaker surface ligand on the nucleated crystals.
Given that template-mineral binding is directly related to the interfacial free energy between the

template and the crystal[123], these two effects are expected to go hand in hand [21].

3.3.4 Advantages and disadvantages compared with other systems

The closest, rationally-designed protein or peptide systems that have been used to modulate
the nucleation and growth of calcium carbonate, and that are comparable to the molecules
described in this chapter, are described in Section 1.3.1. There are a number of advantages
regarding the general approach of using DHRs over previous attempts. These include that there is
a large interface that can be modulated (as opposed to the described click chemistry approach,
which is limited to restricted sites[26]); there is no need for immobilization to surfaces to drive
self-assembly and structuring (as in the case of the ChiSifiCa protein[27]); and that structured

helical elements can be pre-organized into a tertiary structure and guide nucleation of calcium
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carbonate instead of growth only (like in the case of the small, designed helical peptides[12]).
Tunability can be enhanced by introducing non-canonical amino acids at the interface enabling the
creation of different coordination chemistries with click chemistry (however, this is not a trivial
task and would require either re-design and/or optimization of expression conditions). An
additional advantage of de novo design in biomineralization is the potential to target specific faces
or non-natural faces since directed evolution cannot target a specific face and is limited to the
stable crystal faces formed[124]. One key disadvantage is that they cannot achieve the same degree
of coverage and number density compared to SAMs.

3.4 Conclusion

Our designed proteins possess greater structural regularity and tunability than previously
studied native and engineered biomineralization proteins[26,98,125] and drive polymorph-specific
CaCOs nucleation. This tunability allows rigorous interrogation of the interface driving this
templating effect. Our DHR proteins. We compared DHR templates with similar chemistries in
arrays spaced at distance of 0.9 nm, 1.0 nm, and 1.1 nm intervals (FD15, DHR49-Neg, and FD31,
respectively; Table 3.1) and found the 0.9 nm protein did not template calcite (FD15), the 1.0 nm
protein (DHR49-Neg) templated calcite to some extent, and the 1.1 nm protein (FD31) was a
strong nucleator of calcite. FD31 nucleated nano-calcite, bypassing the formation of micron-sized
vaterite, by two distinct pathways: one driven by individual monomers, the other by interfacial
nucleation near a sacrificial template formed by structured ca-protein interactions. Produced
nanocrystals assembled by oriented attachment to create mesocrystalline calcite in the micron
scale. The 1.0 nm protein and the 1.1 nm protein produced nanocrystals with different preferred
orientations, potentially due to the formation of better epitaxial matches with different calcite

planes (Section 3.3.2). We tuned the length of FD31 to 5 nm, 8 nm and 11 nm by producing
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versions with 3, 6, and 9 repeat units (FD31-Rep3, FD31, FD31-Rep9, respectively). The
unprecedented mutability of our scaffold allowed us to interrogate the effect of various surface
chemistries on nucleation outcomes. The observation that FD31-GIn-Checker nucleates calcite
better than FD31-Asp suggests that stereochemical alignment is more important to the activity of
our template than the total number of negative moieties. Steric hindrance and/or the inclusion of
positive moieties within the template may explain the inability of FD31-Lys-Checker to nucleate
calcite.

Computational protein design allows biomineralization-like processes to be studied with
genetically encoded molecular templates that have known stable 3D structures, are chemically and
structurally tunable, and are amenable to further engineering[65,79,126]. Compared to previous
studies of natural and engineered proteins, using de novo designed proteins allows more rigorous
testing of how structurally defined biomolecular surfaces can control inorganic crystallization.
This new approach sets the stage for the programmable control of crystal polymorph, nucleation
pathway, growth mechanism, and crystal morphology, and the development of novel hybrid

materials with functional properties.
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4 Chapter 4: HEMATITE BINDING and NUCLEATION

4.1 Introduction

Recent work using atomic force microscopy (AFM) to study de novo helical-repeat (DHR)
proteins with interfaces designed to bind the mica (001) K+ ion sublattice showed a lattice
matching approach could control the orientation of proteins adsorbed on an inorganic crystal[63].
Additionally, the authors showed the strength of binding and the structures formed by proteins on
the surface were affected by the size of the proteins and by the addition of designed protein-protein
interfaces. This work also highlighted that the structure of the protein-inorganic interfaces were
highly dependent on solution conditions and entropic interactions between the rod-shaped proteins,
where aspect ratio is a feature with a large effect.

Building on the work of repeat proteins designed to self-assemble on mica, we seek to
further test the lattice-matching approach by designing binding towards surfaces with a different
chemistry and spacings. The high abundance and diversity of iron oxides in natural and synthetic
systems, together with their broad applications, was the motivation to center our focus on iron
oxides, and particularly on hematite. Figure 4.1 explains the general approach to be used, and

provides a guide of how to interpret the data presented in further sections.
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Figure 4.1. Lattice matching design principle for targeted and oriented binding on two hematite
surfaces. A green designed helical repeat protein (DHR) with a spacing of 10.9 A between its
subunits matches twice the lattice spacing of iron atoms on the (012) surface of hematite. A blue
DHR with a spacing of 8.7 A between its subunits matches twice the lattice spacing of iron atoms
on the (001) surface. On the right, an illustration of the expected binding on the two surfaces. Off-
target interactions are expected to have a lower coverage or affinity, and may lack a preferred
orientation. Note that the (001) plane has three-fold symmetry, so we expect binding along three
equal orientations, but only one is shown for simplicity. Spacing of chemical moieties and further
tuning of the interface would lead to better understanding the design rules for targeted oriented
binding between proteins and iron oxides and other inorganic crystal surfaces.

Once again, a designed helical repeat topology was chosen due to advancements in the
field that make it possible to tune this topology with a relatively high degree of success. Specific
DHR scaffolds were generated from scratch according to the methodology described in Section
2.1.2 with a precise repeat-spacing to match the hematite (012) surface, (green proteins in Fig. 4.1
with a 10.9 A spacing) or biased match to the hematite (001) surface (blue proteins in Fig. 4.1 with

an 8.7 A spacing).
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4.2 Results

4.2.1 Biochemical characterization of the first generation of hematite-binding proteins

From an initial set of 12 proteins, three protein variants from a single original template
sequence were characterized. These proteins, collectively named the R-Rep4 series, are expected
to fold into helical repeat proteins where the repeating elements are spaced at an average distance
of 10.9 A, but according to models generated by AlphaFold2 the median interhelical repeat
distance is 11.2 A. Versions of this scaffold with four repeating elements behaved as monomers in
solution as confirmed by SEC-MALS (Fig. 4.2). CD characterization confirmed their
thermostability, giving the characteristic signal of alpha-helical secondary structure, which was
largely maintained after heating to 95 °C. The original spectrum was recovered at 25°C, and a
thermal melt screen following changes at 222 nm shows no evidence of cooperative unfolding at
higher temperatures (Fig. 4.2). Experimental SAXS traces closely fit the traces predicted for two

of the protein models, confirming their shape and oligomeric state in solution.
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Figure 4.2. Biochemical characterization of three members of the R-Rep4 series. Divided in three
columns, each corresponding to a different sequence. The protein models at the top of each column
show the alpha-helical secondary structure in cartoon representation. The exposed residues at the
binding interface in stick representation are colored red for negatively charged residues and blue for
positively charged. Left column RO-Rep4 characterization data from top to bottom: CD, SEC-
MALS with the expected and observed molecular weights, model fit to SAXS data. Middle column
R1-Rep4 characterization data from top to bottom: CD spectrum, SEC-MALS chromatogram with
the expected and observed molecular weights, model fit to SAXS data. Right column R2-Rep4
characterization data from top to bottom: CD spectrum, SEC-MALS chromatogram with the
expected and observed molecular weights. Bottom right: Thermal melt curves measured by CD.
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4.2.2 In situ AFM binding characterization of R-Rep4 proteins binding on the (012) surface
Preliminary characterization of the four-repeat variant using in-situ AFM aimed to look at
differences in coverage between a set of three proteins. The target surface for all of them was the
(012) plane of hematite, and the main difference between the variants is the number and
arrangement of negative groups on one side of their surface. All of them had a negative net charge,
but RO-Rep4 had a patch of positive residues on both sides of the protein (Fig. 4.2). Only one of
the other two variants, R1-Rep4, was tested in this preliminary set. The main difference of this
protein is the presence of a surface composed entirely of negative and small hydrophobic (alanine)
residues on one side of the molecule (Fig. 4.2). The in situ imaging conditions were done at pH 7
with 20 mM Tris. We observed that having positive patches on both sides of the interface on RO-

Rep4 were not sufficient to prevent it from interacting with a surface (Fig. 4.3) with a positive

electric potential at pH 7 of 1o = +15 mV[34].

Figure 4.3. R-Rep4 proteins [0.1 pM] imaged on R-Cut hematite at pH 7 ()0 = +15 mV). From
left to right: bare hematite substrate using an ozone cleaning protocol, R0-Rep4, and R1-Rep4. Scale
bar is 100 nm. All experiments in 20 mM Tris.

The coverage of the surface was greater for the protein with positive and negative charges
and a higher net charge. Determining if lattice-matched proteins bind target surfaces preferentially
and with a defined orientation will require further testing to confirm that this interaction goes

beyond a simple electrostatic attraction. In addition, the aspect ratio for the four-repeat version of
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these proteins is too low (roughly 1:1, 4.6 nm X 5.4 nm) to determine whether a preferred
orientation existed on this substrate. A protein with a larger aspect ratio and a comparison test with

an off target surface were proposed to ask these questions.

4.2.3 Biochemical and binding characterization of six-repeat variants on the R and C-cuts
Increasing the aspect ratio of the designed proteins is important to resolve the relative
orientation of the proteins on the surface and compare it with the crystallographic orientation of
the surface to evaluate if the lattice-matching approach is having an effect. Two known and tested
ways of increasing the aspect ratio of proteins containing amino acid repeats are to either simply
increase the number of inner repeats within a single protein monomer, or to design an interface
between monomers in a way that could form end-to-end oligomerization and form fiber-like
assemblies. Both approaches were tried with marginal success in producing and purifying six-
repeat and nine-repeat versions from the original four-repeat “R” variants. The six-repeat variants
showed some degree of oligomerization when characterized by SEC and SEC-MALS (Fig. 4.4).
However, measurements of the protein’s dimensions when adsorbed on the hematite surface are

consistent with the estimated size and shape of monomers contacting the surface face-on (Fig. 4.5).
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Figure 4.4. Biochemical characterization data for the expanded R-Rep6 proteins. DHR protein
models depicted in green with cartoon a-helices spaced 10.9 A apart. Negative residues highlighted
in red, positive in blue. Alongside each protein model is the secondary structure determination by
CD confirming the presence a-helices which are mostly retained during incubation at 95 °C.
Oligomeric state characterization results by nMS for the SEC main peak are shown below each
chromatogram. SEC peak broadness and retention volume are consistent with the partial formation
of dimers in solution at Tris 20mM pH 8 and NaCl 100 mM.

A different trend emerged for the six-repeat variants after incubating them on the R-cut
surface. Incubation of 0.1 uM R2-Rep6 with the R-cut surface yielded an apparent array of oriented
proteins, which retained its orientation after the surface was cleaned, rotated 90°, and tested again
(Fig. 4.5a,b). This is strong evidence of oriented attachment of the protein, but we have not yet
confirmed that the target orientation is the same as the observed. We proceeded by determining if
the R2-Rep6 design preferentially bound to the target R-cut hematite surface vs. the off-target C-
cut hematite surface. When incubated with 0.02 puM of R2-Rep6, binding events were not

observed on the C-cut surface (Fig. 4.5¢), but a few remained in the R-cut surface (Fig. 4.6c).
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Repetition of this experiment at higher concentrations, 0.1 uM, yielded no coverage in 3 out of 5
surveyed areas (Fig. 4.5d). While R2-Rep6 covered extensively the R-cut surface at this high
concentration conditions in an apparent oriented array as described above, the behavior of this
protein on the C-cut surface appeared to be drastically domain-dependent. Most areas had no
binding events, but a small fraction of the surface displayed large domains of oriented protein (Fig.
4.5¢,f). This suggested that surface nanostructure and differences in the chemical terminations

potentially explain the domain-dependent binding behavior (See Section 4.3.1).

Figure 4.5. Biochemical R2-Rep6 apparent oriented binding on the R-Cut and heterogeneous
binding on the C-Cut at pH 7. (a) Inset shows the possible orientation of R2-Rep6 (expected charge
at pH 7 of -49.61) on the R-cut (10 = +15 mV). (b) Apparent orientation is retained after cleaning
the substrate, rotating it 90° and incubating with the same protein type and amount [0.1 uM]. (c-f)
R2-Rep6 incubated on the C-Cut at pH 7 (10 = +30 mV). (¢) No binding of R2-Rep6 [0.02 pM]
observed on the C-Cut. Protein concentration was increased to [0.1 pM] to match incubation
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conditions from (a) and (b). (d-f) Heterogeneous covering of R2-Rep6 on the C-cut at 0.1 uM. (d)
Out of five surveyed areas, this was representative of three fields showing no binding. (e) In the
same experiment, an example of some binding events on the C-Cut. (f) Extensive binding on one
field. All scale bars are 100 nm.

On the R-Cut target surface at pH 7, we observe binding events for R1-Rep6 and R2-Rep6
(Fig. 4.6b,c). These binding events represent a higher coverage on the R-cut when compared to
what could be found on the C-cut if a five-fold concentration difference is considered. Here, the
R-cut surface is incubated with 0.02 uM, whereas the C-Cut is incubated with 0.1 or 0.15 uM of
protein (Fig. 4.6e,f). This is the first preliminary evidence of a potential designed specificity,
independent of electrostatic attraction. Comparing the same proteins on the off-target C-cut surface
at pH 7, the RO-Rep6 protein (Fig. 4.6d) had a larger coverage compared to its more negatively-
charged counterparts. However, R1-Rep6 had a slightly larger coverage despite having a less
negative charge than R2-Rep6 (Fig. 4.6e-f). Simple attraction of opposite charges do not seem to
be responsible for these binding events, as the coverage of the surface increases with the net charge

of the protein, but again with the caveat of domain-dependent behavior.
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RO-Rep6 (-26.54 at pH 7) R1-Rep6 (-43.63 at pH 7) R2-Rep6 (-49.61 at pH 7)
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Figure 4.6. R-Rep6 proteins on R-cut and C-cut at pH 7. (a-¢) Proteins on R-Cut at 0.02 pM. (d)
RO-Rep6 at 0.15 uM on the C-cut. (e) R1 and (f) R2-Rep6, respectively at 0.1 uM on the C-Cut. (f)
Split pane with representative views of heterogeneous coverage for B2-Rep6 as discussed in Figure
4.5d-f. All scale bars are 100 nm.

4.2.4 Repeat 9 proteins on the R and C-cut at pH 7 and 8

This set was expanded to longer R-Repeat9 proteins and was tested on the hematite R-cut
and C-cut surfaces at pH 7 and 8. Our initial hypothesis was that if the behavior of these proteins
could be described only by the electrostatic binding, at a given concentration we would observe
the most binding events on the C-cut surface at pH 7. In contrast, if lattice-matching and other
details of the designed interface are important, a larger amount of oriented binding should be seen
on the target R-cut surface. In agreement with expectations for a predominant effect of the designed

surface over the non-specific electrostatic binding, all of the proteins in the R-rep9 series showed
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low or no binding at 0.1 pM and pH 8 on the off-target C-cut surface (Fig. 4.7a-c). Surface charge
at pH 8 is expected to be Yo = +15 mV, roughly half of that expected at pH 7 on the same (001)
surface. On the same off-target (001) surface, non-specific binding events are noticeable when
incubating at pH 7, this represents an increase in o from +15 mV to +30 mV, potentially driving
nonspecific interactions higher (Fig. 4.7d). These binding events are noticeable at 0.02 uM, five
times less the concentration used in the incubation at pH 8 on the top of the figure (Fig. 4.7a-c).
However, when tested at the same pH value and half of the concentration on the target R-cut
surface, there are more binding events (Fig. 4,7¢). This condition with multiple binding events
occurs at the same 1o as in Fig. 4.7a even though the concentration is 10 times lower. RO-Rep9 in

this case is showing specific binding to the R-Cut over the C-Cut.

RO-Rep9 (-36.95 at pH 8) R1-Rep9 (-62.86 at pH 8) R2-Rep9 (-71.85 at pH 8)

=+15mV

C-cut (001) ¥,

(z10) uo gday-1Ly

(001) Yo =+30mV  (012) Yo = +15mV pH 7 Yo = +15 mV

RO-Rep9 (-35.21 pH 7)

Figure 4.7. R-Rep9 proteins on R-Cut and C-Cut at pH 7 and 8. (a-¢) Low or no binding observed
for any R-Rep9 protein [0.1 uM] on the C-cut at pH 8. (d) Lower relative binding affinity RO-Rep9
of the C-Cut [0.02 puM] at pH 7 over (e) RO-Rep9 on the R-Cut [0.01 uM]. Binding to R-cut by R1-
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Rep9 proteins [0.1 pM] is heterogeneous at (f) pH 7 and (g) pH 8. Images are representative of fields
with binding events. Scale bar is 100 nm for all images.

R1-rep9 proteins, designed with one negatively-charged side, had an apparent higher
coverage at pH 8 (o = +10 mV) compared to pH 7 (b0 = +15 mV) on the target R-cut surface
(Fig. 4.7f,g). This behavior seemed to be heterogeneous on the same hematite piece, with large
domains with no binding events. This is in contrast to the R0O-Rep9 series, which had a large
coverage even though the concentration is tenfold less.

4.2.5 Nucleation trials of hematite in the presence of proteins

Encouraged by this initial evidence of specific targeted behavior, we proceeded with testing
for the effect of these scaffolds on the nucleation of hematite. A small difference in the interfacial
energy would in theory have a large effect on the rate of nucleation of hematite nanoparticles, as
described before in Section 1.2. These small changes in interfacial energy can be related to
differences in coverage observed by AFM studies. The first set of trials involved mixing directly
the protein with a ferrihydrite precursor as described in Section 2.4 (Fig. 4.8). Due to the
thermostability of these proteins, supported by the CD experiments described in Sections 4.2.1 and
4.2.3, we expected that the designed proteins would hold the designed secondary and tertiary
structures at these temperatures. Incubation with the protein was compared to a positive control
with no additives, and Bovine Serum Albumin (BSA) was used to compare the effect of a native,
negatively-charged, globular protein. The buffer of the protein was always MOPS 10 mM, as this
was found to avoid nucleation inhibition in our control experiments. BSA, R2-Rep6, RO-Rep6,
and C1-Rep6 were all found to inhibit the nucleation of hematite by different degrees, but there
was no clear trend or drastic effect (Fig. 4.8). An alternative nucleation setup was pursued using a
microdialysis membrane as described in Section 2.4. The objective of separating the ferrihydrite

precursor from the protein by a membrane was to eliminate the potentially confounding variable
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of proteins interacting with and binding to ferrihydrite, thus changing its role as a potential
template for nucleation. A key test experiment for this involved a hematite seed in the inner
chamber while ferrihydrite remained on the outer chamber (Fig. 4.8). If the membrane had no
effect on the dissolution and transport of ions to the hematite seed, we would expect to see the
growth of the nanocrystal inside the chamber in the absence of the protein, but the nanocrystal
remained unchanged. An additional preliminary test suggested that even when ferrihydrite was
incubated at high pH in the outer chamber, that is under dissolution conditions for ferrihydrite, no
ions were detected in the inner chamber. Another setup was tested where a protein with a thiol
group was immobilized on a gold surface (data not shown). This surface was then incubated in a
solution containing ferrihydrite. The setup yielded inconclusive results. C1-Rep6 is the only
protein that has been expressed successfully with a designed 8.7 A spacing between repeating
elements, whose target is the C-cut surface of hematite (Nucleation trial shown in Fig. 4.8). This
protein appears to be mostly monomeric by SEC and nMS describes it as monomeric, but SEC-
MALS shows evidence of a minor dimer peak, which can be interfering in the SAXS structural

determination of this monomer (data not shown).
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Figure 4.8. Hematite nucleation trial summary of preliminary data. Left: a schematic representing
the two main setups tried and an EM showing hematite nanoparticles synthesized under conditions
described for the control. Right: Hematite nucleation or inhibition outcomes for different protein
identities and concentrations incubated directly with ferrihydrite as described in the ‘First trials’
scheme to the left.

4.3 Discussion

4.3.1 Explaining differential binding on C-Cut surface

Differences in binding on the C-Cut surface are consistent with reported heterogeneity in
the terminations. There are at least four potential terminations on the (001) hematite surface: iron
terminated, oxygen terminated, and versions of the previous two where there are some iron
vacancies. Crystal Truncation Rod (CTR) studies have shown that if the hematite surface is fresh
or aged, there will be different terminations[127]. In the case of the fresh hematite, it will be iron
terminated, and oxygen terminated in the case of the aged sample, this is accompanied by a
hydroxylation layer with varying degrees of coordination[128]. The aged sample also has more
structured water on its surface. Binding through structured water can explain the binding

heterogeneity observed in the C-Cut.
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In comparison to the C-Cut, the R-Cut of hematite has more structured water as determined
by in situ high resolution specular X-ray reflectivity measurements[129]. The same study points
out that doubly-coordinated Fe groups are largely uncharged at circumneutral pH in the C-cut,
whereas single coordinated groups on the R-Cut are always charged, even when the surface charge
is zero. The atomic structure reported for the R-Cut describes two terminations where iron is under
coordinated by the absence of one or two oxygens in high vacuum[35]. This is expected to be
hydroxylated in water.

4.3.2 Explaining differential binding depending on surface potential

An important consideration for comparing binding events on either surface is the effect of
pH on the surface potential. At pH 7, the R-cut surface has a surface potential of Yo = +15 mV
and the C-cut surface a potential of 1o = +30 mV[34]. With a higher surface potential at pH 7, the
C-cut surface could potentially lead to more instances of non-specific binding driven purely by
electrostatic interactions between the negatively charged protein and the positively charged
surface. Repeating these experiments at a set pH value where the surface potential is the same for
both surfaces will allow us to understand the effect of electrostatic interactions between the surface

and the protein, their role on specific binding, and explore the effect lattice-matching may have.

4.3.3 The effect of surface chemistry on binding to hematite

The original expectation was for proteins that had a more negative charge and a designed
surface with exclusively negatively-charged side chains and small hydrophobics to have the
highest affinity for the positively-charged surface. In contrast, proteins with positive and negative
charges displayed the highest coverage and therefore binding affinity as seen in Fig. 4.3 and 4.7.
This can be explained by the different coordination chemistries that have been discovered through

biopanning studies and in native proteins interacting with metal oxides. For example, a hydroxyl-
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proline-hydroxyl motif has been proposed as an archetype motif for binding hematite by a
biopanning study[130], this motif is also found in the terminal region of OmcA, an extracellular
cytochrome involved in mineral reduction[131]. MD simulations proposed hydrogen bonding to
the hydroxyl layer of the surface as the binding mode. In a separate biopanning study, sequence
analysis found that positively charged residues occurred two times more often than negatively
charged ones, suggesting that interactions were driven by Pearson hard acid-hard base interactions
and hydrogen bonding[132]. In sum, positive and negative charges have been found to interact
with iron oxides and in the case of hematite it seems that hydrogen bonding interactions might be
key.

4.4 Conclusion

Designed helical repeat templates offer a tunable surface, in terms of structure and
chemistry, that is not found in natural or engineered systems interacting with iron oxides to date.
Proteins with nine repeats, positively and negatively charged surfaces, and a target spacing of 10.9
A (but a most likely interhelical spacing of 11.2 A) are capable of interacting specifically with the
target R-Cut surface. This happens under incubation conditions where the surface potential is
comparable between this surface and the C-Cut surface and holds true even when the concentration
of the binding protein is reduced ten-fold on the target surface. In the case of six-repeat proteins,
molecules with a negative and hydrophobic binding surface bind with a preferred orientation on
the R-Cut surface and their binding behavior on the C-Cut surface is heterogeneous and domain-
dependent. Testing of other shapes and surface chemistries will be required to assess whether these
effects are exclusive of this set of related molecules and to find design rules that will enable

arbitrary targeting of oriented binding on a given iron oxide surface.
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Nucleation studies showed that when incubating directly in the presence of ferrihydrite all
of the tested proteins showed some degree of inhibition. Further attempts to separate ferrihydrite
while keeping it as a source of ions were unsuccessful in establishing a proof-of-concept control
experiment or their results were inconclusive. Further trials should consider the use of different
precursors or synthesis methods and will be elaborated in Section 5.3.4.

The next suggested studies, described in Section 5.3, are required to gain a complete
understanding of the degree of specificity of different variants, the termination chemistry and

orientation of the substrate and the structuring of water at the interface and on the protein.
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S5 Chapter 5: FUTURE DIRECTIONS

5.1 Protein design enabled new avenues of research

As established in previous chapters, repeat proteins offer a topology that simplifies the
sequence and structure search space and also provide the regularity and repetitiveness required for
matching a crystalline lattice. So far, only a DHR topology has been tested, but there are
alternatives such as alpha-beta repeat topologies as well as only beta-solenoid topology.
Advantages of these topologies include a higher diversity of inter-repeat spacings becoming
available, in particular very small spacings compared to what is possible for DHRs (8 A in DHRs
compared to 4.7 A in beta-solenoids). As seen in Section 3.3.2 inter repeat distance together with
the flexibility of the scaffold could be the key for epitaxial matching of different surfaces and for
driving the nucleation of a given polymorph. Therefore, a priority for future work could be to test
similar negatively-charged chemistries but threaded on scaffolds with different degrees of
flexibility and inter-repeat distances. One characteristic that has been kept constant for simplicity
and to minimize the degree of mismatch between the protein and the inorganic crystal is the
flatness of the scaffold. However, testing scaffolds with different degrees of curvature and twist
could reveal the relative importance of a flat template. In sum, varying the scaffold shape while
preserving its chemistry would be a desirable next step.

The converse would be to keep the scaffold shape constant but to vary its chemistry. This
is particularly important in the case for the hematite binders, since a mutation series for FD31
regarding calcium carbonate has already revealed some polymorph-specific nucleation behavior
connected to the choice of surface chemistry (See Section 3.2.5). Native coordination motifs of
proteins interacting with iron include carboxylate, imidazole, and oxygen phenolate groups[133].

Besides, MD simulations together with biopanning studies have pointed to serine and threonine
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hydrogen-bonding groups as interaction motifs with the hydroxylate layer of hematite
surfaces[130]. Further coordination groups that have been observed as canonical interaction motifs
for calcium in proteins include the oxygen atoms in asparagines, glutamines, the carbonyl from
backbones, and (to a lesser extent) serine and threonine[134]. These are not only responsible for
binding directly to calcium, but also to establish a network of hydrogen bonding sites capable of
stabilizing calcium-binding sites. Also, as described in Section 3.3.3, desolvation of ions at the
interface driven by hydrophobic groups could lead to enhanced nucleation rates. Generally
speaking, threading in partial coordination motifs with more diverse chemistries together with ion
desolvation groups could lead to differences in binding and nucleation which will complement our
vision of the surface chemistry required for good interactions with inorganic crystals.

The same variations in surface chemistry and scaffold shape could be explored for the
formation of assemblies like the ones observed during the incubation of FD31 with calcium ions
(Section 3.2.3). The shape and surface chemistry of these assemblies could dictate the formation
of nuclei with different shapes, like spindles[135]. Another potential avenue for design could be
ways of stabilizing the ca-protein assembly (so far they have been acting as sacrificial templates)
and observing the resulting nucleation and assembly outcomes. Systematic testing would lead to
design rules for the formation of ca-protein assemblies with different degrees of crystallinity that
have target shapes and surface chemistries.

Going back to the lessons from natural systems, it is noteworthy that many of the effects
of nucleation can be traced back to large interfaces of charged molecules in a regular spacing.
Whichever is the organism’s choice of a template, it does not act in isolation, but in environments
and with other molecular assemblies that help to change the solution chemistry and concentration

of ions. Such environments can be emulated using protein design by designing closed oligomers
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with defined interior surfaces or by appending charged tails to recruit ions. The Baker Lab has
designed a large variety of helical repeat proteins with different shapes, sizes, oligomeric states,
and higher order symmetries[79,126]. Confinement effects can only be observed in oligomers. The
geometry and shape of these cavities together with the surface chemistry are important aspects to
consider.

5.1.1 Design enabled by molecular dynamics

MD simulations are required for the understanding of a diversity of phenomena tied to the
nucleation of calcium carbonate by protein templates. Examples of this include: How can different
templates capture ions and pre-organize them to different degrees? Based on this is it possible to
rank or explain the observed differences in nucleation capabilities of different scaffolds or
chemistries? Can MD give us an idea or model the structure of the ca-protein assemblies and their
behavior in solution? What sort of interactions (perhaps weak) are required to explain the
dissolution of these templates? Previous MD studies have found that a certain rigidity of the
binding site is required for the effective behavior of ice-binding proteins[7], where slowing down
the kinetics of water is essential. This translates to having a rigid side chain and binding site that
can drive the immobilization of ions. In contrast, templates with more rigid side chains in the case
of calcium carbonate lead to a lower nucleation efficiency. An alternative explanation could be by
the interplay of the rigidity of the binding site with the flexibility of the scaffold so that interactions
are preorganized enough to enable selective binding, but not too inflexible that a perfect fit is
necessary[61]. Flexibility can also mean that the protein is able to accommodate more and different
epitaxial matches, which could be driving up the affinity and nucleation activity of the template.
Particularly in the case of proteins interacting with hematite, it is important to model the ordering

of water on the surface of the protein and compare it with the ordering of water on the surface of
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the hematite with different terminations. Water-mediated interactions seem to be key to
understanding the binding behavior of these proteins since there seems to be different degrees of
water ordering and different degrees of hydroxylation depending on the termination and face being
exposed[127,129].

5.2 Calcium carbonate biomineralization

5.2.1 High-throughput testing alternatives

So far, only a low throughput method for the characterization of the effect of different
proteins, which is the ex-situ TEM of reactions, has been tried. This is not only slow, but prone to
drying effects. In order to screen more proteins with different shapes and surface chemistries, a
high-throughput method is desired. To this end, three different methods were attempted. The first
was to display proteins on the surface of yeast and then use optical microscopy to search for
variants that promoted the formation of microcrystals, i.e. to look for changes in the number, size,
and shape of the crystals being formed. A second effort consisted of the same microscopy readout,
but using purified versions of the protein and different crystal growth setups. Nevertheless, these
two setups proved to produce unreliable results and noisy data in addition to not providing
polymorph-specific information (crystal shape is an unreliable way of determining crystal
polymorph). A spectroscopy-based assay was tried next using ATR-FTIR. The formation of
different polymorphs over time was monitored. A problem with this setup was the need to use
different precursors from what was originally used for the nucleation studies in the presence of
proteins. Different precursors meant in this case a significant change in the speciation of ions and
supersaturation, making the initial results hard to compare with the ones obtained by this method.

Binding and nucleation have a direct relationship through the interfacial free energy[21].

It is possible, therefore, to search for potential nucleators using a screening assay panning for
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binders. This can be done using a pull-down assay or follow a new method for high-throughput
screening developed by members of the Baker group. A pull-down assay would consist of
incubation of nanoparticles with proteins, followed by centrifugation, washes, and finally
resuspension in a denaturing buffer for analysis by gel electrophoresis. The second high-
throughput screening method consists of incubation of the nanoparticles with yeast displaying the
protein followed by sorting by a flow cytometry assay. For the second method, original trials have
been unsuccessful, but particle dispersion and stability can be screened using zeta potential
measurements, Dynamic Light Scattering (DLS), and the presence of stabilizing agents such as
polymers, e.g. EA3007, (EO)ss-(MAA)s-Ci2Has[i36). In this case and ideally, the binding
mechanism would be through the displacement of stabilizing ligands, although non-specific
interactions of the protein with the polymer are also possible.

5.2.2 Alternatives and additional nucleation assays

There are alternative precursors and methodologies to carry out a nucleation-based
screening of the effect of different proteins. By means of carbonate ester hydrolysis (dimethyl or
diethyl carbonate), calcium carbonate precipitation can be induced from a completely
homogeneous solution, and titration of carbonate can be done to a solution containing a constant
calcium concentration[16]. This method is capable of establishing first heterogeneous and then
homogeneous nucleation on a timescale suitable for kinetic investigations. Preliminary tests have
found that DLS characterization at low protein concentrations (1 uM) does not detect the
hydrodynamic radius of the protein, making it possible to detect the onset of particle formation
(calcium carbonate scatters more light than proteins when in dilute conditions) driven by
heterogeneous nucleation on the surface of proteins. The interfacial free energy of the template

could be measured by varying the chemical potential and measuring this way the onset of
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precipitation. This may be followed by end-point measurements using ATR-FTIR to determine the
polymorph distribution of the formed nanocrystals. In essence, a change in the choice of a
precursor can lead to studies of how effective a template is by measuring the interfacial free energy
and to have additional polymorph information through ATR-FTIR.

An alternative way to determine the relative nucleation efficiency of different designed
proteins is through a Cryo-TEM experiment. By measuring the nucleation density of a reaction
quenched by a cryo-plunge in a quantitative EM experiment, the relative efficiency of a template
can be determined in addition to providing information about the nuclei size and shape.
Nonetheless, preliminary efforts pursuing this route have been unsuccessful since it seems that
sample heterogeneity is dominating. Future research should focus on optimizing reaction and
vitrification conditions to ensure a homogeneous sample from which quantitative data can be

derived.
5.3 Hematite binding and nucleation
5.3.1 Alternatives in methodology

Another possibility would be a hybrid approach between protein design and bio-panning
that could involve the rational design coupled to directed evolution of protein surfaces. For that, a
high-throughput screening method would be needed. Efforts within our biomineralization group
are exploring the possibility of using protein display methods and flow cytometry as a way to
search the sequence and structure space of repeat proteins for different binding modes spanning a
range of net charges, surface hydrophobicity and other charged or hydrogen-bonding interactions.
5.3.2 Completing AFM coverage and orientation experiments

In agreement with the lattice-matching hypothesis, we would like to observe preferential

binding of lattice-matched proteins on their target surface, despite incubation conditions where
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non-specific binding driven by electrostatics could be a major driving force in the system. This
would be measured either by relative coverage under the two established pH conditions, or after
establishing a different method to bias the surface potential (perhaps a target pH where a given
surface potential is reached). In addition, we would like to observe the same specificity trend for
the new set of proteins targeting the C-cut surface. An additional control protein would be
desirable, where the lattice parameter is also off-target from both surfaces, and a comparison with
native globular and non-repetitive proteins such as BSA and Lysozyme. Looking for quantitative
ways of measuring the binding affinity from these AFM experiments or other methods would also
be desired to see if small changes in affinity have an effect on nucleation or inhibition.

One aspect that has been a source of additional complexity, making results difficult to
interpret, is the presence of different crystallographic domains and chemical terminations on the
same surface, as well as the modification of these terminations introduced by cleaning treatments,
incubation conditions and other contaminants. It is recommended to characterize the hematite
substrate using X-ray Crystal Truncation Rod (CTR) and grazing incidence diffraction total
scattering measurements. CTR will serve as a coarse mapping of crystallographic domains and
their terminations; while grazing incidence diffraction total scattering will provide information of
water structuring at the interface. This data can be compared with other AFM methods, finely
mapping charge and surface potential (Kelvin probe AFM), and hydration structures (3D FFM
AFM). Mapping interactions with the crystallographic domains and terminations would allow us

to have a better model to understand why and how proteins are interacting with the surface.
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5.3.3 Design, characterization and structural validation of proteins

It is a priority to generate long aspect ratio and unbounded one-dimensional oligomers that
can confirm the oriented binding hypothesis or to help us understand why alternative orientations
might be adopted and if there are any conditions that can bias a particular orientation. We are also
working to obtain crystal structures for the key parent design. Structural characterization would
validate the designed spacing.

In addition or complementary to the protein screen and re-design discussed in the section
above, further design efforts should include a large screening effort to design scaffolds that are
monodisperse in solution, can tolerate multiple mutations, are flat, are thermostable, and span a
range of previously unexplored spacings to test for affinity and interactions between repeating
elements and different metal oxide surfaces. Once this set is obtained, thorough surface mutations
screening for different ordering of groups, a screen of net charges and hydrophobicity, and a
measure of relative flexibility of the scaffold could give a systemic insight of structural and
chemical features on the surface of repeating proteins that can tune their behavior with different
metal oxide surfaces.

5.3.4 Nucleation studies

Regarding hematite or iron oxide nucleation, it is possible to extract information from
inhibition studies. Another option is to look for selective growth inhibition of hematite nanocrystal
seeds in the presence of proteins. Additionally, we are discussing an effort to observe
heterogeneous nucleation of goethite, since the synthesis of this mineral does not involve the
formation of ferrihydrite as an amorphous solid precursor and because hematite and goethite have

similar spacings, making it compatible with the designed proteins. One more aspect to be tested is

95



to append peptides with the capability to recruit ions, or to catalyze non-specific precipitation. This
would be in the hope to provide complementary capabilities to the templating effects that the

proteins are designed to have.
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5.4 Significance

Previous work was done either on natural systems, self-assembled monolayers, interactions
of proteins with surfaces with no demonstration of their nucleation capabilities, or bio-panning of
peptide libraries against different surfaces and demonstration of their nucleation efficiency.
Designing protein building blocks to test hypotheses framed by classical nucleation theory would
advance understanding of these interactions that span observations on all of the previous systems
above. It is not only a new way of probing this problem, but also a way that is highly designable
and that captures more information compared to the natural counterparts and other engineering
systems.

The scope of this work is twofold: (1) to provide initial evidence of directed nucleation and
oriented attachment of calcium carbonate driven by designed proteins with tunable size and surface
chemistry; and (i1) to offer the first studies of oriented and specific attachment of designed proteins
on two hematite facets at different pH values by expanding the lattice-matching hypothesis used
for the design protein arrays on mica to iron oxide surfaces.

Lessons from these studies can offer understanding on how to rationally design mineral-
protein interactions to target binding, nucleation and growth of other inorganic crystals of interest.
In addition, lessons learned from this synthetic system can be applied to control biomineralization

in natural systems, as a way of understanding disease and developing therapies.
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