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ABSTRACT OF THE DISSERTATION

Polymer integrated protein crystalline materials

by

Ling Zhang

Doctor of Philosophy in Chemistry

University of California San Diego, 2021

Professor F. Akif Tezcan, Chair

From only 20 amino acid building blocks, nature has designed and refined protein structures
for a wide variety of specific purposes. Each protein molecule carries out a specific function in
nature (structural component, transportation, catalysis, among myriad others) that is directly
related to the structure of protein. Despite this impressive diversity, many proteins do not operate
alone, but combine with other molecules—Ilipids, carbohydrates, nucleic acids, co-factors, and
other proteins—to fulfill their functional roles. Consequently, understanding the structural
properties of proteins and their interactions with other types of macromolecules provides insights

for creating advanced protein-based hybrid components with tunable properties. Synthetic

XX



polymers are a large class of macromolecules that stand out in terms of their chemical diversity,
tunable composition, controlled length (and thus physical properties) and easy acquisition. Thus,
synthetic polymers have been commonly employed to augment the functional properties of
proteins as well as creating hybrid materials with different proteins. Here, we have utilized
synthetic polymers in a new context, namely in combination of protein crystals, to create a novel
form of materials that seamlessly combine the advantages of proteins (functional diversity and
atomically precise tailorability), crystalline materials (structural order and coherence) with those
of synthetic polymers (flexibility, dynamics and stimuli-responsiveness).

In this dissertation, we first report the combination of rigid/ordered ferritin crystals with
superabsorbent polymers to create dynamic, self-healing, stimuli-responsive polymer-integrated-
crystals (PIX). The so-formed hybrid materials possess the flexibility of the polymer components
and the structural order of the protein crystals, and the macroscopic dynamicity arising from these
two components can be controlled by changing the pH and ionic strength (Chapter 2). Following
the initial success of the first PIX, we sought to expand the scope of utility for PIX materials by
investigating the behavior of PIX by systematically varying polymer composition, ferritin surface
charge, crystal packing, and identity of the crystallized protein. We carried out experiments and
simulations to understand the individual effect of different components on the system. With a
better understanding of the PIX system, we demonstrated that the properties of the PIX can be
tuned by controlling pH and ionic strength, as mentioned above (Chapter 3). Finally, we showed
that the original PIX system can be used as a platform for controlled encapsulation/release of target
biomolecules in a size-selective fashion (Chapter 4). Overall, we have created a novel class of
materials with unique physical and mechanical properties that possess tremendous potential for

use in applications such as molecular storage/delivery and compartmentalized chemical reactions.
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Chapter 1 : Design of protein hybrid materials

1.1 Introduction

Proteins are biological macromolecules composed of 21 distinct building blocks - amino
acids, whose specific sequence defines the primary structure of a given protein. The interactions
between the amino acids help fold the protein into its secondary structures (alpha helices, beta
sheets), and the inter- and intra-molecular hydrogen bonding forms the basis of the tertiary and
quaternary structure of protein molecules.!* The unique sequences and structures of each protein
molecule gives rise to its special properties, allowing them to perform roles as structural
components (e.g., actin, myosin, and microtubules),*® molecular transporters/storage units (e.g.,
ferritin, membrane transporters and kinesin),”"!? messengers (e.g., growth hormone),!!"1? catalysts
(e.g., nitrogenase, ATPases, and photosystem II),'*-!¢ to name just a few. Due to their unique
structures and properties (biocompatibility, biodegradability, structure-based functionality)!” and
the advanced development of molecular biology and biotechnology,'® protein-based materials

have attracted significant attention and have found applications in numerous areas, for example

19-20 21-22

food processing, medication, and catalysis.?®> Constructing new protein related materials

can help surpass the current limitations of individual soluble proteins for specific applications,
such as low stability or the restriction to amino acid chemical groups. Thus, significant effort has
focused on designing protein hybrid materials to introduce properties that could not otherwise be
easily obtained by proteins alone.?*?’

Protein-based hybrid materials combine the advantages of proteins and a secondary
component. For example, conjugation of polymer chains to protein molecules has been applied to

28-30

improve the stability of the proteins*°? and the structural order of protein lattices has been utilized

for the patterning of inorganic nanoparticles.?!-** DNA-protein hybrids allow the combination of



specific protein functional properties (e.g., catalysis) with the programmability of DNA base-
pairing®>-36 to yield DNA-scaffolded enzymes with controlled catalytical properties.?” This chapter
will provide an introductory discussion of the design of protein-based hybrid materials as well as
their existing and potential applications.

1.2 Protein and polymer hybrid materials

Polymers, which have molecular structures consisting of a large number of repeating units,
exist everywhere in our daily life. Due to the diversity and flexibility in both chain length and side
chain groups, polymers have found wide application across all areas of technology,’®
exemplified most famously by the ubiquity of plastics. Seeking to take advantage of these diverse
properties, significant research has been done to combine polymers and proteins together to form
materials with new emergent characteristics or to mitigate the drawbacks of one component via
the other.**4¢ Protein-polymer hierarchical structures have been built using various binding modes,
including covalent, host-guest, co-factor, multivalent, and electrostatic interactions. Structures of
protein-polymer hybrids like 0D spheres, 1D tubes, 2D membranes and 3D lattices have been
constructed, as we shall see in the upcoming sections.

Polymer-protein particles can be formed through multiple reactions. Li et. al. utilized the
hydrogen bonding between P4VP and plant virus turnip yellow mosaic virus (TYMV) to form
icosahedral colloidal particles by tuning the mass ratio of P4AVP to TYMV to control the diameters
of the close-packed particles (Figure 1.1a—d).*’ Petkau-Milroy et al. achieved dynamic protein
assembly along supramolecular columnar polymers via site-specific covalent attachment.*® This
dynamic and bioorthogonal assembly allowed the exchange of protein-functionalized discotics
between different self-assembled polymers, enabling self-optimization of the protein arrangements

and distances (Figure 1.1e—g).*® Covalent attachment of polymer to protein has been used not only



to stabilize the protein in both aqueous?® and non-aqueous* solution for different purposes, it also
essentially forms new di-block co-polymers that have properties of both the protein and the
polymer when utilized to form new materials. Wan et al. conjugated the heme cofactor of
myoglobin to the thermoresponsive polymer poly(N-isopropylacrylamide) (polyNIPAm) and upon
binding of the heme group, the so-formed myoglobin/polyNIPAm complex formed stabilized
micelles. The assembly/disassembly of the micelles could be controlled by changing the
temperature, reflecting the role of polyNIPAm (Figure 1.1h, i).>° Hirayama et. al. constructed
thermoresponsive micellar assemblies with polyNIPAm towards an artificial light-harvesting
system (Figure 1.1j, k).°! In this work, thiol-reactive polyNIPAm was crosslinked to the surface
of tyrosine-coordinated heme protein (HTHP), which formed micellar assemblies upon increasing
the temperature (Figure 1.1k). This thermoresponsive hybrid assembly was shown to be capable
of light-harvesting after substitution of heme with Zn-protoporphyrin as a photosensitizer.
Aggregation of polyNIPAm can also be strategically utilized to assist the assembly of protein-
polymer hybrids into larger structures. When polyNIPAm was covalently attached to the
fluorescent protein mCherry, this new protein-polymer conjugate was shown to form particles in
solution due to the distinct solvation preferences of each component. Furthermore, by solvent
annealing at different temperatures, these mCherry-polyNIPAm block copolymers could be
manipulated to form 2D layered structures and hexagonally perforated lamellae in bulk samples
(Figure 1.2a, b).>?> Subsequent research using the same building blocks showed that multiple
morphologies could be attained depending on the polymer coil fraction. Under specific conditions,
cylinders, perforated lamellae, lamellae, and aggregated micelles could be synthesized (Figure
1.2¢).>3>* The same group later used this method to fabricate nanostructured biocatalysts that

exhibited higher protein loading and activity per unit area than previous examples.>
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Figure 1.1 | Formation of 0- and 1-dimensional protein-polymer hybrid materials. a,
Schematic illustration of the formation of TYMV-P4VP raspberry-like colloids. b, ¢, TEM
images of the colloids in a. d, SEM image of TYMV-P4VP. e, Structure of the O-benzylguanine
(BG) discotic 2 carrying a single moiety for conjugation to SNAP-tag fusion proteins. In water
these discotics self-assembled to form auto-fluorescent columnar stacks with externally
displayed conjugation groups. f, Site-selective covalent functionalization of the supramolecular
polymer with SNAP-tag-containing cyan and yellow fluorescent proteins (CFP and YFP). g,
Dynamic intermixing of the discotics between these supramolecular protein assemblies was
demonstrated via the detection of efficient Forster resonance energy transfer (FRET) between
CFP and YFP. Intercalation by inert discotics enabled tuning of the distance between the
fluorescent proteins. h, Schematic representation of the construction of the thermoresponsive
DHBC copolymer myoglobin-b-PNIPAMy, via the reconstitution of apo protein with heme-
containing polymer chains. i, Cartoon depiction of reversible assembly/disassembly of
myoglobin-b-PNIPAMyo upon changes in temperature. j, Reported HTHP structure (PDB ID:
20YY). Red molecules in the protein represent heme. Pink arrows indicate the mutation site. K,
Schematic representation of attachment of the Cys-reactive polyNIPAm molecule onto the
surface of HTHP to produce a thermoresponsive micellar assembly. Figure 1.1a-d adapted
from ref. 47, Figure 1.1e-g adapted from ref. 48, Figure 1.1h, i adapted from ref. 50, Figure
1.1j, k adapted from ref. 51.



Low-dimensional 2D materials can be manufactured using templated self-assembly onto
interfaces (e.g., as used to fabricate ultra-thin protein-polymer membranes with size-selective
properties®), and these materials can be used as new substrates for the creation of multilayer films
via subsequent rounds of deposition, assembly, and curing for each layer. Suci et al. prepared such
films by first adsorbing biotin-functionalized cowpea chlorotic mottle virus (CCMV) particles onto
a solid interface, creating a planar template onto which streptavidin interlayers could form (via the
high-affinity streptavidin/biotin interactions), creating a binary alternating composition of layers
in the film (Figure 1.2d-h).>’

Multivalent interactions have been utilized to form 3D structures from protein-polymer
hybrids, especially dendrimers (spherical highly branched polymeric structures), which can be
prepared at a wide range of diameters and charges while remaining monodisperse. Akin to the
close-packing of spheres, oppositely charged dendrimers and spherical proteins or virus capsids
have been shown to readily crystallize into 3D lattices via favorable electrostatic interactions from
their binary A-B packing.’®>® When incorporated into hybrid materials, stimuli-responsive
dendrimers have been shown to endow the resulting structure with unique properties. Kostiainen
et al. reported the use of optically degradable dendrons to mediate assembly and disassembly of
close packed lattices formed with CCMV.>° The positively charged dendrons “glue” the negatively
charged virus particles together through multivalent interactions, but light-induced decomposition
of dendrons led to the disassembly of the material (Figure 1.3a-c). Analogous studies have been
reported using negatively charged ferritin cages in place of CCMV for dendrimer-mediated
crystallization. Synthesis of dendrimers are highly controllable (by iterative growth of their size

over multiple “generations”) and highly tunable, enabling the size ratio of dendrimers to protein



to be tuned, which can selectively produce of cocrystals with different symmetries (Figure 1.3d-
g).60

In summary, extensive efforts to create new multi-dimensional and multi-scale protein-
polymer hybrid materials have produced myriad methodologies and strategies to do so. The
immense chemical and structural diversity characteristic of both proteins and polymers makes the
combination of these two components highly attractive for designing new hybrid materials with
desirable properties for application in a wide variety of fields spanning catalysis, sensing, medicine,

bio-/cascading-enzyme reactors, and stimuli-responsive materials.
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Figure 1.2 | Formation of 2-dimensional polymer-protein hybrid materials. a, Synthesis of
maleimide-polyNIPAm and b, its conjugation to mCherryS131C via thiol reactivity to create a
protein-polymer diblock copolymer. ¢, Schematic depicting two pathways observed during
self-assembly of protein-polymer block copolymers. The first occurs in a good solvent for the
polymer block and can produce a variety of morphologies depending on the polymer coil
fraction. The second is obtained by using a poor polymer solvent, which leads to aggregation
into micelles. Schematic representation of three types of multilayer films: d, Polylysine
interlayer between adlayer of CCMV. e, Streptavidin interlayer between adlayers of CCMV-
biotin. f-h, Heterogeneous adlayers formed by adsorption of a mixture of CCMV-biotin and
nonbiotinylated CCMV onto a matrix of CCMYV (f) followed by the addition of streptavidin (g)
and subsequent addition of CCMV-biotin, leading to selective binding (h). Figure 1.2a, b
adapted from ref. 52, Figure 1.2¢ adapted from Ref 53, Figure 1.2d-h adapted from ref. 57.
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Figure 1.3 | Formation of 3D polymer-protein hybrid materials. a, Molecular structures of
the optically degradable dendrons GO (1), G1 (2) and G2 (3) used in the assembly and
disassembly studies. b, Schematic of the photolytic cleavage reaction. ¢, Depiction of the
assembly and disassembly process. Negatively charged virus particles initially exist as
individual entities in solution but assemble upon addition of a cationic dendron. Then,
irradiation destroys the dendrimer (thus breaking the multivalent binding interactions), leading
to release of the virus particles. d, The spherical cage protein ferritin, aFT, and PAMAM
dendrimers generations G2-G7 drawn to scale. e, At low ionic strength anionic ferritin forms a
cocrystal together with the cationic PAMAM dendrimer via strong charge interactions. At high
ionic strength, free counterions screen electrostatic interactions, leading to dissolution of the
crystals. f, Dendrimer size can be used to control the lattice constant a. g, The dendrimer
generation (i.e., size) and ionic strength during assembly can modulate the resulting crystal
symmetry. Figure 1.3a-c adapted from 59, Figure 1.3d-f adapted from ref. 60.



1.3 Protein nanoparticle hybrids

Nanoparticles are (typically inorganic) particles with sizes between 1-100 nm in diameter.®!
62 Due to their limited size,% nanoparticles often possess properties that are very different than
bulk materials,** such as large surface area/volume ratios,®>% defined geometric structures,5’-68
and unique catalytic or electronic properties.®®’? Extensive research has been done to understand
nanoparticle related materials and their functionalities, with numerous advances being made over
the last few decades. Hybrid nanoparticle materials have found many applications in biosensing,’!-

7477 and catalysis.”®-%? By combining proteins tailored for specific functions (e.g., by

3 medicine,
protein engineering) with nanoparticles, various new hybrid materials have been created®>-%> that
extend the functionality and transferability beyond what either component could achieve alone.
Proteins have been utilized for the synthesis of nanoparticles as well as templating the
arrangement of nanoparticle arrays or lattices.!:36-%% Compared to traditional methods for
nanoscale array fabrication, the tunability of protein lattices for templating nanoparticle arrays
showed great potential for controlling the properties of the nanoarrays,®*** 1D arrays can be
formed by using linear protein or peptide amyloids as the template, as shown by Deschaume et al.,
who demonstrated that lysozyme amyloid nanofibers deposited onto substrates (e.g., glass or
silicon) could induce self-assembly of gold nanoparticle onto the proteins via controlled interaction
at pH range 5-6 (Figure 1.4a-d).®” Two dimensional nanoparticle arrays have also been achieved
by templated assembly onto 2D protein lattices. McMillan et al. engineered chaperonin protein
templates to assemble synthesized quantum dots onto its 2D crystalline architecture (Figure 1.4e-
h),3! and further demonstrated that introduced cysteine residues enabled the binding of differently

sized nanoparticles, highlighting the general applicability and tunability of protein frameworks for

directing the organization of nanoparticles with wholly separate functionalities.
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Figure 1.4 | Nanoparticle arrays templated by protein assemblies. a, Schematic of lysozyme
amyloid-scaffolded 1D nanoparticle arrays using 15 nm diameter AuNPs. These arrays
exhibited different structuring and optical properties when deposited onto silicon substrates
using nanoparticle suspensions diluted in b, HCI pH 2, ¢, ultrapure water, or d, 0.1 M MES pH
6.5. e, TEM image of a negatively stained 2D crystal of beta chaperonin with cysteine
substitutions at the central pores. f, 2D crystals of the loop-deletion chaperonin reveals an
apparent increase in pore size (from 3 to 9 nm), reflected by changes in electron density within
the pores. g, Graphical representation of 5 nm AuNP binding within the 3 nm pores of
chaperonin 2D crystals and h, 10 nm AuNP binding within the 9 nm pores of the loop-deletion
variant. i, Individual clathrin triskelion imaged by AFM in liquid. j, Schematic of the assembly
of clathrin lattices on surfaces. k, TEM images of clathrin lattices assembled onto graphene,
graphite, polyvinylformal (PVF) and uncharged PVF. 1, Cartoon of the assembled 2D
C98/C264RhuA lattices. m-0, TEM images of 2D ©9¥C264RhuA lattices. p, Cartoon of 2D AuNP
lattices templated onto ©*¥C26*RhuA crystal, in which the AuNPs were bound in the inter-RhuA
space. q—s, TEM images of 2D AuNP lattices on “*®C264RhuA. Insets (o, s): Fast Fourier
Transforms (FFTs) of the TEM images. Figure 1.4a-d adapted from ref. 87, Figure 1.4e-h
adapted from ref. 31, Figure 1.4i-k adapted from ref 96, Figure 1.41-s adapted from ref. 99.
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Self-assembled materials are often limited to nanoscale sizes due to the stochasticity of
nucleation and growth processes, however Allred et al. described a method to fabricate
nanoparticle arrays on S-layer protein (Deinococcus radiodurans) over macroscopic substrates.”®
Dannhauser et al. have also synthesized macroscale nanoparticle arrays using self-assembled
clathrin proteins,’® which can form extended multi-millimeter wide 2D crystals on a variety of
substrates with a periodicity of 30 nm. More importantly, the lattice can be stored for months after
crosslinking and stabilized with uranyl acetate and can be dehydrated and rehydrated without
affecting the integrity of the lattice (Figure 1.4i-k). Precise fabrication of nanoparticles is very
important for constructing functional hybrid materials, as the properties of nanoparticles depend
strongly on their exact composition and size. Zhang et al. reported the rational design of the disk-
shaped TMV protein to display functional groups along its surface that enabled highly controlled
assembly of the discrete nanoparticles and TMV monolayer structure, achieving organization of
both homogeneous and heterogeneous nanoparticle lattices.”! Recently, a dynamic 2D nanoparticle
lattice was achieved by using flexible 2D crystals of the tetrameric protein ©“®RhuA, whose square
shape is connected to four neighbors through flexible disulfide bonds, allowing the lattice to open
and close through mechanical disturbance.”’”® Upon binding of gold nanoparticles onto these
crystals, a framework structure with variable interparticle spacings was achieved (Figure 1.41-s).”

The aforementioned methods form protein arrays first and then utilize the interactions
between the nanoparticles and protein molecules to guide assembly of the former. Another
approach to templating nanoparticle assemblies is to directly utilize protein chemistry to modify
the associated nanoparticles. For example, Cheung-Lau et al. encapsulated 5 nm AuNPs into
thermophilic ferritin (8 nm internal diameter) by changing the ionic strength of the solution.!®

Subsequent addition of gold ions and mild reductant produced 8-nm gold nanoparticles within the

11



ferritin cages, demonstrating exquisite control over nanoparticle size due to the physical limitations
of the protein shell (Figure 1.5a, b). Not only can the protein cage template nanoparticle formation
inside the cavity, nanoparticle binding to the outside of proteins has also been used to form binary
3D crystals of both components. Okuda et al. showed that a ferritin variant loaded with Fe3O4
magnetic nanoparticles assembled into the same 3D lattice as apo-ferritin, thus achieving a new
magnetic superstructure (Figure 1.5¢-¢).!°! The complexity of such lattices was further increased
by Kiinzle et al, who engineered the surface of human heavy-chain ferritin (HuHF) to produce two
variants with opposite surface charges!'®? that could be co-crystallized into tetragonal 3D crystals
through complementary electrostatic interaction. When each variant was first loaded with different
nanoparticles (CeO2 and Co30s), binary 3D nanoparticle lattices were achieved upon
crystallization of the nanoparticle-loaded protein cages (Figure 1.5f-h). In our lab, we have also
utilized nanoparticle-loaded ferritin to form hydrogel-infused crystals to achieve a dynamic hybrid
system where the interparticle distance is tuned by ionic strength or pH (Figure 1.5i).!%?

Electron transfer is another area of great interest for both proteins and nanoparticles.
Attempts to introduce electron flow between enzymes and electrodes has been conducted through
chemical modification of the proteins as well as by embedding enzymes into redox-active
polymers.** However, due to nonoptimal positioning and the lack of alignment of the catalyst with
the electrode, electron transfer rates measured for these systems are typically significantly lower
compared to natural redox proteins.! Xiao et al. demonstrated that by attaching a redox-active
enzyme (glucose oxidase) to electrodes through FAD modified gold nanoparticles, rapid electron
transfer kinetics were achieved that exceeded the original substrate (Figure 1.6a).!% Utilizing gold
nanoparticles as connectors not only improves the electron transfer rates, they have also been

shown to improve the efficiency of long-range charge transfer.

12
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Figure 1.5 | Templated assembly of nanoparticles encapsulated within protein cages. a,
Cartoon depiction of thermophilic ferritin dimer (reversible) self-assembly into spherical 24mer
cages with/without 5 nm AuNPs. b, TEM images of (i) 5S-nm BSPP AuNPs alone, (ii) ferritin-
(BSPP)AuNPs incubated for 24 h and (iii) for 48 h. Encapsulation was confirmed by detailed
SEC analysis. Single-crystal x-ray diffraction patterns from ¢, apoferritin, d, ferritin, and e,
Fe3Os-ferritin crystals. Inset top: optical images of the crystal, inset bottom: model of the
crystal. f, The native ferritin was engineered to produce containers with either positively
charged (left) or negatively charged surfaces (right). g, Nanoparticle synthesis was carried out
separately within each protein container variant. h, Self-assembly of the oppositely charged
ferritin-nanoparticle composites yielded highly ordered three-dimensional superlattices. i,
Light-microscopy images showing the expansion and contraction of a crystal-hydrogel hybrid
containing Fe-loaded ferritin molecules. Figure 1.5a, b adapted from ref. 100, Figure 1.5c-e
adapted from ref. 101, Figure 1.5f-h adapted from ref 102, Figure 1.5i adapted from ref. 103.



Jensen et al. demonstrated that long-range (>50 A) interfacial electron transfer between the heme

protein cytochrome ¢ and a gold electrode was enhanced when the two components were bridged

(electrostatically) by a gold nanoparticle (Figure 1.6b-d).!°® In addition to single nanoparticle
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Figure 1.6 | Protein-nanoparticle hybrid materials in interfacial electron transfer. a,
Assembly of Au-AuNP-GOx electrode by the binding of AuNP-bound GOx to a dithiol
monolayer associated with a gold electrode or via adsorption of FAD-functionalized AuNPs
onto the gold electrode followed by the reconstitution of apo-GOx with FAD. Schematic
illustration of the molecular assembly of cyt ¢ on Au(111) surfaces: b, 3D structure of cyt c,
with surface charge distribution indicated in blue for positive charge and red for negative
charge. ¢, Cyt c-AuNP hybrid structure on the Au(111) surface and d, reference system without
AuNPs. Depictions of different types of multilayer assemblies prepared on monolayer
electrodes: e, combined layer structure [GNPs/cyt c]>-[PASA/cyt ], f, assembly of AuNPs and
cyt ¢ only [AuNPs/cyt c]n (n = 2, 4, 6). Figure 1.6a adapted from ref. 105, Figure 1.6b-d
adapted from ref. 106, Figure 1.6e, f adapted from ref. 107.
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binding to the electrodes, a layered structure of gold nanoparticles with protein (cytochrome c) and

polymers (PASA) was also obtained, which also showed full electro-activity (Figure 1.6e, f).!%
To review, nanoparticles have been intensely investigated for a wide variety of applications

108

in catalysis, biosensing, biology, and medicine, for example as fluorescent biological labels,

drug and gene delivery,!* detection of proteins,!'!? tissue engineering,!!! tumor destruction via

2 t,lB

heating,''? and MRI contrast enhancemen highlighting their broad utility as nanoscale
components. When combined with proteins to form new materials, the resulting hybrids can yield
new properties otherwise not easily achieved by either component alone, making them suitable to
new applications. For example, Kapur et al. used the fluorescent protein mCherry together with
gold nanoparticles to enable the detection of thiol derivatives (Figure 1.7a).!'* Upon protein
binding to the surface of the gold nanoparticles through metal coordination, the fluorescence signal
was quenched, but when thiol derivatives displaced the protein, fluorescence was restored,
resulting in a high accuracy biosensor active both free in solutions and in cell cultures. Want et al.
applied a biotemplate of self-assembled nanofibers to regulate gold nanoparticle self-assembly that
could be used for improving the photothermal effect in cancer therapy (Figure 1.7b).!'> Xie et al.
developed a simple and general light-inducible method for the assembly of protein-inorganic
nanoparticles.!'® In addition to in vivo targeting, nanoparticle-protein hybrids have also been
applied to in vivo imaging. Magnetic nanoparticles have been encapsulated inside ferritin cages
through various methods and formed into ordered structures through protein crystallization
(Figure 1.7¢, d).!%! Valero et al. utilized magnetic nanoparticle-protein complexes as in vivo MRI
nanoprobes!!” whereby magnetic nanoparticles were encapsulated within the protein cage through

pH-controlled disassembly/reassembly followed by protein cage functionalization with two

carbohydrates. MRI measurements suggested that the resulting hybrid materials (termed
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“apomaghemites”) are promising contrast agents (Figure 1.7e, f). With higher complexity, hybrid
materials can achieve more advanced functionalities. Ghosh et al. showed that M13 filamentous
bacteriophage could be used as a scaffold to display targeting ligands and localize nanoparticles,
resulting in enhanced MRI contrast via delivery of large numbers of nanoparticles into cancer cells
and tumors in mice (Figure 1.7 g, h).!!8

1.4 DNA protein hybrids

DNA self-assembly has been used to create an incredible variety of nanoscale structures,

9 120-121

including polyhedra,!’ simple machines, one-dimensional wires or tubes,!?>12* two-

125-127

dimensional arrays, and three-dimensional structures.!?®!? Rapid development of DNA

nanotechnology has had a great impact on applications in areas including biophysics, diagnostics,
nanoparticle and protein assembly, biomolecule structure determination, drug delivery and
synthetic biology.*®* DNA-protein hybrid materials exist abundantly in nature as important part of
life functions, for example nucleosomes,'*® T7 RNA polymerase and DNA substrate complex,'3!

Cas9 and target DNA complex,'3? to name just a few. These natural machines cooperatively utilize

their DNA and protein components to efficiently conduct their sophisticated biological tasks,'3?

inspiring great interest in constructing artificial DNA-protein hybrid structures towards a variety

of applications (e.g., biological studies, nanofabrication, biomedical research). The unique

129,134 128,135-

properties of DNA, including its programmable self-assembly, nanoscale dimensions,

136 137-138 134,139-140

structural diversity, and biocompatibility make the construction of protein-DNA

hybrid materials highly accessible. Functional self-assembled oligomers appended with both a
binding and a reporting face have already been shown to hold great promise in the area of

multivalent protein targeting, !26:141-142
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Figure 1.7 | Functional protein-nanoparticle hybrid materials. a, Schematic representation
of a conjugation and release strategy based on metal coordination between citrate AuNPs and
His-tagged mCherry, producing AuNP-mCherry conjugates with quenched fluorescence.
Addition of thiolate molecules led to competitive displacement of mCherry, as detected by
recovery of its fluorescence. b, Schematic of the templated assembly of AuNPs onto SF
nanofibers and their use in photothermal breast tumor destruction. ¢, Schematic of the synthesis
of Lys-based multi-functional drug delivery system. The first synthetic step involves the
assembly of protein-based nanoparticles incorporating both quantum dots (QDs) and the
anticancer drug PTX. The second step is the addition of the tumor targeting ligand cyclic RGD-
PEG-maleimide to the free thiols on the surface of these Lys-PTX-QD NPs, and the addition
of NHS-SS-NHS for crosslinking, yielding the final structure. d, Illustration of the in vivo
delivery pathway for drug encapsulated protein-inorganic hybrid nanoparticles. e, Schematic
encapsulation and f, glycosylation of Apomaghemite nanoparticles by reaction of N-acetyl-D-
glucosamine or D-mannose vinyl sulfone derivatives with the amine group naturally present in
the Apomaghemite nanoparticles, making them recognizable by lectins. g, Schematic of M 13
(yellow) with SPARC binding peptide displayed on p3 protein of virus (in pink). p8 proteins
displaying triglutamate motifs enabled multivalent assembly and display of iron oxide
nanocrystals (denoted as black circles) along the viral coat. h, Left: schematic of SPARC-
binding peptide direction of nanoparticles to targets via multivalent interactions. Right: M13
assembles multiple nanoparticles along its coat to deliver a higher cargo of nanoparticles per
SPARC target than the ligand functionalized nanoparticles (left). Figure 1.7a adapted from ref.
114, Figure 1.7b adapted from ref. 115, Figure 1.7¢, d adapted from ref 101, Figure 1.7e, f
adapted from ref 117, Figure 1.7g, h adapted from ref. 118.
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One major application of DNA nanotechnology is the use of self-assembled DNA lattices to
scaffold assembly of other molecular components.!?® The specificity of the interactions between
complementary base pairs make DNA a very useful construction material. Highly complex
nanoscale shapes and patterns of DNA can be created through the design of its sequences.'#?

Attachment of proteins to patterned DNA would allow novel biological experiments aimed
at modeling complex protein assemblies.!3* % DNA origami technology has enabled the creation
of highly precise structures, with extra interaction between the DNA strands and protein molecules,
creating a very useful strategy for spatial protein assembly. Zhang et al. generated multiple 3D
DNA structures modified with biotin molecules, allowing streptavidin binding through host-guest
interactions (Figure 1.8a).'** Various covalent (e.g., unnatural amino acids, site-specific
modification of proteins, small-molecule labels) and noncovalent (e.g., sequence-specific DNA
recognition motifs, DNA aptamers, affinity peptides, electrostatic and hydrophobic) interactions
between protein and DNA have been utilized for the construction of DNA-protein hybrids. DNA-
templated self-assembly of protein arrays and nanowires have been developed for the assembly of
different protein molecules for different purposes. Yan et al. developed a method utilizing 4x4
DNA tiles for the assembly of periodic protein nanoribbons and nanogrids (Figure 1.8b, c).!?°
Malo et al. engineered a 2D protein-DNA lattice that, upon incorporation of the protein RuvA,
produced a different lattice than the DNA-only structure (Figure 1.9a—c).!* More recently,
computational methods have been applied for designing biomolecular self-assembly.!46-148 De
novo design of protein-DNA co-assemblies was reported by Mou et al, where an homodimerization
interface installed onto Drosophila Engrailed homeodomain (ENH) allowed the now-dimeric

protein complex to bind to two double-stranded DNA molecules. The engineered protein-DNA
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Figure 1.8 | Designed protein-DNA hybrid materials. a, Schematic representation of 3D
protein organization directed by DNA nanostructures. DNA strands L (blue and red), M (green),
and S (black; conjugated to a biotin at its 5’ end) self-assemble by maximizing the base pairing
between complementary DNA segments into star-shaped nanomotifs that further assemble into
symmetric DNA polyhedra: tetrahedron (TET), octahedron (OCT), and icosahedron (ICO).
Each vertex is composed of a corresponding DNA star-shaped motif. All faces of the DNA
polyhedra are identical triangles and display three biotin moieties. Upon incubation with
streptavidin (STV) protein, each polyhedral face obtains a STV protein via biotin binding by
STV, resulting in well-structured TET/STV, OCT/STV, and ICO/ STV complexes. Lower
right: illustrative model of the trivalent binding between a STV protein and a triangular face of
the DNA polyhedra. b, Self-assembly of 4x4 DNA nanogrids (left) and their use for scaffolded
assembly of streptavidin (right), where biotin groups displayed at the center of each tile controls
the binding of streptavidin (represented by a blue tetramer) to produce protein nanoarrays. ¢,
AFM image of the self-assembled protein arrays in b. Figure 1.8a adapted from ref. 144,
Figure 1.8b, ¢ adapted from ref. 126.
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Figure 1.9 | Design of protein-DNA hybrid materials. a, Four oligonucleotides hybridize to
form a Holliday junction (HJ) with two pairs of complementary “sticky ends” that can be used
to create Kagome (lower left) and square (lower right) lattices. Negative-stain TEM images of
the Kagome lattice (b; DNA is positively stained (dark); scale bar: 100 nm) and the square
lattice (c¢) formed from HJs held in a square-planar configuration by the protein RuvA (protein
is lighter than background; scale bar: 100 nm). d—h, 1D protein—-DNA nanomaterial design
strategy. d, Helix 1 and helix 2 (green) of ENH were engineered into a homodimerization
domain, and helix 3 (blue) is the native DNA-binding domain. The interface of the docked
model was designed for homodimerization (e). f, The designed homodimer (dualENH) binds
two dsDNA fragments on its outward faces, as modeled by aligning the homodimer model in e
with the ENH-DNA co-crystal structure. g, Two protein-binding sites were engineered onto a
dsDNA fragment so that two dualENH dimers would bind 180° apart along the double helix.
h, Together, the dualENH protein and dsDNA fragments co-assemble into protein—-DNA
nanowires, as shown in this illustrative cartoon. Figure 1.9a-c adapted from 145, Figure 1.9d-
h adapted from ref 149.
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complex could form irregular bulk nanoparticles or nanowires of single-molecule width (Figure
1.9d-h).!* On a different front, DNA-modified protein molecules were assembled into a 3D lattice
structure, as shown by Brodin et al., who covalently attached complementary DNA oligos to the
surface of separate catalases that could then hybridize to produce body-centered-cubic crystals
upon mixing the two modified protein-DNA complexes (Figure 1.10a).!>° By changing the DNA
oligos used, they could obtain different lattice unit cells. DNA molecules can similarly be used to
control nanoparticle superlattice architectures. McMillan et al. showed that two different protein-
nanoparticle lattices could be obtained from the same protein and DNA oligos depending on the
spatial distribution of conjugated DNA strands on the protein surface: isotropic distributions
produced simple cubic crystals, while localized distributions produced hexagonal crystals (Figure
1.10b-f).!>! Subramanian et al. demonstrated cooperative self-assembly of a synthetic protein-
DNA crystal through three types of intermolecular interactions (Figurel.10 g, h).!52 In this work,
two complementary DNA fragments were covalently attached to the protein through site-specific
labeling, then the two protein-DNA complexes were co-assembled into a 3D lattice through
protein-metal coordination, protein-DNA interactions, and Watson-Crick base pairing.

DNA self-assembly not only enables the precise structural organization of nanoparticles or
proteins, it can also provide control over enzyme activity. Willner et al. introduced the use of
hexagonal DNA scaffolds for the topological organization of different enzymes (Figure 1.11a,
b).>” By combining two complementary enzymes (or a cofactor-enzyme pair) on DNA scaffolds,
a catalytic cascade was formed and the biocatalytic process proceeded more efficiently compared
to that observed in diffusion-controlled mixtures. Dutta et al. created a DNA-directed light-

153

harvesting/reaction center system.'>> In their research, a three-arm-DNA nanostructure served as

an antenna conjugated to a photosynthetic center when multiple organic dyes were attached to the
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Figure 1.10 | Designed protein-DNA hybrid materials. a, Design and intended assembly of
protein—-DNA conjugates created from bovine and Cg catalases. Surface-accessible amines
(shown in blue) are modified with azide-NHS-functionalized DNA strands through copper-free
“click chemistry” reactions. Hybridization of the protein-conjugated DNA strands via
complementary linkers results in the assembly of the proteins into BCC lattices. b, Scheme
depicting the functionalization of Bgal proteins with DNA (Bgal-1 via lysine conjugation, top;
Bgal-2 via cysteine conjugation, bottom) and their assembly into superlattices with DNA-
functionalized AuNPs. ¢, d, SAXS patterns of binary superlattices prepared from Pgal-1 and -
2, respectively. Insets: diffraction patterns. STEM images of the simple cubic (e) (scale bar = 1
um (50 nm inset)) and simple hexagonal (f) (scale bar = 0.5 pm (50 nm inset)) superlattices,
with top view (001 plane) of the unit cells shown. g, Design of the protein-DNA conjugate
RIDC3—-10a/b. Metal-binding residues are shown as cyan sticks on the RIDC3 surface, with the
single stranded DNA attached to surface Cys residues. h, Indicated interactions responsible for
formation of the material (left) and a cartoon schematic of the final crystal (right). Figure 1.10a
adapted from ref. 150, Figure 1.10b-f adapted from ref. 151, Figure 1.10g, h adapted from ref.
151.
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organized, enzymatic system. b, Analogous design of an NADH/GDH system using a two-
hexagon scaffold with different lengths of tethers linking the NAD cofactor to the scaffold. c,
Modified structure of the reaction center (RC) from the purple bacterium functionalized with
DNA strands to bring fluorophores in proximity to the protein chromophores. d, Schematic
illustration of the hybridization and displacement of fully and/or partially complementary DNA
strands attached to GroEL variants. Fluorophore labeled 15-mer DNA (15FL) was attached to
the protein to yield GroEL15FL that, when mixed with 20-mer DNA containing a quenching
group (20Q), produced GroEL15FL/20Q. Controlled release of 20Q was induced by addition
of the 20-mer DNA 20D, which is complementary to 20Q, by liberation of 20Q/20D dimers. e,
Schematic representation of the design and construction of functional Y-shaped DNA
nanostructures (FYDN) via sequence-specific hybridization of three DNA strands. These Y-
DNA molecules were designed to display three different ZnF binding sites (QNK, Zif268, and
NRE) at the end of each arm. f, When ZnF-fused functional proteins were added to the solution,
they could be site-specifically bound to the Y-DNA scaffolds to spatially organize the protein
activity. Figure 1.11a, b adapted from ref 37, Figure 1.11¢ adapted from ref. 153, Figure 1.11d
adapted from ref. 154, Figure 1.11e, f adapted from ref. 155.
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DNA (Figure 1.11c¢). This construction extended the absorbance cross section of the complex into
a spectral range where the reaction center has only weak absorbance, rendering it a useful model
system for potential applications in nanophotonics. Kashiwagi et al. showed that when the
chaperone protein GroEL was labeled with complementary DNA strands (10a/10b,
complementary pair) at each end of its structure (Figure 1.11d), the hybrid assembled into one-
dimensional nanotubes via strong multivalent interactions from DNA hybridization. '** When
asymmetric DNA strands (15¢/10d, only 10 pairs matching) were used instead, the nanotubes
could be disassembled upon the addition of 15d (fully complementary to 15c) due to the greater
stability of the 15¢/15d DNA complex, thus demonstrating controlled release of the protein, which
itself is capable of serving as a container that toggles between open/closed conformations. More
recently, protein-DNA nanostructures have found great potential as functional materials for
biomedical applications. To highlight one example, Ryu et al. developed a modular DNA-protein
hybrid nanostructure as a targeted drug delivery platform!> constructed from designed Y-shaped
DNA structures containing three distinct zinc-finger protein (ZnF) binding sequences (one on each
arm) onto which different ZnF-fused functional proteins could bind (Figure 1.11e, f). When one
of these ZnF-fusions contained a cellular targeting moiety, these hybrid structures were shown to
bind to the surface of cells and deliver protein cargo into the cytosol with negligible cytotoxicity.
This underscores the functional utility associated with highly controlled spatial organization of
different proteins, a technical requirement that is readily met using DNA nanotechnology, but
would be significantly more difficult with proteins alone.

Above, we have highlighted numerous examples of designed protein-based hybrid
materials and discussed the many demonstrated (and potential) applications of these materials in

biosensing, drug delivery, in-vivo imaging, catalysis, medicine, and several areas of
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nanotechnology. The immense space of possible building blocks means that much more remains
to be investigated for protein hybrid materials. As is evident from the examples in this Chapter,
combining two distinct components can not only be used to complement their individual properties,
it can also create new properties (i.e., not achievable with a single component) that emerge directly
from their specific construction, significantly broadening the scope of potential applications for
this class of materials.
1.5 Dissertation objectives

In this dissertation, we report the creation of a novel hybrid material (polymer-infused
protein crystals) that possesses a unique suite of properties (self-healing behavior, dynamism,
crystallinity) not previously achieved simultaneously within a single material (Chapter 2). As the
fine-tuning of a material’s properties is facilitated by a molecularly detailed understanding of their
origins, we then set out to characterize this relationship by systematically testing the impact of
different variables (e.g., choice of components, protein electrostatics, protein identity) on the bulk-
scale material properties (Chapter 3). Finally, we report that the unique characteristics of this
protein-polymer hybrid material (namely its ability to dramatically expand and contract its porous
structure) enable it to selectively encapsulate and release macromolecular cargos, making it

potentially useful for storage and delivery of proteins and/or therapeutic biologics (Chapter 4).
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Chapter 2 : Hyperexpandable, self-healing macromolecular crystals with integrated

polymer networks

2.1 Abstract

The formation of condensed matter typically involves a tradeoff between structural order
and flexibility. As the extent and directionality of interactions between atomic or molecular
components increase, materials generally become more ordered but less compliant, and vice versa.
Nevertheless, high levels of structural order and flexibility are not necessarily mutually exclusive;
there are many biological (such as microtubules,' flagella,® viruses*?) and synthetic assemblies
(for example, dynamic molecular crystals®® and frameworks!%-!13) that can undergo considerable
structural transformations without losing their crystalline order and that have remarkable
mechanical properties®!'#!° that are useful in diverse applications, such as selective sorption,'®
separation,!’ sensing,'® and mechanoactuation.!® However, the extent of structural changes and the
elasticity of such flexible crystals are constrained by the necessity to maintain a continuous
network of bonding interactions between the constituents of the lattice. Consequently, even the
most dynamic porous materials tend to be brittle and isolated as microcrystalline powders,!*
whereas flexible organic or inorganic molecular crystals cannot expand without fracturing. Owing
to their rigidity, crystalline materials rarely display self-healing behavior.?’ Here we report that
macromolecular ferritin crystals with integrated hydrogel polymers can isotropically expand to
180 percent of their original dimensions and more than 500 percent of their original volume while
retaining periodic order and faceted Wulff morphologies. Even after the separation of neighboring
ferritin molecules by 50 dngstroms upon lattice expansion, specific molecular contacts between
them can be reformed upon lattice contraction, resulting in the recovery of atomic-level periodicity

and the highest-resolution ferritin structure reported so far. Dynamic bonding interactions between
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the hydrogel network and the ferritin molecules endow the crystals with the ability to resist
fragmentation and self-heal efficiently, whereas the chemical tailorability of the ferritin molecules

enables the creation of chemically and mechanically differentiated domains within single crystals.

2.2 Introduction

Hydrogel polymers present a stark contrast to molecular crystals in that they lack structural
order, but are highly elastic and adaptive, can expand considerably and self-heal when equipped
with dynamic bonding functionalities.?!-*? Previously, the isotropic swelling—contraction behavior
of hydrogels has been used to modulate the lattice spacing of colloidal nanoparticle arrays,?* and
recently, to expand biological tissue samples and thus facilitate high-resolution fluorescence
imaging.?* In this study, we examine whether the mechanical properties of hydrogels could be
endowed upon molecular crystals. That is, can crystal lattices that are formed by discrete molecules
that are connected via specific bonding interactions be mechanically modulated through the
integration of polymeric hydrogels? To create hydrogel-expandable molecular crystals, we
surmised that the following design parameter conditions should be met: (1) lattices should be
mesoporous to enable the hydrogel network to penetrate efficiently and uniformly into the crystals;
(2) intermolecular interactions between the constituents of the lattices should be reversible and
chemically specific (that is, contain directional and dynamic bonds), such that they disengage with
ease during expansion and re-engage with high fidelity upon contraction; (3) interactions between
the constituents of the lattice and the hydrogel network should be extensive to maintain the
integrity of the crystal— polymer hybrid at all times and sufficiently dynamic to minimize the build-

up of local strain and to enable self-healing.

With these parameters in mind, we arrived at hybrid materials composed of ferritin crystals

integrated with the superabsorbent poly(acrylate—acrylamide) (p(Ac—Am)) copolymer hydrogels,
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whose swelling—contraction behavior can be modulated by the ionic strength and pH.? Ferritin is
a 24-meric, quasi-spherical protein with 432 symmetry, an outer diameter of 12 nm, an inner
diameter of 8 nm, and a molecular weight?® of more than 500,000 Da. Human heavy-chain ferritin
forms highly ordered, face-centered cubic (fcc) crystals that routinely grow to more than 200 pm
in size and diffract to less than 2.0 A. The fcc lattice (Figure 2.1a) is characterized by a mesoporous
network consisting of cube-shaped, 6-nm-wide chambers (Figure 2.1b) that are interconnected by
smaller, octahedron-shaped cavities that taper to a pore size of about 2 nm at their narrowest
(Figure 2.1c¢), thus fulfilling condition (1). The lattice is formed through highly specific, metal-
mediated contacts between neighboring ferritin molecules (Figure 2.1d), which are promoted
through the K86Q surface mutation to enable metal coordination?’. The absence of any other
interprotein contacts means that the entire lattice bonding framework of ferritin molecules can be
formed or broken via binding or removal of metal ions (such as Ca?"), satisfying condition (2).
Finally, ferritin bears a small negative charge, with a zeta potential ranging from —5.5 mV at pH
6.0 to —=7.3 mV at pH 7.5 (Figure 2.2a, b). The exterior surface of ferritin presents a diffuse
distribution of both negatively and positively charged residues (Figure 2.2¢), which should enable
uniform association with the p(Ac—Am) network through a combination of ionic and H-bonding

interactions, thus fulfilling condition (3) (Figure 2.1e).
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Figure 2.1 | Packing arrangement in ferritin crystals and their expansion—contraction
mediated by the infused hydrogel network. a—c, The fcc packing arrangement of ferritin
crystals (Protein Data Bank identifier, PDB ID, 6B8F). The unit cell, the 200 plane, and the 111
plane are outlined in black, green, and red, respectively. d, Ca-mediated intermolecular
interactions between ferritin molecules in the lattice. Ca?* ions (blue) are coordinated by two
pairs of D84 and Q86 sidechains (magenta). e, Schematic representation of the formation,
expansion and contraction of ferritin crystal-hydrogel hybrids.
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Figure 2.2 | Distribution of electrostatic charge on the surface of ferritin and size
distribution of ferritin in solution. a, pH-dependent zeta potentials of ferritin, determined by
dynamic-light-scattering measurements. b, Dynamic-light-scattering profile of ferritin
(200 uM) in a solution of 50 mM HEPES (pH 7.0). ¢, Representation of the electrostatic charge
distribution on the ferritin surface, as viewed along the two-, three- and four-fold symmetry
axes. Positive (+5 kpT/e) and negative (—5 ks7/e) charges are shown in blue and red,
respectively. kB, Boltzmann constant; e, electron charge.
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2.3 Results
2.3.1 Polymer formation inside the crystal lattice

We first examined the efficiency of molecular diffusion and polymerization within ferritin
crystals. Diffusion into single ferritin crystals was assessed using the fluorescent tracer rhodamine
B by confocal fluorescence microscopy experiments. These experiments showed that a typical
crystal (edge length, leqee = 50-250 pm) was completely infiltrated by rhodamine B (Figure 2.3a),
which is considerably larger (479 g mol™!) than the Ac and Am molecules (both 71 g mol™"), within
15 min. In a typical preparation of crystal-hydrogel hybrids, ferritin crystals were incubated with
polymer precursors (8.625% sodium acrylate, 2.5% acrylamide and 0.2% N,N'-
methylenebis(acrylamide), w/v) for at least 10 h to ensure their uniform distribution in the lattice
interstices. This treatment caused no apparent damage to the crystals (see Supplementary
Information for quantification of polymer precursor concentrations inside the crystals). Crystals
were then transferred into a solution containing 1% (w/v) ammonium persulfate (APS) and 1%
(v/v) tetramethylethylenediamine (TEMED) to initiate free-radical polymerization within the
lattice, as well as 4 M sodium chloride (NaCl) to limit swelling during polymerization (Figure
2.1e). To assess the kinetics of polymerization inside the crystals, we added 0.3% (w/v) 8-
hydroxypyrene-1,3,6-trisulfonic acid (pyranine) to the aforementioned co-monomer mixture.
Pyranine has been reported to become covalently incorporated into the polymer backbone upon
radical-mediated crosslinking and undergo a shift?® in its emission maximum from 512 to 420 nm.
Thus, the extent of in crystallo polymerization could be monitored through the decrease of green
fluorescence intensity (emission wavelength Aemission = 500550 nm, excitation wavelength Aexcitation
= 488 nm), indicating that hydrogel formation was complete in less than 2 min for a crystal with

ledge = 70 um (Figure 2.3b, ¢; see Figure 2.4 for polymer quantification via '°F nuclear magnetic
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resonance, NMR). Polymerization was promptly followed by intrusion of the aqueous NaCl
solution into the crystal-hydrogel matrix, which was clearly visualized owing to the difference
between the refractive indices of the salt solution (np = 1.3676) and the matrix (np =~ 1.34) (Figure
2.3b). The solvent permeation process typically finished within 10 min and was accompanied by

a small but noticeable enlargement of the crystals (<5% increase in ledge) (Figure 2.3¢).
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Figure 2.3 | Molecular diffusion and polymerization in ferritin crystals, monitored using
confocal microscopy. a, Diffusion of rhodamine B into a ferritin crystal over 15 min. b, ¢, in
crystallo polymerization of the hydrogel network, monitored through the decrease of integrated
pyranine fluorescence (green fluorescence channel). The corresponding bright-field (DIC)
images show the diffusion of the aqueous NaCl solution into the crystal. The ring-shaped
diffusion front becomes evident at time t=108 s and disappears by t=216 s. The crystal
expands by approximately 5% (edge length) during polymerization. Scale bars in a and b
correspond to 100 pm. d, Scanning electron microscopy images of native ferritin crystals (top)
and crystal-hydrogel hybrids (bottom).
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Figure 2.4 | Quantification of an acrylic acid analogue using °F NMR. a, 19F-NMR
spectrum, showing peak assignments for the trifluoroacetic acid standard, free 2-
(trifluoromethyl)acrylic acid, and 2-(trifluoromethyl)acrylic acid incorporated into the
polymer. b, Diagram illustrating the experimental protocol for the quantification of 2-
(trifluoromethyl)acrylic acid uptake into the crystal lattice. The concentration of 2-
(trifluoromethyl)acrylic acid in the crystal lattice (155.6 mM) is approximately the same as its

unreacted monomers

concentration in the soaking solution (see Methods for details).
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2.3.2 Characterization of the dynamic behavior of ferritin crystal-hydrogel hybrids

Full expansion of hydrogel-infused ferritin crystals was initiated by placing them in
deionized water. As observed using light microscopy, the expansion of the crystals was highly
isotropic and their sharply faceted, polyhedral morphologies were preserved even after they grew
to >210% of their original dimensions (Figure 2.5a and Figure 2.6a and b for additional
examples), often without the appearance of any defects. The expansion kinetics was biphasic, with
time constants Trs < 100 s and Tsiow >> 300 s (Figure 2.5a). [sotropic growth continued indefinitely,
until the edges of the materials were not discernible, but we typically stopped the process after <10
min, when considerable expansion had already occurred. No substantial release of ferritin
molecules from the lattices was evident during the first 50 min of expansion (Figure 2.6c¢).
Addition of a concentrated monovalent salt solution (NaCl or KCl) led to rapid dehydration and
isotropic contraction of the expanded crystals to nearly their original size (Figure 2.5a and Figure
2.7a). Recovery of the original crystal dimensions could be achieved by further addition of CaCly,
owing to the ability of Ca®" to both screen the negatively charged polymer backbone more
effectively and to re-engage specific interactions between ferritin molecules. The same effect was
observed with other divalent metal-ion salts (Figure 2.7b). The expansion—contraction cycle could
be repeated at least eight times without apparent loss in amplitude and change in crystal
morphology when a monovalent metal-salt solution was used to induce contraction (Figure 2.8).
We observed that crystals contracted with CaCl, displayed considerably smaller expansion owing
to the enhanced strength of the polymer network and protein—protein interactions. In control
experiments, we examined other hydrogel formulations, including hydrogels that only contained
polar but non-charged (pAm or poly-tris(hydroxymethyl)methyl(acrylamide)) or non-polar (poly-

N-isopropylacrylamide) side-chains (Figure 2.9). All of these polymers led to either dissolution
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Figure 2.5 | Characterization of the expansion and contraction behaviour of ferritin
crystal-hydrogel hybrids. a, Structural evolution of a ferritin crystal-hydrogel hybrid during
the polymerization—expansion—contraction process. Black arrows indicate the addition of
different solutions or water to the crystal. The numbered images (i—vi) in the top panels
correspond to the selected time points shown as red circles in the bottom panel. The separation
between the major ticks of the ruler is 100 pm. b, SAXS profiles of hydrogel-infused ferritin
crystals during lattice expansion, plotted against the scattering vector length q. The progression
of scattering peaks to lower angles is indicated with grey dashed lines. Peaks corresponding to
the original lattice parameters (designated with red asterisks) are visible throughout the process.
¢, Changes in the unit-cell parameter a during lattice expansion, calculated from the SAXS
profiles shown in b. The schematics correspond to the red circles and are drawn to scale. The
error bars were determined from the full-widths at half-maximum of the scattering peaks. d,
Expansion and contraction of a single crystal, monitored using SAXS.
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or disintegration of crystals after initiation of in crystallo polymerization, suggesting a lack of
substantial interactions between the functional groups on these polymers and on the ferritin surface.

Interestingly, pAc hydrogels promoted isotropic expansion of the crystals in the absence
of Am co-monomers (Figure 2.9), indicating that carboxylate side-chains are the primary
mediators of interactions with ferritin molecules. By contrast, treatment of ferritin crystals with
pre-formed pAc polymers, which cannot diffuse into the lattice, led to crystal dissolution upon
transfer into water (Figure 2.9¢). Together, these observations confirm that (i) there are extensive
non-covalent interactions between ferritin molecules and the p(Ac—Am) hydrogel matrix that
preserve the structural integrity of even highly expanded crystals, and (ii) the hydrogel matrix
continuously and uniformly pervades the entire lattice, thus promoting cooperative transmission
of any lattice deformations to enable isotropic expansion—contraction. We investigated the
expansion-related changes in the lattice arrangement of ferritin molecules using small-angle X-ray
scattering (SAXS). Initial experiments entailed bulk measurements of a large number of ferritin
crystals suspended in a capillary tube. Figure 2.5b shows the evolution of the ‘powder’ SAXS
pattern of more than 100 single p(Ac—Am)-infused crystals upon the initiation of polymerization
though the addition of APS/TEMED in a solution that contains no salt; thus, polymerization is
immediately followed by expansion (see Methods for experimental details). The spectrum of the
unexpanded crystals is indicative of an fcc lattice with a unit cell parameter of @ = 182.40 A. The
isotropic growth of the unit cell is evident from the correlated shifts of the Bragg peaks to lower
angles. The decay of the higher-angle peaks is considerably more rapid and is accompanied by the
emergence of the ferritin form factor. This is consistent with the picture that as the crystal expands,
the hydrogel matrix becomes less dense around the ferritin molecules, leading to their increased

mobility. However, the (111) reflection is still evident after 20 min of expansion, which means
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that some long-range periodic order is still present when the unit cell has grown to a = 325 A

(Figure 2.5¢) and the volume of the material has increased to 570% of its original value.
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Figure 2.6 | Isotropic hyperexpansion of ferritin crystal-hydrogel hybrids. a, b,
Continuous expansion of two different crystal-hydrogel hybrids in deionized water, monitored
using confocal microscopy. Crystal facets are still discernible after expansion for more than
2 h. Scale bars correspond to 100 um. ¢, Ferritin release into the solution from expanding
crystal-hydrogel hybrids (n>10,000) over about 4 h. Negligible ferritin release is observed
until about 1 h. Protein concentrations were determined using the Bradford assay. d, Confocal
microscopy images of highly expanded crystal-hydrogel hybrids, showing the structural
deterioration of the facets and the edges.
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Figure 2.7 | Expansion and contraction behaviour of crystal-hydrogel hybrids in the
presence of different metal ions. a, Light micrographs of the crystal-hydrogel hybrids at
different stages of expansion and contraction in response to different metal ions. b, XRD
patterns (T =273 K) of expanded crystal-hydrogel hybrids, acquired upon contraction with
different metal ions. Contraction with divalent cations (Ca, Mg, Cd, Zn, Ni and Co)
reproducibly leads to the recovery of the full atomic-level order, whereas contraction with
monovalent cations (Li, Na and K) only reinstates low-order diffraction peaks.
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Figure 2.8 | Successive expansion—contraction cycles for a single ferritin crystal-hydrogel
hybrid. Light micrographs of a hybrid crystal at pre- and post-expansion stages in each cycle
are shown on the left, and the corresponding changes in edge length upon expansion—
contraction are shown on the right. The separation between the major ticks of the ruler is
100 um. The crystal expands to a lesser extent during the first expansion cycle, which we
ascribe to residual CaCly (which forms strong polymer—polymer and protein—protein
interactions) remaining in the solution that is transferred on the loop along with the crystal. The
subsequent variability in the rate and extent of expansion is attributed to the different amounts
of residual NaCl transferred in each cycle.
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2.3.3 Atomic-level structural characterization of ferritin crystal-hydrogel hybrids

To probe the reversibility of lattice expansion, we set up a microfluidic flow cell for single-
crystal SAXS experiments (Figure 2.10), which circumvent the inherent issues associated with
bulk measurements in a small capillary tube (such as sample heterogeneity and inefficient solvent
diffusion). The SAXS data in Figure 2.3d indicate that a single-crystal lattice that has expanded
by 27%—corresponding to a separation of 35 A between neighboring ferritin molecules—can
return to its original dimensions upon NaCl/CaCl,-induced contraction. To examine whether this
recovery also occurs at the level of atomic periodicity, we conducted high-angle, single-crystal X-
ray diffraction (XRD) experiments at room temperature (Figure 2.11a—c¢). These experiments
showed that crystals that expanded by up to 40% could fully regain their native diffraction pattern
upon contraction with divalent metal-ion salts (Figure 2.7b). With such expanded and Ca-
contracted crystals, we consistently obtained datasets with resolutions <1.15 A at a synchrotron
source at 100 K (Table 1.1). Interestingly, the resulting crystal structures revealed two different
conformational states of the Ca®*-bridged ferritin—ferritin interfaces (Figure 2.11d): about 60% of
these interfaces were found in the native configuration (as shown in Figure 2.1d, but with a well
resolved Ca-coordinated water molecule), whereas the remaining 40% presented an alternative
coordination mode for Ca?*, probably stemming from lattice rearrangements during contraction.
Notably, the 1.06-A-resolution crystal structure (R-factors, Rwork = 9.10%; Rfee = 10.26%;
estimated coordinate error (dispersion precision indicator), 0.011 A) is the highest-resolution
ferritin structure reported until now. Our findings suggest that hydrogel infusion and the

expansion—contraction process do not diminish XRD data quality and may actually improve it.
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Figure 2.10 | SAXS imaging of a single crystal-hydrogel hybrid in a microfluidic chip. a,
Schematic diagram of the microfluidic chip. The chip was constructed by Dr. Jake Bailey and
Dr. Alex Groisman. b, Side-view representations of the microfluidic chip. ¢, Photograph of the
microfluidic chip, mounted on beamline 4-2 at SSRL. d, Single-crystal SAXS diffraction
patterns observed at different stages of crystal expansion and contraction. The Miller indices of
each visible spot are indicated. Reflections with the highest signal-to-noise ratio (I/cl) are
circled in red. e, Spot profiles of the highest-I/cI reflections indicated in d.
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Figure 2.11 | Atomic-level structural characterization of ferritin crystal-hydrogel hybrids
by XRD. a—c, XRD patterns (at temperature T=293 K) of a ferritin crystal infused with
polymer precursors (a), after polymerization and expansion (b) and after contraction with CaCl,
(¢). Light micrographs of the crystal are shown in the insets; the separation between the major
ticks of the ruler is 100 um. d, 1.06-A-resolution structure (T = 100 K; PDB ID, 6B8F) of the
contracted ferritin crystal-hydrogel hybrid, showing the electron density surrounding the Ca-
mediated ferritin—ferritin interfaces and highlighting the two observed Ca coordination
conformations. The electron density (2F,—F¢) map (grey) is contoured at 1.5¢. Water molecules
and Ca ions are shown as red and blue spheres, respectively.
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Table 2.1 | X-ray data collection and refinement statistics.

Crystal A Crystal B
(6B8F) (6B8G)

Data collection
Space group F432 F432
Cell dimensions

a, b, c(A) 180.40 179.95

a, B,y (°) 90 90
Resolution (A) 63.65-1.06 63.62-1.13
No. unique reflections 111189 92912
Multiplicity 14.0 (2.4) 32.2 (13.8)
cc1/2 0.999 (0.897) 0.999 (0.628)
Rmerge 0.060 (0.222) 0.131 (1.131)
<l/ ok 24.8 (3.2) 19.1 (2.3)
Completeness (%) 99.0 (86.4) 100 (100)
Average mosaicity (°) 0.17 0.31
Total solvent content (%) 57.42 57.36
Interstitial solvent content (%) 39.72 39.62

Refinement
Rwork/ Rfree
No. atoms
Protein
Ligand/ion
Water
B-factors (A?)
Protein
Ligand/ion
Water
R.m.s. deviations
Bond lengths (A)
Bond angles (°)
MolProbity** score
Clashscore
Ramachandran plot (%)
Favored
Outliers
Rotamers (%)
Favored
Poor
DPI (A)*
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0.0910/0.1026

1687
13
340

8.51
10.19
21.83

0.013
1.317
1.20
4.12

98.82
0.00

97.35
0.53
0.011

0.1029/0.1213

1699
13
372

9.81
11.96
23.75

0.011
1.241
1.38
6.99

98.82
0.00

96.88
0.52
0.015



2.3.4 Self-healing behavior and functionalization of ferritin crystal-hydrogel

Any local anisotropy developed during the expansion or contraction of the hydrogel matrix
would be expected to cause dislocations in the embedded ferritin lattice. Indeed, exposure of
hydrogel-infused crystals to rapid changes or temporary spatial gradients in NaCl or CaCl,
concentrations frequently led to fracturing (see, for example, Figure 2.11 inset). However, these
materials showed a remarkable ability to self-heal, whereby the cracks were spontaneously and, in
some cases, scarlessly sealed (Figure 2.12a, b), owing to the reversible bonding interactions of
the hydrogel network with the protein molecules (Figure 2.12¢). It is important to note that
covalently crosslinked hydrogels like p(Ac—Am) do not typically self-heal unless they are
modified with dynamic bonding functionalities.’>* In the case of our materials, the role of such
functional groups is fulfilled by the ferritin molecules, which act as interaction hubs for polymer
chains. During expansion—contraction cycles, cracks tended to reoccur in the same loci in a given
crystal. This observation suggests that the healed interfaces had not fully regained the original
hydrogel crosslinking density of the bulk material, at least in the time scale (several minutes) of
the experiments. Hydrogel integration substantially mitigated the brittleness of native ferritin
crystals (Figure 2.13a). We observed no fragmentation, even in cases of substantial fracturing that
propagated throughout the crystals, and fissures as wide as 20 pm could be closed to recover near-
native crystal morphology (Figure 2.12b). The ferritin crystal-hydrogel hybrids had a reduced
modulus of about 1 GPa, which is similar to that of ferritin crystals (Figure 2.13b), but several
orders of magnitude higher than those of hydrogels.*® The hybrids are also highly thermostable,

maintaining their crystalline order at >80 °C (Figure 2.13c¢).
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Figure 2.12 | Self-healing behavior and functionalization of ferritin crystal-hydrogel
hybrids. a, Light microscopy images of crystal-hydrogel hybrids, showing the self-healing of
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crystal expansion or during the initial stages of NaCl-induced contraction, but eventually self-
heal. The arrows point to the termini of the major crack extending through the crystal. e,
Schematic of crack formation and self-healing through the interactions between polymer
strands and ferritin molecules. d, Isotropic expansion and contraction of a crystal-hydrogel
hybrid with an expandable core and an expandable shell. e, Swelling-induced fragmentation of
the shell of a crystal-hydrogel hybrid with a fixed core and expandable shell. All scale bars, as
well as the separation between the major ticks of the ruler in e, correspond to a length of 100 um.
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Owing to the inherent chemical tailorability of ferritin molecules, the crystal-hydrogel
hybrids could be functionalized in different ways. They could be constructed from ferritin
molecules with mineralized ferrihydrite in their interior cavity (Figure 2.13d), thus exploiting
ferritin’s native function as a ferroxidase, or with fluorescent tags covalently attached to their
exterior (Figure 2.12d). Additionally, spatially differentiated, core-shell crystals were created
using a layer-by-layer growth method (Figure 2.12d, e). When infused with p(Ac—Am), such
nanoparticle- or fluorophore-functionalized lattices displayed the same isotropic expansion—
contraction behavior as non-functionalized ones. The layer-by-layer growth process was further
modified whereby the core lattice domain (labelled with rhodamine groups) was first covalently
fixed through the chemical crosslinking of ferritin molecules with glutaraldehyde, followed by the
growth of an uncrosslinked, unlabeled shell layer and the incorporation of the p(Ac—Am) polymer
into the composite lattice. Hydration of such ‘fixed core/expandable shell’ crystals led to complete
fragmentation of the shell layer due to the strain generated at the mechanically mis- matched core—
shell interface, exposing the morphologically unaltered core layer (Figure 2.12e). These examples
highlight the facility with which chemical and mechanical patterning are achieved in protein
crystal— hydrogel hybrids.

2.4 Discussion

We have reported here a new form of materials that integrate macro- molecular protein
crystals with synthetic polymer networks. These hybrids seamlessly combine the structural order
and periodicity of crystals, the adaptiveness and tunable mechanical properties of polymeric
networks and the chemical versatility of protein building blocks. Additionally, the ability to
reversibly expand—contract crystal lattices and mobilize their protein components may provide a

new means to improve XRD quality and explore otherwise inaccessible protein structural states
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using three-dimensional protein crystallography. Protein crystals are often highly porous,
sometimes containing up to 90% solvent, and are usually assembled through weak, non-covalent
packing interactions; therefore, our approach should be applicable to other protein lattices. Their
potential for generalizability, coupled with the chemical tailorability of synthetic polymers and the
genetic mutability of proteins, should make protein crystal-hydrogel hybrids a rich medium for
materials science.

2.5 Methods

2.5.1 Protein expression, purification and characterization.

The plasmid for the AC* variant of human heavy-chain ferritin (HuHF), devoid of all native
cysteine residues (C90E, C102A and C130A), was obtained via site-directed mutagenesis as
previously described.*! Expression and purification of AC* was performed according to the
previously published protocol*? and reproduced in detail here. The plasmids of AC* variant
isolated from XL-1 Blue cells were transformed into BL21 (DE3) E. coli cells and plated on LB
agar containing 100 pg/mL ampicillin. Colonies or freezer stocks of BL21 containing ferritin
variant pJexpress vectors were used to inoculate starter cell cultures (200 mL LB medium, 100
pg/mL ampicillin). Cultures were incubated for 16 hours at 37 °C with shaking at 200 rpm prior
to inoculating 1 L LB cultures (10 mL per flask) supplemented with 100 mg/L ampicillin. Cells
were grown to ODgoo = 0.6-0.8 at 37 °C. Overexpression of protein was induced by addition of
isopropyl-p-D-1-thiogalactopyranoside (IPTG) to a total concentration of 1 mM. Cells were
incubated at 37 °C for 3 h and harvested by centrifugation (6000 g, 10 min). Pellets were stored at
—80 °C. Frozen cell pellets were thawed and resuspended in buffer (15 mM Tris, pH 7.4, 150 mM
NaCl) with 1 mM phenylmethylsulfonyl fluoride (PMSF), 5 mM DTT, ~25 uM lysozyme. Cells

were sonicated for 12 min on ice (59 s pulse on and 30 s pulse off), and the lysate was centrifuged
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at 4 °C (12,000 g, 20 min). A second sonication was carried out for the cell pellet after
centrifugation with addition of 1% (v/v) Triton X-100 on ice at the same conditions. All variants
were isolated as intact 24 subunit cages from the lysate supernatants and further purified.

Ferritin variants were enriched to >80% purity by a heat treatment at 65 °C for 15 min and
centrifugation (12,000 g, 10 min). The protein, found in the soluble fraction, was then exchanged
into a buffered solution (15 mM Tris, pH 8.0), filtered, and purified using a Uno-Q anion exchange
column (Bio-Rad) on a DuoFlow chromatography workstation (Bio-Rad) using a linear 0-1 M
NaCl gradient. Ferritin cage fractions were eluted at around 400 mM NaCl. After combining all
the fractions containing the protein together, the solution was concentrated to <5 mL for further
purification with size exclusion column (SEC). We used a Sephacryl S-300 resin for the
purification equilibrated with the buffer (15 mM Tris, pH 7.4, 150 mM NaCl). Protein purity was
assessed via SDS-PAGE gel.

2.5.2 Determination of zeta potentials.

Purified ferritin was concentrated to about 200 uM and exchanged into a buffer solution
containing 50 mM 2,2-Bis(hydroxymethyl)-2,2’,2"-nitrilotriethanol (Bis-Tris) (pH 6.0), 50 mM 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (pH 7.0) or 50 mM HEPES (pH 7.5)
using an Amicon Ultra centrifugal filter unit (10 kDa cutoff ). The zeta potentials of ferritin in the
three different buffers were determined using a Zetasizer Nano ZS90 (Malvern Instruments).
Experimental runs were performed to collect 12 datasets with a He—Ne laser at 633 nm.

2.5.3 Formation of crystal-hydrogel hybrids

Polymer precursor solution. 25 mM (HEPES; pH 7.0), 30 mM CaCl,, 917 mM (8.625%

w/v) sodium acrylate, 352 mM (2.5% w/v) acrylamide and 13 mM (0.2% w/v) N,N'-

methylenebis(acrylamide). Polymerization solution. 4 M NaCl, 1% (w/v) APS and 1% (v/v)
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TEMED. Octahedron-shaped ferritin crystals formed over 1-2 days in a buffered solution
containing 25 mM HEPES (pH 7.0), 3—14.5 uM protein (per 24meric ferritin cage) and 4.5-7.5
mM CacCl,. Once the ferritin crystals matured, the crystallization solution was replaced with the
polymer precursor solution. Crystals were soaked for more than 10 h to ensure full infusion of the
monomers into the ferritin crystals and were then individually transferred with a mounted
CryoLoop (Hampton) to the polymerization solution for 5 min, initiating in crystallo
polymerization. Alternatively, the crystallization solution was replaced with the polymerization
solution for the bulk polymerization of many crystals at once.

2.5.4 Measurement of the rate of diffusion into ferritin crystals.

A large ferritin crystal was transferred with a mounted CryoLoop onto a glass slide, and 20
pL of a solution containing 20 uM (0.01 mg/ml) rhodamine B, 30 mM CaCl, and 25 mM HEPES
(pH 7.0) was added to the crystal. The rhodamine diffusion process was monitored with a 10x air
objective installed on a spinning-disk confocal Axio Observer inverted microscope (Zeiss)
equipped with a pair of Quantum 5125C cameras (Roper), using a filter to collect light at 575-650
nm (red channel). Differential interference contrast (DIC) and fluorescence (564 nm excitation)
images were captured at 1-s intervals with a 10-ms exposure. Images were collected in Slidebook
6 (Intelligent Imaging Innovations) and analyzed using Fiji (http:/fiji.sc/Fiji).

2.5.5 Determination of in crystallo polymerization dynamics

Ferritin crystals were incubated in a polymer precursor solution supplemented with 5.7
mM (0.3%) pyranine (Sigma-Aldrich). After 12 h, an individual crystal was transferred onto a
glass slide and polymerization was initiated by adding 10 pL of the polymerization solution.
Hydrogel polymerization throughout the crystal and the corresponding decrease of pyranine

fluorescence were monitored with a 20x air objective on the confocal microscope as described
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above, using a filter to collect light at 500—550 nm (green channel). DIC and fluorescence (488
nm excitation) images were captured at 1-s intervals with 100-ms (DIC) and 1-s (fluorescence)
exposures.
2.5.6 Scanning electron microscopy of ferritin crystals

Native ferritin crystal and crystal-hydrogel hybrid samples were deposited onto glow-
discharged, Formvar/ carbon-coated Cu grids (Ted Pella Inc.). Each grid was blotted with filter
paper to remove excess liquid. Grids were mounted onto a STEM 12x v2 sample holder and
imaged using a Sigma 500 scanning electron microscope (Zeiss) at an accelerating voltage of 1
kV using a 30-pum aperture.
2.5.7 Polymer quantification with ’F NMR

Large-scale crystallization of ferritin was carried out in a 24-well culture plate (Costar).
100 pL of 25 uM ferritin in 15 mM Tris (pH 7.4) and 150 mM NaCl) was combined with 100 pL
of a buffered solution containing 50 mM HEPES (pH 7.0) and 12 mM CaCls. Crystals formed
overnight and matured over 72 h. The solution in each well was replaced with 100 pL of a polymer
precursor soaking solution containing: 25 mM HEPES (pH 7.0), 30 mM CaCl,, 179.9 mM 2-
(trifluoromethyl)acrylic acid, 744.8 mM sodium acrylate, 350.7 mM acrylamide and 20.4 mM
N,N'-methylenebis(acrylamide). After soaking overnight, this solution was removed, and the
crystals were washed with a buffered solution (25 mM HEPES, pH 7.0; 30 mM CaCl,) to remove
unincorporated monomers. Polymerization was initiated by replacing the washing solution with
100 pL of the polymerization solution. After 10 min, the crystals were transferred into an
Eppendorf tube and centrifuged at 2,000g for 60 s. The supernatant was decanted, and the crystals
were resuspended in 1 ml D>O. Concentrated HCI was added until the pH of the solution was

approximately 4.0 to facilitate crystal decomposition. 705 pL of this solution was transferred into

66



an NMR tube and supplemented with 4.6 mM trifluoroacetic acid. The F-NMR spectrum was
collected using a 300M Bruker AVA spectrometer with a '°F probe (Figure 2.5). The peak at
—64.94 ppm corresponds to free 2-(trifluoromethyl)acrylic acid, the cluster of peaks near —67.07
p.p-m. to 2-(trifluoromethyl)acrylic acid that has been incorporated into the polymer, and the peak
at —75.51 ppm to the trifluoroacetic acid standard. From the integration of these peaks it was
deduced that (a) the total concentration of 2-(trifluoromethyl)acrylic acid in the solution was 8.2
mM and (b) 74.7% of the monomeric precursor was incorporated into the polymer matrix inside
the crystals. The protein concentration was determined to be 60.0 uM using the Bradford assay,**
and the molar ratio of 2-(trifluoromethyl) acrylic acid to ferritin was calculated as 137:1. Given
this ratio and the fact that each unit cell of the ferritin crystals contains four ferritin cages and has
a volume of about 5832 nm? (a = 18 nm), the concentration of 2-(trifluoromethyl)acrylic acid in
the crystal lattice was calculated as 155.6 mM, which is very similar to its concentration (179.9
mM) in the soaking solution.
2.5.8 Monitoring crystal expansion-contraction using light microscopy

Single crystals were transferred with a mounted CryoLoop onto a glass slide with a
microscopic ruler (OMAX). All images and videos were obtained on an SZX7 (Olympus) micro-
scope equipped with an Infinity 1 charge-coupled device (CCD; Lumenera). For crystals that had
not been polymerized, 10 pL of the polymerization solution was carefully added to minimize
crystal movement. This solution was removed before water addition. For previously polymerized
crystals, water (Milli-Q, 30 uL) was added and crystal expansion was observed over 5-20 min. To
initiate crystal con- traction, water was replaced with a solution containing either 4 M NaCl or 1

M CacCl,.
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This expansion—contraction cycle could be repeated at least eight times for a crystal if NaCl
was used to induce crystal contraction. Crystal size was determined by measuring the edge length
of a facet relative to the microscopic ruler using the Fiji image processing package
2.5.9 Monitoring crystal expansion using confocal microscopy

Crystals containing polymer precursors were prepared as described above. One of these
crystals was transferred onto a glass slide and imaged on a confocal microscope. After capturing
an initial image, the crystal was polymerized in 10 pL of the polymerization solution, and its
expansion in 30 pL water was monitored. DIC images were captured at different time intervals
with a 100-ms exposure until the crystal was no longer visible.

2.5.10 Quantification of protein release during expansion

Large-scale crystallization of ferritin was carried out as described above. Once crystals
fully matured, the well solution was replaced with 100 pL of the polymer precursor solution. After
12 h, the crystals were all combined into a single Eppendorf tube and 500 pL of the polymerization
solution was added. Crystals were expanded by replacing the polymerization solution with 1 ml
water. During this experiment, aliquots (100 pL) of the protein solution were removed and
replaced with 100 puL of water, and each aliquot was used to determine the protein concentration
using the Bradford assay.

2.5.11 Multi-crystal expansion monitored using SAXS

Crystals for multi-crystal small-angle X-ray scattering were prepared as described above
and transferred into the polymer precursor solution. A large number (n > 100) of crystals were
transferred to an Eppendorf tube. After the crystals had settled at the bottom, they were transferred,
along with 50 pL of solution, into a 1.5-mm quartz capillary (Hampton). Crystals in capillaries

were analyzed at beamline 5-ID-D of the Advanced Photon Source (Argonne National Laboratory).
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Data were collected using collimated X-ray radiation (0.7293 A, 17 keV) calibrated with both a
glassy carbon standard and a silicon diffraction grating. After the sample was mounted on the
instrument, a thin tube (with a diameter of 0.51 mm) was inserted into the capillary to facilitate
the addition of 50 pL of solution with a syringe injector during X-ray exposure. The injected
solution contained a more concentrated polymerization solution without NaCl (2% APS and 2%
TEMED) in water. After the first exposure, the solution was injected, and an image with a 1-s X-
ray exposure was collected every 30 s. Peaks corresponding to the original lattice were visible
throughout the process, indicating that some of the crystals in the bulk sample did not expand. This
is probably due to limited solvent diffusion or incomplete polymerization within the capillary tubes
used for the SAXS experiments. It is important to note that in this procedure, ‘polymerized’
crystals immediately began expanding upon the commencement of data collection. The reason for
this experimental strategy (instead of polymerization in a high-ionic-strength solution, followed
by the initiation of expansion through lowering the ionic strength) is that it was not possible to
sufficiently dilute the high-ionic-strength polymerization solution in the thin capillary tubes used
for SAXS (which cannot accommodate addition of large volumes of solution) to enable expansion.

Scattered radiation was detected using a CCD area detector and one- dimensional scattering
data were obtained through the azimuthal averaging of the two-dimensional data to produce plots
of the scattering intensity as a function of the scattering vector length, q = 4znsin(6/A), where 0 is
one-half of the scattering angle and A is the wavelength of the X-rays used. Analysis of the one-
dimensional data was performed using the powder diffraction processing software JADE (MDI)

or Origin (OriginLab).
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2.5.12 Multi-crystal SAXS at elevated temperatures

Large-scale crystallization of ferritin was performed as described above. The
crystallization solution was removed, and ferritin crystals were resuspended in either the polymer
precursor solution or a buffered solution containing 25 mM HEPES (pH 7.0) and 30 mM CaCl..
After 72 h, the polymer precursor soaking solution was replaced with the polymerization solution.
After 10 min, this was also replaced with a buffered solution containing 25 mM HEPES (pH 7.0),
4 M NaCl and 30 mM CaCl,. Both samples, containing either native ferritin crystals or the crystal—
hydrogel hybrids, were transferred into 1.5-mm quartz capillaries (Hampton). Data were collected
at beamline 4-2 of SSRL using collimated X-ray radiation (1.1271 A, 11 keV) calibrated with a
silver behenate standard. The samples were heated using a custom-built thermal stage operating at
1 °C min—1, and images with a 1-s X-ray exposure were collected every minute. Scattered radiation
was detected using a Pilatus3 X 1M detector (Detectris) and processed as described above.
2.5.13 Single-crystal SAXS

Crystals containing the polymer precursors were prepared and polymerized using the
polymerization solution as described above, and were analyzed at SSRL (beamline 4-2). Single
crystals were harvested with a mounted CryoLoop and transferred into a 2 M NacCl solution in the
400-um-diameter central well of a custom-made microfluidic chip (Figure 2.10a, 10b). The
microfluidic chip was sealed with a coverslip, attached to a syringe injector and mounted on
beamline 4-2 at SSRL for data collection. Data were collected using collimated X-ray radiation
(1.127 A, 11 keV) calibrated with a silver behenate standard. Water was injected into the
microfluidic chip at 1 puL/s to initiate expansion, and 0.5-s-exposure images were taken every about
2.5 s for 4 min. After the data acquisition for crystal expansion was complete, the process was

repeated—in the order 4 M NaCl, water, 1 M CaCl,, water—to monitor repeated contraction and
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expansion processes. Data were collected using a Pilatus3 X 1M detector (Detectris). The unit-cell
parameters were determined by calculating the radial distance of individual reflections, after fitting
the spot intensity to a two-dimensional Gaussian surface.
2.5.14 Single-crystal XRD at room temperature

Crystals containing polymer precursors were prepared and imaged using light microscopy
as described above. A single crystal was transferred onto a MicroMount precision tool (MiTeGen)
with a 100-pm aperture and sealed with a MicroRT capillary (MiTeGen). Data were acquired on
an APEX II CCD diffractometer (Bruker) using Cu Ko radiation (1.5418 A) at 295 K. Three
images (60-s exposure) were collected at rotation angles ¢ = 0°, 60° and 120°. The crystal was
removed from the instrument and soaked in 10 pL of the polymerization solution for 2 min. The
crystal was transferred onto a microscopic ruler and 30 pL of water was added. Crystal expansion
was measured over 3 min. This crystal was returned to the MicroMount with the MicroRT capillary
and an identical three-image dataset was collected. This process was repeated using 30 pL of a 1
M CaCly solution. After the crystal had contracted (1 min), another three-image dataset was
collected. Images were analyzed with the Apex III software (Bruker).
2.5.15 Single-crystal XRD at 100 K

Crystal-hydrogel hybrids were prepared and imaged using light microscopy as described
above. Two crystals were harvested, 30 pL of water was added, and crystal expansion was
monitored over 5 min for both crystals. After 5 min, the water was removed and 30 pL of either a
solution containing 1 M CaCl, (crystal A) or 4 M NaCl (crystal B) was added. Crystal B was re-
expanded in 30 uL water. After 5 min, the water was replaced with 30 uL of'a 1 M CacCl; solution
to contract crystal B. After contraction, both crystals were cryoprotected in perfluoropolyether

(Hampton) and frozen in liquid N. Single-crystal XRD data for the contracted ferritin crystals
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were collected at 100 K at beamline 9-2 of SSRL using 0.98-A radiation. The data were integrated
using iMosflm** and scaled with Aimless®® (Table 1.1). The structures for crystal A and crystal B
were determined at resolutions of 1.06 A and 1.13 A, respectively. Molecular replacement was
performed with Phaser’® using the HuHF structure (PDB ID: 5CMQ) as a search model. Rigid-
body, positional, anisotropic thermal and atom-occupancy refinements were carried out using
Phenix.’” Coot*® was used for iterative manual model building. The interstitial solvent content was
calculated by subtracting the solvent volume of each crystal from the volume of the inner cavity
of ferritin (calculated using VOIDOO).* All figures were produced with Pymol.*
2.5.16 Nanoindentation measurements of crystals

The mechanical properties of the native ferritin crystals and the crystal-hydrogel hybrids
were determined using a Hysitron TT 950 Triboindenter test instrument (Bruker). All crystals were
dried before the indentation experiments. A Berkovich probe (T1-0039, 142.3°, 100 nm tip radius)
was used to determine the hardness and reduced modulus of the native crystals and crystal—
hydrogel hybrids. Experiments were conducted in displacement control mode using a displacement
of 1,000 nm.
2.5.17 Preparation of iron-loaded ferritin

Iron-loaded ferritin was prepared by adding 10.8 ml of 10 mM (NH4)2Fe(SO4)2 over 2 h
to 144.8 ml of a vigorously stirring solution containing 1 uM ferritin, 15 mM Tris (pH 7.4) and
150 mM NaCl. Subsequently, the solution was stirred for an additional hour before being con-
centrated to about 3 ml using a 10-kDa Amicon membrane. A DG-10 column (Bio-Rad) was used
to remove any unbound iron. The iron content was assessed using a 2-2'-bipyridine-based
colorimetric assay*' and the protein concentration was determined using the Bradford assay. Each

ferritin cage contained about 800 Fe atoms.
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2.5.18 Formation of core-shell ferritin crystals

Expandable core/expandable shell crystals: Mature ferritin crystals were transferred to a
buffered solution containing 25 mM HEPES (pH 7.0), 30 mM CaCl; and 1.9 mM (1 mg/ml) 5-
(and 6)-carboxytetramethyl rhodamine succinimidyl ester (NHS-rhodamine; Thermo Fisher
Scientific). After soaking for 12 h, an individual crystal was removed and washed three times in a
buffered solution containing 25 mM HEPES (pH 7.0) and 30 mM CaCl; to remove unbound NHS-
rhodamine. The crystal was transferred to a well containing 10 pL of 12.5 uM ferritin, 25 mM
HEPES (pH 7.0) and 6 mM CaCl,. A transparent layer of ferritin formed around the rhodamine-
labelled ferritin crystal over 12 h (creating a red core and a transparent shell). This crystal was
soaked in a polymer precursor solution and polymerized as described above to yield an expandable
core/expandable shell crystal.

Fixed core/expandable shell crystals: Fixed core/expandable shell ferritin crystals were
prepared similarly to the expandable core/expandable shell crystals described above. The only
difference was that after the rhodamine labelling step, the crystal was transferred into a solution
containing 2.5% (v/v) glutaraldehyde, 25 mM HEPES (pH 7.0) and 30 mM CaCl,. After 12 h, the
crystal was washed five times with water to remove unbound glutaraldehyde, followed by the
epitaxial growth of the transparent layer of ferritin crystals on top of the core layer in a fresh
crystallization solution containing 12.5 uM ferritin. This crystal was then soaked in a polymer
precursor solution and polymerized as described above to yield a fixed core/expandable shell
crystal.

2.6 Data availability
Crystal structures have been deposited in the Research Collaboratory for Structural

Bioinformatics Protein Data Bank under accession codes 6BS8F (ferritin—polymer hybrid crystal 1;
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https://www.rcsb.org/structure/6b8f) and 6B8G (ferritin—polymer hybrid crystal 2;
https://www.rcsb.org/ structure/6b8g).
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Chapter 3 : Towards a comprehensive understanding of the material properties of polymer

integrated crystals

3.1 Abstract

The scope of applications for a given material is dictated by its functional properties!' (e.g.,
chemical, physical, and mechanical),>* which in turn depend on the composition,*¢ interactions,”
8 and arrangement’!'® of its individual subcomponents.”!! Compared to single-component
materials, which possess a fixed set of properties after manufacture, hybrid materials (made
from >one component) can circumvent this limitation.!? Advantages of hybrid materials include 1)
the possibility for complementary properties of the individual elements (minimizing disadvantages
of each and/or maximizing the synergistic properties of all),!>!> 2) new emergent behaviors that
cannot be achieved from single-component materials,’!® and 3) high tunability of the bulk material
properties by manipulating the composition, connectivity, and/or characteristics of each
component.'’?! However, taking advantage of this enhanced complexity to achieve specialized
materials for specific applications requires a comprehensive understanding of how the many
factors underlying their macroscopic behavior work together. Previously, we combined rigid,
fragile protein crystals with continuous, flexible polymer networks to create a new hybrid material
—polymer integrated crystals (PIX)?*2>— which possess self-healing behavior and can reversibly
expand (up to 500% by volume) and contract in response to changes in the ionic strength of the
surrounding solution. In this chapter, we describe initial characterization of the scope of dynamic
behaviors and material properties accessible to PIX by systematically varying both the protein and
polymer components. We carried out experimental measurements in combination with molecular

dynamics simulations to build a molecular-level understanding of the origin of bulk PIX behavior,

including crystal packing, electrostatic interactions, and protein/polymer identity and density.
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3.2 Introduction

The first proof-of-principle design for PIX (Chapter 2) involved the use of macromolecular
ferritin crystals®® (a highly porous cubic lattice) that had been infused with polyacrylate (pAc)-
based polymers (specifically a 3:1 acrylate:acrylamide copolymer — poly(acrylate-co-acrylamide);
p(Ac-Am)). Due to the swelling behavior of pAc-based polymers in different ionic strengths,?* the
resulting PIX were capable of expanding to 500% of their original volume without loss of
crystallinity. Recently, it was also shown that the symmetry of the initial crystalline scaffold can
influence the behavior of ferritin PIX, with an anisotropic H32 packing leading to anisotropic and
directional bending motions?? (as opposed to the isotropic expansion of £432 cubic PIX) despite
being composed of the same components. Inspired by these results, we sought to expand the scope
of utility for PIX materials by investigating the behavior of PIX upon systematic variation of the
polymer composition, ferritin surface charge, crystal packing, and identity of the crystallized
protein. Here we characterized the consequences of these variables on the behavior of PIX using
light microscopy, small angle X-ray scattering (SAXS), and coarse-grained and atomistic MD
simulations to gain insight into the molecular-scale behavior that gives rise to macroscopic
observables. Ultimately, this multidimensional screen over variable space is expected to define the
range of material properties accessible to PIX and provide a methodological framework for future
efforts to expand these analyses to other proteins and soft polymeric materials.

PIX, being multicomponent and multiphase systems, exhibit emergent bulk-scale
properties that arise from their particular composition. When we first set out to construct PIX, we

surmised that the following design parameters would be important for their function/behavior:?
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1. Lattice structure: appropriate crystalline scaffolds would be (meso)porous, forming a
continuous volume through which the polymer precursors could be diffused, thus ensuring
that the hydrogel network penetrates efficiently and uniformly throughout the crystal.

2. Protein-protein interactions: the requisite breaking and reforming of crystal contacts
during expansion/contraction suggests that they should be reversible and specific, enabling
their facile rupture and reformation. This is important for both enabling expansion
(breakable contacts) as well as the eventual return to the final lattice packing.

3. Protein-polymer interactions: upon expansion, the interactions between polymer and
protein must be sufficiently strong to ensure that crystallinity is maintained in the absence
of direct protein-protein crystal contacts. Yet, the polymer network should also be dynamic
enough to enable error correction and self-healing behavior to compensate for transient
defects that form during the expansion/contraction processes.

As described below, we set out to study the impact of these parameters in systematic
fashion. First, we designed a library of ferritin variants with different crystal contacts (to
investigate packing effects) as well as different surface charges but identical 432 symmetry (to
modulate protein-polymer interactions). We then explored different polymer precursors, testing
the dynamic behavior of the resulting PIX by tuning the composition and concentration of polymer
chains in the final lattices. We further tested whether PIX can be formed using crystals of other
proteins that have different symmetries, chemical compositions, and porosities. Finally, we
conclude with preliminary molecular dynamics (MD) characterization of ferritin PIX lattices,
using both all-atom and coarse-grained (CG) simulations to understand the protein-polymer

interactions at both atomic and mesoscale resolutions.
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3.3 Results and discussion
3.3.1 On the effects of ferritin packing on PIX behavior

In our original design, isotropic fcc symmetry crystals of Ca**-bridged HuHF-AC* ferritin
gave rise to isotropic expansion and contraction. In contrast, our recently reported H32-symmetry
PIX exhibit anisotropic dynamic behavior, owing to their rhombic symmetry that is enabled by
hydrophobic contacts mediated by covalently attached RAFT agents (!°’*HuHF).?? Both lattices
rely on Ca?" binding at the two-fold axis (residues 84D/86Q) of the ferritin cage as a primary
crystal contact and have porosities of >50%, enabling complete infusion with polymer precursors.
As both systems exhibited the same expansion and self-healing properties due to the use of the
same p(Ac-Am) polymer, here we extended this analysis to additional ferritin lattices (Figure 3.1)
spanning four different symmetries and three different types of protein-protein interactions.

For F432 crystals, there are twelve Ca**-mediated contacts distributed equally around each
cage (Figure 3.1a). Our initial study showed that reformation of these calcium bridges during
contraction readily occurred and commonly improved crystal quality. In some cases, the resolution
(as determined by single-crystal X-ray diffraction) Ca**contracted PIX lattices exceeded that of
the original crystal. However, in H32 lattices, only six of these calcium contacts remain (defining
the ab plane) (Figure 3.1b). The covalently attached RAFT agents form hydrophobic interactions
along the ¢ axis, creating asymmetry in both the packing and interaction strengths of protein-
protein contacts within the crystal. This imbalance is further apparent in that the crystallinity of
contracted H32 PIX is sometimes worse than the initial crystal, likely reflecting the lower precision
of hydrophobic contacts relative to metal coordination. Consequently, the different an/isotropic

expansion behavior of H32 and F432 PIX (Figure 3.2) can be attributed to packing interactions.

82



F432 (HUHF-AC*)

Figure 3.1 | Crystal lattice packing and protein-protein interaction in the lattice. a, 7432
packing of HUHF-AC* and the calcium mediated protein-protein interaction between residue
84D and residue 86Q in all directions. b, H32 packing of the RAFT-labeled '*7“HuHF variant,
the 84D/86Q calcium-mediated crystal contact that defines the a-b plane. There is no metal
coordination along the c-dimension, only weak hydrophobic interactions were observed. c,
P3,21 packing of HuHF-AC* and the non-covalent protein-protein interactions within the a-b
plane. The absence of metal coordination at 84D/86Q is readily apparent. d, /432 crystal
packing of the '*"HuHF ferritin variant. The right-most image shows the di-hydroxamate
linker coordinated to two protein cages via Zn>" ions at their 3-fold axes.
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el |
1432 (*22HUHF)
~

F432 (HuHF-AC*)

H32 (*57CHuHF)

Figure 3.2 | Characterization of the expansion and contraction behavior of ferritin PIX.
a, HUHF-AC* crystallizes into F432 lattices with CaCl,. PIX made from these crystals expand
and contract isotropically. b, RAFT-labeled 'Y7*HuHF variant instead forms H32-symmetry
crystals due to anisotropic interactions on its surface. This anisotropy is reflected in the non-
isotropic expansion/contraction behavior of PIX made from these crystals. ¢, P3121-symmery
crystals of HUHF-AC* formed in the absence of CaCl,. Lacking any significant crystal contacts,
these PIX expand and contract, but were unable to regain the molecular order of the initial
lattices. d, "??"HuHF ferritin crystallizes into /432 MOF-like frameworks via di-hydroxamate
linkers. These PIX could expand but not contract, leading to crystal dissolution in all cases. The
different expansion/contraction macroscopic behavior of each lattice is clearly visible by eye.

The separation between the major ticks of the ruler is 100 pm.
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To more closely compare to the original PIX, we next characterized HuHF-AC*
crystallized into an alternate P3;21 space group; these crystals have no calcium contacts (Figure
3.1¢). Rather, there are no obvious noncovalent contacts along the a-b plane (all ferritin-ferritin
distances >3.0 A)??, while small hydrophobic patches and salt-bridging (between E166/K119)
comprise the interactions along the c-axis. This asymmetry is analogous to H32 packing, but now
with the original protein component. Indeed, these P3:21-symmetry PIX underwent anisotropic
expansion (Figure 3.2) and were capable of contracting, but always resulted in disintegration,
likely due to the very weak protein-protein interactions in the original crystal. As a final packing
variant, we used a previously reported MOF-like ferritin crystal with body-centered cubic 7432
symmetry (Figure 3.1d)*. This ferritin ('>?HuHF) has 3 histidine residues at each of the eight 3-
fold symmetry axes (the corners of a cube), allowing coordination of a Zn>* ion that has an open
coordination site. Crystals then self-assemble via di-hydroxamate small-molecule linkers, which
form bridging interactions with the zinc ions. This protein-MOF has a porosity of 56%, similar to
the other crystal packing variants. As shown in Figure 3.2, PIX created with these lattices could
expand, but could not be recovered from expansion. We believe this is due to leaching of the small-
molecule linker during expansion, thus removing the possibility of reforming the MOF-like
structure. We found that the original framework structure could not be recovered during
contraction even when the solution was supplemented with excess linker, a limitation that we
attribute to the slow kinetics of bonding between the metal ions and the chemical linkers.

To summarize, the behavior and fidelity of PIX expansion and contraction are dictated by
both the crystal packing and the nature of the crystal contacts. Isotropic F432-symmetry PIX
readily expand and contract with ionic strength, but the degree of order in contracted PIX is further

improved upon the addition of Ca?*, which provide strong, fast, and precise interactions. In H32
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packing, there are calcium contacts within the ab plane, but weaker, less specific hydrophobic
interactions along the c axis. During expansion and contraction, the ab planes were more rigid and
reformed more easily, creating a lamellar structure that displayed accordion-like dynamics and
bending motions. However, this behavior was also associated with a somewhat reduced degree of
ordering relative to the original PIX. P3;21 lattices, which only have weak noncovalent
interactions both within the ab plane and along the c axis, are crystalline but not atomically ordered.
These PIX underwent anisotropic expansion and contraction, but no longer diffracted afterwards,
as the protein-protein interactions were too weak to facilitate recrystallization, though a few
exhibited partial reformation (in small pieces), potentially templated by molecular imprints left on
the polymer structure. Similarly, /432 protein-MOF PIX could expand, but fractured during
contraction, likely due to loss of the requisite di-hydroxamate linker, which prevented the
reformation of bridging interactions between 3-fold axes. We found that even when the expansion
solution was supplemented with additional metal and ligand, the poor solubility of the linker and
slow kinetics of MOF crystallization proved incompatible with PIX behavior.

Finally, we note that both HuHF-AC* variants above each only have a single mutation,
meaning that the protein-polymer interactions are likely to be similar for all of them. All lattices
have similar porosities (F432: 59.38%, H32: 54.67%, P3121: 59.37%, 1432: 57.47%), and thus
should have similar proportions of protein and polymer. As all PIX were infused with the same
polymer (p(Ac-Am)), changes in behavior can be attributed to packing considerations. This
endows PIX with a great level of control over their dynamic mechanical behavior through changes
in symmetry or interaction that are achievable even by minor modification to the protein, where

strong and precise protein-protein interactions promote orderly contraction. With the importance
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of these contacts established, this naturally led us to the next topic: what is the impact of the
strengths of different protein-polymer interactions on the physical properties of PIX?
3.3.2 On the effects of electrostatic interactions on PIX behavior

The interactions between protein and polymer are crucial for achieving the dynamic
behavior of PIX, as the polymer both provides the driving force for expansion/contraction and
preserves connections between the proteins in the expanded state to maintain crystallinity. In
Chapter 2, we determined that the acrylate/acrylamide copolymer p(Ac-Am) provided the desired
expansion behavior in the original PIX. However, we also determined that when only acrylamide
(or other hydrophilic precursors such as N-[Tris(hydroxymethyl)methyl]acrylamide) was used, the
protein crystals disintegrated during polymerization. To further characterize this relationship, we
screened multiple additional polymer precursors (Figure 3.3), including two negative, two positive,
two neutral, and two hydrophilic monomers.

To systematically study each precursor, 432 HuHF-AC* crystals were used for all PIX
trials, and polymerization was always done with 1% (w/v) APS and 1% (v/v) TEMED in 4 M
NaCl solutions. While all PIX could be soaked with precursors, six of the eight candidates led to
crystal disintegration during the polymerization process. The remaining non-acrylate precursor
that successfully formed PIX is 2-(dimethylamino)ethyl methacrylate (DMAEMA), and these PIX

could also undergo ionic-strength-dependent expansion and contraction (Figure 3.4). This is
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Figure 3.3 | Polymer precursors tested in this study.
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Figure 3.4 | Behavior of DMAEMA-based PIX. Light microscopy images of PIX constructed
using DMAEMA and the three negatively charged ferritin variants and AC* (also negatively
charged). The three columns correspond to after polymerization (left), during expansion
(middle), and after contraction (right). The separation between the major ticks of the ruler is 100
pm.
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consistent with a charge-repulsion-mediated expansion mechanism (acrylate is negative,
DMAEMA is positive), however it does not explain why the other two charged polymers cannot
form PIX. The electrostatic polymer sidechain interactions with the protein surface should be
similarly strong, unlike the hydrophilic and neutral precursors that should have relatively weak
protein-polymer interactions, so the reason that these molecules lead to crystal dissolution is
unclear. One remote possibility is that the two precursors that work (acrylate-acrylamide and
DMAEMA) have carboxylate/carboxylate ester functional groups, while the remaining precursors
instead have amide groups. This may lead to a loss of specific protein-polymer interactions that
are essential for PIX formation, however future experiments are required to assess this hypothesis
(such as using the carboxylate ester variants of the two remaining charged precursors or testing
the amide variant of DMAEMA).

We next sought to evaluate the effect of protein surface charge on mediating protein-
polymer interactions and overall PIX behavior. To do so, we generated six new ferritin variants
with varying numbers of charge mutations to endow them with distinct surface charge distributions
(Figure 3.5). Compared to the original HuHF-AC*, which is slightly negatively charged (pI =5.2),
the HuHF variants NEG1, NEG2, and NEG3 are even more acidic. NEG2 is the most extreme,
having seven additional negatively charged residues (168 per cage; pl = 4.54), NEG1 has three
mutations (72 per cage; pl = 4.86), and NEG3 has its four mutations localized near the 4-fold axis.
POS1, POS2, and POS3 are positively charged counterparts to the NEG variants. The properties
of all variants are shown in Figure 3.5 and Table 3.1. Unfortunately, POS1 and POS3 both formed
inclusion bodies during overexpression, leading to very low yields during reconstitution of the

cage. Consequently, these two variants were excluded from characterization.

90



122HHyHF

HuHF-POS1

HuHF-POS2

HuHF-POS3

Figure 3.5 | Electrostatic maps of all ferritin variants, as viewed down the 4-fold axis. a,
The native HuHF variant, devoid of all cysteines (AC*). b, The negatively charged variants. ¢,
The T'22HHuHF variant for protein MOF. d, The positively charged variants. The protein
surfaces are colored by charge, ranging from +5 kg7/e (blue) to —5 kgT/e (red).

Table 3.1 | Properties of ferritin variants used in this study.

Prc.ateln Mutations Lattice . Packm.g pl zeta potential

variants symmetry interaction
1 HuHF-AC* NONE Fazp ~ metalbinding Ca* 545 443.012mv

non-covalent
linker-mediated
2 TEMHUHF T122H 1432 metal binding 12 N/A
3 HuHF-POS1 At ﬁlfbgis::;; EggK’ N/A non-covalent 5.91 N/A
A18K, E90K, N98R, A102K, metal binding (Ca*)
4 HuHF-POS2 105K N109K, D123K, E162R | 492 non-covalent 6.73 917 x1.24mV
E9O0K, E94R, G101R

5 HuHF-POS3 Loom Grom N/A  metal binding (Ca®) 5.91 N/A
6 HuHF-NEG1 A18E, A102E, H105E F432 metal binding (Ca?*) 4.85 -8.22+0.16 mV
7 HUHF-NEG2 " irose Qiioe kiee’  F432  metalbinding (Ca®) 454 -26.87+0.60 mV
8 HuHF-NEG3 R90E, G159E, A160E, L165E  F432 metal binding (Ca?*) 5.06 -23.17 £0.40 mV
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To explore the effect of surface charge in isolation, all HuHF variants were crystallized
into diamond-shaped cubic F432 crystals (Table 3.1, Figure 3.6) and infused with the same 10%
(w/v) acrylate monomers. The identical lattice parameters of all lattices were confirmed by SAXS
(Figure 3.6). As shown in Figure 3.7, light microscope imaging clearly revealed that all NEG-
variant PIX exhibited dynamic expansion/contraction behavior resembling that of HuHF-AC* PIX.
However, while the PIX based on the POS2 variant did expand slightly during the polymerization
step (Figure 3.9b) and exhibited a solvent diffusion ring, they did not expand upon transfer into
water, potentially indicating that the electrostatically favorable protein-polymer interactions may
be too strong (or perhaps too neutrally charged), preventing expansion of the lattice via acrylate
self-repulsion.

We next characterized the expansion rates of each NEG variant PIX using SAXS, using
AC* PIX as a reference. Due to the complex composition of PIX, the kinetics of molecular scale
interactions (electrostatic, hydrogen bonds, van der Waals, metal coordination) cannot be
disentangled. Instead, we determined an expansion rate (k, in A/s) via linear fit to the macroscale
expansion of PIX, providing an intuitive quantitative parameter from a system design perspective
(Figure 3.8). Each PIX variant was tested at two different polymer concentrations: 5.0% and 10.0%
(w/v). HUHF-AC* is somewhat negatively charged already; thus, as the concentration of polymer
increases, so does the charge repulsion within the PIX, reflected by faster expansion rates (Figure
3.8). For all experiments, the X-ray beam was used as the radical initiator, creating the observed
initial lag time, which is longer for lower polymer concentrations. 5—10% polymer led to relatively
uniform expansion for all variants, with NEG2 exhibiting more variation, potentially due to

instabilities associated with the very large total negative charge within the PIX.
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Figure 3.6 | Initial characterization of F432 symmetry crystals for the different charged
ferritin variants. For each variant, light microscopy images are shown at left, and
corresponding SAXS patterns are shown at right.
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Figure 3.7 | Expansion behavior of F432-symmetry pAc-infused PIX constructed from
different negatively charged ferritin variants. The three columns correspond to after
polymerization (left), during expansion (middle), and after contraction (right). The separation
between the major ticks of the ruler is 100 pm.
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Figure 3.8 | Expansion behavior of negatively charged PIX variants, as determined by
SAXS. Length of the cubic unit cell lattice parameter is plotted as a function of time, with the
expansion rate k (A/s) corresponding to the slope of the linear fit (red lines) indicated for each
sample. As radical initiation is induced by the X-ray beam (at t = 0 s), the initial delay observed
in all samples reflects the polymerization step that precedes expansion. For this reason, lower
polymer concentrations exhibit longer lag times. Only data during the expansion process was
used for linear fitting.
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We next sought to understand the relative importance of net charge versus localized charge
for PIX expansion behavior. We observed that higher concentrations of negatively charged pAc
polymer led to greater rates of expansion, and that when comparing within individual polymer
concentrations, more negatively charged variants (e.g., compare AC*, NEG1, and NEG2) also
expanded at faster rates. Both results are consistent with a charge-repulsion-based model of PIX
expansion, where increasing the amount of negative charge of either the polymer or the protein
leads to stronger responses in low ionic strength environments. Interestingly, though NEG3 has
only one more negatively charged mutation than NEG1, PIX of the former swelled ~18% faster
than the latter (and ~45% faster than AC*) with 10% pAc, though their rates of expansion were
comparable for 5% polymer PIX. Similarly, though the zeta potentials of NEG2 (with seven
negative mutations) and NEG3 are very similar (Table 3.1), PIX of the former expanded more
quickly than the latter at all polymer concentrations. Taken together, these observations indicate
that mutations near the four-fold axes, which face the void space of the 6 nm chambers (where the
polymer chains are expected to localize in crystallo), have a greater impact on the expansion rate
per mutation than an isotropic distribution of negative charge (NEG3: +11.16%/mutation, NEG2:
+8.80%/mutation, NEG1: +7.45%/mutation, relative to AC* PIX with 10% polymer), though
NEG2 still expands at the greatest absolute rate (61.59% faster than AC* PIX with 10% polymer).

Interestingly, although 10% (w/v) pAc-infused POS2 PIX did not expand when placed into
DI water, 0.1% (w/v) acrylate (i.e., 9.9% (w/v) acrylamide)-infused POS2 PIX exhibited similar
behavior to the negatively charged proteins, as evidenced by light microscopy and SAXS (Figure
3.9). POS2 has eight additional positively charged residues on its surface, which has two
consequences that we attribute to the above behavior: significantly increased protein-protein

repulsion and significantly stronger protein-acrylate interactions. This means that the polymer-
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polymer repulsion that drives expansion in negatively charged PIX is mitigated due to the large
number of acrylate sidechains that can be satisfied by salt bridges with the protein surface,
interactions that only get stronger at low ionic strength. Acrylate concentrations as low as 1%
produced similar behavior to 10%; expansion only occurred at acrylate concentrations around
0.1%. This low concentration of acrylate prevents charge neutralization between the polymer side
chains and protein surface such that upon transfer into DI water, the crystals expanded, which we
hypothesize to be driven by protein-protein like-charge repulsion instead of polymer-mediated
expansion. However, these crystals did not retain their shape well and could not contract to their
original state (Figure 3.9), likely due to the relatively weak polar (but not charged) protein-
polymer interactions, which cannot preserve protein-protein connectivity and induce contraction.
In summary, we have systematically studied the effect of varying the surface charge of
ferritin cages on the dynamic behavior of PIX. We observed that the total quantity, distribution,
and sign of the protein charge can lead to dramatic changes in PIX expansion. Despite this varied
behavior, all phenomena can be rationalized under our charge-repulsion based model of PIX
expansion and contraction and new variants should be straightforward to conceptualize. Increasing
the total amount of like-charge interactions (through higher concentrations of charged polymer or
protein surface electrostatics) leads to more rapid expansion behavior, but may become less stable
under extreme circumstances (e.g., in the case of the very negatively charged NEG2 variant).
Instead, more limited numbers of charge mutations can be placed at the 4-fold axes, where they
face the cavities of the PIX lattice and interact more directly with the polymer sidechains, to more
efficiently (per mutation) vary the PIX expansion rate. Additional experiments would more
rigorously confirm these explanations, however, the fact that so many distinct behaviors fit neatly

under a single molecular mechanism suggests that it is a robust model of the macroscale dynamics
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of PIX. Preliminary MD simulations of PIX systems that give atomically detailed insights into

these interactions will be discussed in Sections 3.5 and Section 3.6.
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Figure 3.9 | Characterization of POS2 variant PIX. a, Expansion of pAm infused POS2 PIX,
as quantified by SAXS. b, Light microscopy images of pAc infused POS2 PIX, which retain
their shape but do not expand, and ¢, pAm infused POS2 PIX, which can expand but do not
contract with high fidelity.
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3.3.3 Exploring PIX formation with other proteins

Having now established that multiple different ferritin lattices can be used to construct PIX
with tunable dynamic properties, we sought to explore a final experimental variable: the identity
of the protein used to form the crystal lattice, which can provide different symmetries, porosities,
and packing densities. We first tried a simple extension of the previous PIX by using horse spleen
ferritin, which also crystallizes into F432 lattices via metal (cadmium)-mediated protein-protein
interactions at the 2-fold axis. However, Cd?* ions formed precipitates with the polymer precursors,
preventing their diffusion into the lattice, rendering the solution conditions required for
crystallization unsuitable for PIX.

We tested seven other proteins that are known to readily crystallize into lattices with very
different properties, including solvent content, protein-protein interactions, and protein shape and
surface charge/isoelectric point. [llustrations of the protein surfaces (colored by charge) and lattice
packing are shown in Figure 3.10, and further details about each crystal lattice are given in Table
3.2. As shown in Figure 3.11, three of the tightly packed proteins (lysozyme?®, proteinase K2, and
enterococcal surface protein (partial N-terminal region, ESP405)) were successfully soaked in
polymer precursors under varying conditions (all soaking solutions contain 25—-50% mother liquor).
However, lysozyme and proteinase K crystals both dissolved quickly during the polymerization
process. ESP405 dissolved slowly during polymerization (1% APS/TEMED, 4 M NaCl) and much
more rapidly after transfer to water. We attribute the fragility of these PIX to poor permeation of
the polymer precursors throughout the crystals, as their tight packing (<40% solvent content) likely
prevented the formation of a robust hydrogel network such as those found in ferritin PIX.
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