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Large-pore protein crystals (LPCs) are an emerging class of biomaterials. The inherent diversity of
proteins translates to a diversity of crystal lattice structures, many of which display large pores and
solvent channels. These pores can, in turn, be functionalized via directed evolution and rational redesign
based on the known crystal structures. LPCs possess extremely high solvent content, as well as

extremely high surface area to volume ratios. Because of these characteristics, LPCs continue to be
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DOI: 10.1039/d4cc00183d explored in diverse applications including catalysis, targeted therapeutic delivery, templating of

nanostructures, structural biology. This Feature review article will describe several of the existing

rsc.li/chemcomm

1. Introduction

Proteins are well-suited as a substrate for material applications,
due to their biocompatibility,’ and structural diversity.>
A variety of mesostructures emerge as a property of their
constitutive  nanostructures;  these include  protein
nanoparticles,® nanocages,*” hydrogels,® plate-like crystals and
sheets,”® and porous scaffolds.”**

Porous materials, with their ability to host and transport
guest molecules within their frameworks, have been explored
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platforms in detail, with particular focus on LPC synthesis approaches and reported applications.

in recent years for diverse scientific and industrial applications.
Among these, large-pore protein crystals (LPCs) represent a
distinctive class of crystalline materials characterized by a
three-dimensional network of interconnected voids and chan-
nels. Large-pore protein crystals exhibit remarkable structural
diversity compared with traditional nanomaterials, owing to
the diversity of protein sequences found in nature. A typical
bacterial protein sequence of 300 amino acids,'* could have
20°% distinct amino acid sequences; assuming ~ 8 conforma-
tional degrees of freedom per residue,">'* the number of
possible conformations extends to ~1.72 x 10°" theoretical
conformations, effectively an infinite landscape of structural
diversity. While most of these hypothetical structures would be
unstable and any plausible structure would be restricted to
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Fig. 1 Lattice structures for Protein Data Base entries (A) 4QCC, (B) 2INY, (C) 5W17, and (D) 210U, illustrating the diversity of porous nanostructures
found in protein crystals. Pore diameters range from ~10 nm (2INY), up to ~30 nm (2I0U). Scale bar = 100 A.

narrowly defined minima within this energy landscape, the
number of stable structures is nevertheless vast. The ability of
proteins to undergo genetic selection, along with the wholesale
shuffling and recombination of domains'® enables a realistic
sampling of this landscape. The enormous diversity of protein
structures (and functions) has sparked a growing interest in
their potential applications as biomimetic scaffolds.

The unique architecture of protein crystals arises from the
self-assembly of protein molecules into ordered, crystalline
structures. Protein crystals typically contain a high surface area
to volume ratio'® with a well-defined lattice of interconnected
pores. Pore diameters typically range from tens of Angstroms to
greater than 10 nm (Fig. 1) with corresponding wide-ranging
solvent content between 27% and 65%.""""">' These solvent
channels enable the accommodation of a wide array of guest
molecules, from small ions to large biomolecules such as
peptides, nucleic acids, and other proteins. Possessing solvent
channels of sufficient size for guest macromolecule transport
would be one characteristic of the LPC subset of protein
crystals. The Matthews coefficient (Vy), defined as the fraction
of crystal volume per unit of protein molecular weight (A* Da™?),
is a useful parameter for specifying solvent content. More
recent estimates on the distribution of Vy;, based on reported
crystallographic data, suggest that Vy of reported protein
crystals is quite broad, from extremely high density (just over
1 A® Da™!, approximating tightly-packed spheres) to extremely
low density in the case of LPCs (just below 10 A*> Da™%).?%23
Due to their high solvent content and void space, LPCs are also
uniquely sensitive to dehydration, which typically results in

This journal is © The Royal Society of Chemistry 2024

contraction of the overall crystal structure. Dehydration can
be achieved in a controlled manner by altering the relative
humidity or osmolarity of the surrounding environment of the
crystal.>* While deformation of the nanostructure is often
undesirable for material applications of LPCs, for structural
investigations, crystals may be deliberately dehydrated to
improve their diffraction resolution, although cracks or other
broad morphological defects can potentially negate the
improved diffraction limit.>®

Understanding the formation mechanisms of LPCs is pivotal
for their controlled synthesis. Crystallization of biomolecules is
notably distinct from crystallizing small molecules, owing
primarily to their increased molecular weight and complexity.
The crystallization process involves an interplay of many fac-
tors, including protein concentration, pH, temperature, ionic
strength, and the presence of precipitants and nucleating
agents.”® Proteins have additional considerations such as
susceptibility to misfolding and ease of expression and purifi-
cation. Recent advances in protein engineering and biophysical
techniques have facilitated the rational design and optimiza-
tion of LPCs.

Notably, while LPC growth is similar to the growth of other
less porous protein crystals, a key distinguishing characteristic
is that sufficiently large pores could allow building blocks
throughout the crystal to exchange with solution. A candidate
quantitative threshold for LPCs, therefore, would be any pro-
tein crystal with solvent channels of sufficient diameter to allow
transport of the constituent crystal building blocks - in other
words, LPCs may be defined as protein crystals whose pore
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radius is at least twice the hydrodynamic radius of the constituent
monomer. Precise nanopore sizes within a crystal lead to a sharp
cutoff on transport depending on guest size. Accordingly, biomo-
lecular crystals have been explored as molecular sieves for selec-
tive adsorption and separation of biomolecules.”” The confined
environment within LPCs also provides a unique platform for
enzyme immobilization and colocalization, enhancing catalytic
efficiency and stability.>*>° Specific applications for LPCs that
have been investigated include catalysis, templating of nanostruc-
tures, and targeted therapeutic delivery of bioactive compounds,
all of which will be described in this review. This Feature Article
will provide a broad overview of the current state of LPCs, with
particular focus on their methods of synthesis and specific
applications.

2. Synthesis methods

2.1. Control of size and morphology

Historically, protein crystallization has been most often used
for the specific purpose of generating large, uniform crystals that
are ideal for X-ray diffraction.>' Due to their irregular shape and
complex interactions with each other and the surrounding
solvent, many proteins have a tendency to crystallize into struc-
tures which feature sizable solvent-filled cavities and pores.
Multiple synthesis routes have been described for generating
nanoporous scaffolds from proteins. The most commonly
reported approach involves first growing the crystal using con-
ventional methods, such as sitting- or hanging-drop vapor
diffusion or batch crystallization. Vapor diffusion methods gen-
erally result in larger, fewer crystals, and are more suited towards
generating crystals for X-ray diffraction. One common approach
involves mixing concentrated protein stock with a high-ionic
strength precipitant buffer (e.g. a buffered high-salt solution,
such as sodium chloride or ammonium sulphate). The wells also
contain a reservoir containing the undiluted precipitant
solution. The wells are subsequently sealed, and water molecules
diffuse through the vapor phase between the well solution and
the droplet containing protein. Due to the lower salt concen-
tration within the protein droplet, equilibrium between the
droplet and the well results in a gradual net decrease in volume
in the protein droplet. The resulting gradual increase in protein
and salt concentration occurs slowly enough that nucleation
proceeds very slowly, and metastable growth of crystals can
begin immediately after nucleation (Fig. 2).

Batch crystallization is distinct from vapor diffusion in that
both the protein and precipitant are mixed in a single volume,
without any vapor-phase equilibration. At sufficiently high
protein and precipitant concentrations, nucleation proceeds
very rapidly, resulting in many smaller crystals. This approach
is well-suited for generating a large number of small crystals,
although it requires optimization to avoid issues such as excess
protein aggregation. The “CJ” crystals used by our group, from
a putative polyisoprenoid-binding protein from Campylobacter
Jejuni have been shown to possess very large solvent channels
(>13 nm diameter), via X-ray diffraction’ and atomic force
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Fig. 2 Phase diagram showing the trajectory, over time, of protein and
precipitant concentration for vapour diffusion (blue arrow) and batch
crystallization (red arrow).

microscopy.”> We have frequently relied on batch crystal-

lization to generate large quantities of small porous microcrys-
tals for a variety of applications.

Methods for generating porous protein structures include
growth of complete structures from constituent monomers
(“bottom-up”), or crystal growth followed by disassembly into
sub-structures, such as protein nanotubes or cages. While most of
the systems described in this review conform to a bottom-up
approach, a number of approaches that instead use the crystal
form as a template have been described. For instance, Ueno and
coworkers constructed a supramolecular nanotube assembly, by
mutating a key interface residue (I149C) in RuBisCO from Ther-
mococcus kodakaraensis.>® After growth, the crystals were cross-
linked in an oxidizing buffer for 24 hours; following cross-linking,
the crystals were dissolved into their constituent nanotubes by
soaking in an alkaline solution, and subsequently characterized
via transmission electron microscopy.*® Proposed applications of
such tubular assemblies include templating of nanomaterials, as
confinement within the tube enables size-restricted growth of
inorganic materials like nanorods (a similar approach by the
Ueno group is described in more detail in Section 3.3). Similar
top-down strategies for synthesizing porous protein structures,
specifically protein cages, have been employed by the Care
group®* and Hilvert group.’

Porous proteinaceous materials are not restricted to large
proteins alone. Heinz-Kunert et al. constructed a porous pep-
tide framework from a synthetic peptide building block.*® The
building block consisted of a simple o helix, containing rigid,
planar, and highly aromatic bipyridyl residues extending from
the N- and C-termini; the bipyridyl side chains can participate
in m-stacking with neighbouring peptides, resulting in the
formation of a porous lattice.>® While this system is restricted
to small-length peptides, the resulting scaffold shares the
characteristic tunability of LPCs via amino acid substitutions,
as evidenced by changes in molar uptake of Nile red in

This journal is © The Royal Society of Chemistry 2024
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response to substitutions at the pore-facing residues.®
Similarly, cyclic peptide nanotubes (cPNTs) have received
increasing attention in recent years for a number of applications,
particularly for therapeutic delivery,>®*” owing to their high
biocompatibility and ease of synthesis. Similar to LPCs, cPNTs
can be synthesized with a range of pore sizes,*®° in some cases
as high as 2 pm in diameter.*® Furthermore, a significant
advantage of these systems is the ease with which they can be
incorporated into the lipid bilayer of the plasma membrane.
Any discussion of LPC microcrystal synthesis would not be
complete without consideration for production scale-up.
Furthermore, synthesis of LPC microcrystals is unlike synthesis
of conventional meso- and microporous scaffolds, insofar as it
relies on a biologically derived building block, whereas more
traditional systems, including mesoporous silica particles and
other inorganic and polymer-based systems are traditionally
composed of non-biologically derived substances. Scaled produc-
tion of lysozyme nano- and microcrystals has been described using
an oscillatory flow reactor,”** in which control of size and crystal
abundance is achieved via increased turbulent mixing. More
critically, however, the necessity to express and purify a recombi-
nant protein from a host organism results in a significant increase
in both time and expense, compared with other porous nano- and
microparticle scaffolds. One potential method of overcoming these
obstacles involves overexpressing and crystallizing the scaffold
protein in vivo or in living cells. Abe et al. from the Ueno group
have observed crystallization of polyhedrin in insect cells
(S. frugiperda and B. mori),”’ recapitulating earlier observations by
Mori et al.*® Similar in vivo crystallization approaches have been

Aldehyde crosslinking
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used for generating Cry3 crystals.** More recent work by the Ueno
group describes a cell-free system for generating nanocrystals, by
co-incubating template mRNA with wheat germ extract;*® although
these crystallization reactions were only performed at millilitre
scales, this approach, similar to in vivo crystallization, obviates
the need for downstream purification of the protein.

For most of the downstream applications described in this
article, it is favourable to generate monodisperse crystals of very
small sizes (ideally less than 5 pm in diameter). For this reason,
many methods have been explored for generating nano- and
microcrystals in large batches. Crystal size, as well as crystal-
lization efficiency (defined as the ratio of crystallized protein to
total protein) is influenced most heavily by protein concen-
tration, followed by precipitant concentration, temperature,
pH, and the presence of nucleating agents.*®

The canonical methods for growing protein crystals include
batch crystallization, microdialysis, and sitting- and hanging-drop
vapor diffusion. While vapor diffusion is a preferred method for
growing large crystals, droplet handling is typically impractical for
generating many small crystals. Nevertheless, it can be useful in the
context of studying the behaviour of LPCs at a visible scale. Within
our group, thanks to the conserved nanostructure of both large and
small crystals, we routinely predict the behaviour of smaller porous
microcrystals from X-ray diffraction and fluorescence microscopy of
larger crystals, which are easier to manipulate and observe.'"*"*®

2.2. Enhancing crystal stability

Most crystals derived from biomolecules are susceptible to
dissolution when transferred outside of their mother liquor.
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‘ Tautomerization
HZN\]io
Isomerization "N

—Ejp

HN" S0

Disulfide crosslinking

T
HN (o]
R,
. i
NH, HoN Ry
E/NH
l OMAO
bis
HN o]
§ X
O, N/\/\/\N/ R,
E/NH /
‘/ Protein-mediated crosslinkin

A~ ~_NH,  HO B
SpyCacher Y\SpyTag
o)
=
=5 !

H

Py Y i
‘ Y\ SpyTag

SpyCatcher

\ (0}

N\

(] O
Ho)ké/\SH HSAHJ\OH
NH,

Hp
l Oxidation
(0] (0]
Ho)liv\s—s/\‘)‘\w
2 NH,

Zm

Zm
ag

Fig. 3 An overview of the various reported methods for cross-linking PPCs, or stabilizing guest-crystal interactions, via covalent bonds.
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Therefore, it is often necessary to chemically crosslink the crystals
following growth and washing, to ensure that they retain their
structural integrity following solvent exchange. Some rare protein
crystals, such as crystals derived from the insecticidal, Bacillus
thuringiensis-derived Cry toxins®**° do not require additional
downstream cross-linking. S-layer proteins, which confer struc-
tural rigidity to the outer membrane of certain prokaryotic
species, have also been shown to form highly stable two-
dimensional porous crystals on the surface of living cells.>*>*

Commonly reported methods for stabilizing protein crystals
(Fig. 3) include chemical methods such as formaldehyde,* glu-
taraldehyde,”*>  1-ethyl-3-(3-dimethylaminopropyl)-carbodi-
imide,>®>” and glyoxal.>®*® Oxidation of proximal cysteines to
promote the formation of disulfide bonds within LPCs is
another well-established strategy.®®"®> While sortases®~*> and
SpyCatcher/SpyTag®® have been well studied in the context of
enzyme immobilization and installation of guests within or on
scaffolds, these systems have been less characterized for their
use in stabilizing the scaffold itself.

Solution exchange and downstream handling are potential
challenges when cross-linking LPCs. In an ideal scenario, the
crystals should be stabilized within their mother liquor immedi-
ately following or during growth, as downstream handling and
washing steps and solution exchanges can result in mishandling
and damaging of the crystals. Ultraviolet photocrosslinking is an
alternative strategy for LPC stabilization that remains largely
unexplored. UV excitation of tyrosine-rich proteins in the presence
of strong oxidizers, such as Ru(u) complexes, results in the
formation of reactive radical species which can subsequently
form covalent bonds with neighbouring tyrosines.®” Similar
chemistries are believed to contribute to the mechanical
strength of insect wings®® and fibroin and keratin structures in
Tussah silk.®® Dityrosine crosslinking has been employed for
other structure determination-based methods such as mass
spectrometry’®” and NMR,”> and has seen some use as a
method for stabilizing protein films and nanoparticles.”® At
the same time, it should be noted that radical chemistry can
result in the undesirable formation of free-radical species and
unintended side reactions within the crystal; UV photocrosslink-
ing is a common method for sterilization and inactivating
enzymes in vitro.”* For biochemically inert scaffolds however,
the reduced handling and transfer steps may make UV-induced
crosslinking an attractive strategy for stabilizing LPCs.

2.3. Validation

While this article has described some of the methods for generating
LPCs, as well as stabilizing them outside of their mother liquor, it is
worth noting that the methods for characterizing LPCs themselves
are similarly diverse, and these depend in large part on the nature
of the crystals themselves. Properties of interest include crystal size,
porosity, dimensionality, and tolerance to desiccation. Many of the
methods for studying the morphology and behaviour of LPCs
overlap significantly with established techniques used in materials
engineering, and structural and cell biology.

For small crystals, scanning electron microscopy (SEM) is
often used to validate both the size and correct habit of porous
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microcrystals. For tiny crystals (<1 um diameter), dynamic light
scattering (DLS) is another technique used for size validation
and has the additional benefit of being able to measure the
surface zeta potential. The latter property is critical for ensuring
that crystals are monodisperse in solution. DLS involves measur-
ing the frequency in intensity of incident scattered light off of a
sample over time, in order to build a correlation function that
reveals the overall rate of diffusion of particles in a sample. Size
determination, in turn, relies on the relationship between the
diffusion coefficient (D) and the hydrodynamic radius (Ry) of a
given particle, as described by the Stokes-Einstein equation:”>”®

_ keT
~ 6myRy

Regarding kinetics, crystal formation is commonly hypothe-
sized to proceed in a two-step fashion - nucleation, followed by
metastable growth.”””® Furthermore, the thermodynamics of
crystal nucleation are believed to result in a two-step process —
aggregation into protein-rich clusters, followed by phase transition
into an ordered crystal structure (for this reason, nucleation is
recognized as the rate-limiting step in microcrystal formation). The
free energy associated with homogeneous nucleation (character-
istic of batch crystallization) is dependent on the volume (bulk)
free energy, solvent-accessible (interfacial) free energy, and the
surface tension between the nucleus and surrounding solution.®

Because crystal nucleation is preceded by the formation of
disordered liquid clusters, one of the challenges of using DLS to
monitor crystal growth is its inability to distinguish between
amorphous protein clusters and well-ordered nanocrystals.
Fortunately, because crystalline materials demonstrate much
higher form birefringence than amorphous aggregate, DLS can
be used in combination with depolarized DLS (DDLS) in order
to reliably distinguish nanocrystals from disordered aggregates,
allowing for real-time monitoring of crystal formation.®" The
Chan group has also routinely used SEM and DLS on Cry3Aa
crystals to validate their morphology and size."°

For direct evaluation of crystal porosity, transmission electron
microscopy (TEM) is one of the more commonly reported
methods.®” Our group has used SEM to characterize the size
and shape of LPC microcrystals, and atomic force microscopy
(AFM) to characterize the pore surface of macroscopic crystals
Fig. 4, bottom). Some advantages of AFM over TEM include its
non-destructive nature, ease of sample preparation, and the
ability to monitor guest-crystal interactions in situ.*>*> We have
also recently employed tuneable resistive pulse sensing (TRPS)
for microcrystal batches to obtain size distributions and con-
centrations of microcrystal batches. This platform is increasingly
used for quantifying extracellular vesicles and nanoparticles.®*

3. Functionalization and applications
3.1. Enzyme scaffolds

It has been hypothesized that many enzymes and enzyme
complexes have naturally evolved their scaffolding and active
sites to reduce the distance that substrates need to diffuse

This journal is © The Royal Society of Chemistry 2024
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-23.8 nm

100.0 nm

Fig. 4 Top: "CJ,” an engineered variant of a putative polyisoprenoid binding protein (cj0420) from Campylobacter jejuni, easily crystallizes to form large,
P622 crystals with characteristically large solvent channels. Hypothetical minimal nano-crystal assemblies are shown to illustrate that nanopore diameter
is invariant with respect to crystal size. Scale bar = 100 nm. Bottom: Surfaces of porous CJ crystals can be validated by atomic force microscopy (AFM).
The experimentally observed pore diameter is ~10-14 nm, while the distance between neighbouring pore centres is ~17-18 nm (as measured in ImageJ)

(Scale bar = 0.5 mm (left), 100.0 nm (right)).

through a pathway from one enzyme’s active site to another -
putative examples from nature include a host of dehydro-
genases®>®” as well as more extreme examples like tryptophan
synthase.®’*”% It has been previously argued that for efficient
channelling to occur, the processing rate (that is, the rate at
which the enzyme processes a given substrate within a confined
geometry, defined as k.,N/V, where k., is the catalytic constant
of an enzyme, and N is the number of enzyme molecules
confined to a given volume, V) must exceed the escape rate
(i.e., the frequency at which a substrate diffuses away from the
confined enzyme, or D/r*) for a particular enzyme; this is
ultimately influenced by the catalytic efficiency of the enzyme,
as well as the degree of confinement.”"*> The controlled con-
finement within crystal pores offers a unique platform for
enzyme immobilization and biocatalysis. By harnessing the
ordered structure and tailored pore sizes of LPCs, enzymes
can be selectively encapsulated, resulting in enhanced stability
and catalytic efficiency.”>°* The integration of enzymes within
LPCs not only expands the scope of biocatalytic processes but
also may enable sustainable industrial applications due to
increased reusability.

Kowalski et al. from our group previously characterized
enzymatic activity in CJ crystals.?” CJ crystallizes to form P622
crystals with large pores (~13 nm) along their hexagonal face,
along with smaller flanking pores (~ 3 nm). Because CJ crystals
typically have a hexahistidine tag at the C-terminus, the resulting
tags project into the major pore. As a result, guest proteins which
also have a polyhistidine tag are able to interact with the
histidine tag inside of the crystal via shared metal affinity,”®

This journal is © The Royal Society of Chemistry 2024

resulting in non-covalent “tethering” of the protein guest. In this
study, CJ crystals were grown to large sizes (>0.1 mm) using
sitting-drop vapor diffusion, and subsequently cross-linked
using glyoxal. The resulting scaffolds remained resistant to
dissolution after transferring outside their mother liquor. After
cross-linking, the crystals were soaked in a basic buffer contain-
ing nickel, in order to saturate the histidine tags in the crystal
with nickel ions. Separately, bovine serum albumin (BSA), horse-
radish peroxidase (HRP), and glucose oxidase (GOX) were fluor-
escently labelled. Uptake of HRP was observed via confocal
fluorescence microscopy, and crystal saturation was achieved
after 16 hours. Co-loading of both GOX and HRP within the
same crystal resulted in visible HRP activity throughout the
crystal over a 2-minute period, after adding glucose and a
fluorescent substrate. It was additionally observed that the
crystal could be reused up to at least 5 recycles. These results
demonstrated the feasibility of using protein crystals as a multi-
enzyme scaffold, although this approach remained limited inso-
far as guest loading was non-covalent, and pH and metal
dependent as a result of histidine tag tethering.

Recyclability of the scaffold in an industrial context is
additionally a vital consideration. Heater et al. from the Chan
group previously characterized the use of Cry3Aa crystals as a
catalytic scaffold for the production of biodiesel from waste
cooking 0il.”® Following their investigations of Cry3Aa struc-
tures, which revealed the presence of large pores (~50 A x
50 A), Heater et al. managed to confer lipase activity on crystals
comprised of Cry3Aa-lipase fusion protein; the resulting crys-
tals contained a lipase enzyme fused to the C-terminus of

Chem. Commun., 2024, 60, 5790-5803 | 5795
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Cry3Aa, projecting into the pore space of conventional Cry3Aa
crystals.’® The Cry3Aa-lipase fusion was subsequently screened
(while the crystals were still encapsulated within cells) for
improved activity via directed evolution. Optimized crystals
displayed slightly higher K, values, and greatly reduced k.,
values. When the crystals were purified in vitro, they demon-
strated fatty acid transesterification to fatty acid methyl esters
(FAME) in a variety of harsh solvent conditions and following
prolonged exposure to increased temperatures. The same crys-
tals were capable of an impressive 15 reuse cycles despite
having been centrifuged, washed twice with hexane, and
vacuum-dried between each cycle, with relative percent conver-
sion remaining greater than 77%. The greatly reduced turnover
may be explained as a result of suboptimal orientation of the
immobilized enzyme. Similarly reduced catalytic efficiency was
observed by Kowalski et al. for HRP immobilized within CJ

View Article Online
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crystal pores. It is probable that turnover and substrate binding
are heavily influenced by a variety of factors that are difficult to
control, such as the orientation of the enzyme active site
relative to the crystal pore, as well as possible off-target binding
between the guest enzyme and the pore wall.

An additional factor to consider with any reusable scaffold is
modularity. It is self-evident that modification of a single
platform to be able to accommodate multiple alternative guests
is economically advantageous. Covalent installation of guest
enzymes within a LPC is likewise desirable, as the resulting
irreversible bond is neither pH or redox dependent, allowing
the scaffold to tolerate a wider range of chemistries and
solution conditions.”” Following on their work with Cry3Aa-
lipase crystals, Sun et al. attempted to introduce greater mod-
ularity in the Cry3Aa scaffold by fusing SpyCatcher at the C-
terminus.”® “SpyCatcher” is a 12.3 kDa protein, redesigned

a2 MenF

Fig. 5

(A) Cry3Aa crystals possess solvent channels formed between adjacent unit cells; the resulting crystal pore is large enough to accommodate

guest enzymes displaying SpyTag (rainbow), covalently captured via a SpyCatcher domain (magenta) fused to the C-terminus of Cry3Aa (red).
(B) Synthesis of menaquinol from chorismate is accomplished by the action of multiple enzymes (MenF, MenD, and MenH) in tandem, confined within
the crystal pores (not to scale).
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from the immunoglobulin-like CnaB2 domain from Streptococ-
cus pyogenes, which is capable of reacting with a 13 amino acid
peptide (“SpyTag’”) to form an intermolecular, isopeptide
amide bond;*° second and third generation variants which
exhibit improved second-order rate constants have since been
developed via directed evolution and rational design.'® This
platform has been used in a wide variety of applications,
including enzyme immobilization,'®*"'** recombinant protein
purification,'® and cyclization of protein termini to improve
their stability.'"®>'°® After growing microcrystals from the
fusion protein, guest loading was accomplished by sequentially
soaking in three guest SpyTag002 fusion enzymes involved in
the menaquinone synthesis pathway (MenF, MenD, and MenH)
(Fig. 5), with the lowest molecular weight guests soaked into the
crystal last.”® Relative activity of the guest enzymes within the
crystals was retained at higher temperatures, contrasting with
the enzymes in free solution.’® By introducing SpyCatcher at
the Cry3Aa terminus within the crystals, the Cry3Aa scaffolds
were able to accommodate multiple different guest enzymes in
a modular fashion, thereby enabling the confinement of an
entire metabolic pathway inside a single crystal scaffold.’® The
main limitation of this system is the narrowness of the crystal
pores necessitates sequential guest loading on the basis of
molecular weight/size. Crystals with larger diameter pores
could allow larger domain guests to load without steric occlu-
sion of the solvent channels.

3.2. Therapeutic delivery

Previously well-characterized platforms for therapeutic delivery
of DNA, RNA, proteins, and small molecules include gold
nanoparticles,'” % mesoporous silica particles,"'**** lipo-
somes, **''* and polymer-based scaffolds such as chitosan'
and agarose-based hydrogels.''® While each of these platforms
are traditionally treated as independent frontiers in medical
research, and the methods of synthesis can vary substantially,
there is a considerable degree of overlap in terms of their
experimental and analytical methods. Alongside these existing
platforms, LPCs represent an emerging frontier.

Porous micro- and nanocrystals are particularly amenable to
delivery applications, as larger protein crystals localized to the
bloodstream could result in capillary occlusion.""” Additionally,
morphology and aspect ratio of particles, which can be difficult
to control for certain protein crystals, has been shown to greatly
influence circulation time and organ and tissue localization."*®
As a result, there have been few reported accounts testing
delivery in vivo using LPCs. The Chan lab tested in vivo delivery
of antimicrobial peptides housed in 1 pm-diameter Cry3Aa
crystals in BALB/c mice via intravenous injection, and observed
consistent localization of Cry3Aa crystals to the liver, lungs, and
kidneys, up to 24 hours post-injection.’® A more recent study by
Yang et al. from the same group demonstrated delivery of p53
protein to mammalian cells in vitro using a modified version of
Cry3Aa (dubbed Pos3Aa), which contained multiple lysine sub-
stitutions to increase the surface charge of the crystals. The Cry
protein used to grow these crystals was fused to either mCherry
fluorescent protein, or the p53 tumour-suppressing protein.*°

This journal is © The Royal Society of Chemistry 2024
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An additional justification for these mutations was based on
ample evidence that uptake and endosomal escape are heavily
dependent on the presence of numerous positively charged
residues, such as lysine and arginine.'*°™*** Independent staining
of endosomes and crystals revealed that while cellular uptake
occurred for both versions of Cry3Aa, endosomal escape into the
cytoplasm was only observed for Pos3Aa crystals. Using different
endocytic inhibitors, it was further observed that uptake was not
receptor mediated, but instead occurred via macropinocytosis.'*®
Crystals comprised of Pos3Aa-p53 fusion protein were able to
sensitize mice to chemotherapy treatments, consistent with release
and activity of p53 within the tumour cells. Cells exposed to
crystals containing the mCherry fusion displayed diffuse fluores-
cence throughout the cytoplasm, which the authors had initially
hypothesized may be due to dissolution of the crystals. Unexpect-
edly however, when they attempted to dissolve the crystals in PBS
at physiological temperature and pH, they observed an indepen-
dent band corresponding to the molecular weight of mCherry
alone, rather than the fusion protein, thereby suggesting cleavage
and release of the guest fusion protein; subsequent experiments
indicated that sustained release of mCherry was observed over a
period of three days.'" Although the authors did not speculate as
to the precise mechanism of cleavage, the results of this study
demonstrate that LPCs can be engineered towards stable delivery
of exogenous therapeutic proteins.

Outstanding questions related to the use of new LPCs in
living systems include their potential cytotoxicity, immunogeni-
city, and their compatibility in vasculature, as previously men-
tioned. The question of cytotoxicity arises from both the
potential toxicity of the scaffold protein, as well as the use of
any reactive cross-linkers for stabilizing the crystals following
synthesis. While our group has previously shown that large
crystals grown from CJ do not induce significant cytotoxicity,”®
and Cry protein crystals do not appear to be cytotoxic or
haemolytic,'® parasporins (also derived from Bacillus thurin-
giensis) display clear cytotoxicity against HeLa and HT-29
cancer cells."*® This example emphasizes the importance of
careful evaluation of the potential in vivo effect of each scaffold
protein, as well as consideration of possible carryover of
undesirable bioactive substances (e.g. endotoxins) from the
host organism used to grow the crystals. The second question
as to what extent protein crystals can negatively impact circula-
tion is implicitly addressed in the Chan group studies; intra-
venous injection of mice with ~1 pm diameter crystals did not
result in any apparent ill-effects on the mice.'®**® In addition to
safety, additional work remains related to specific cell targeting
and tissue localization. In most of the described platforms, the
crystals have remained largely unmodified, although it is con-
ceivable that the protein sequence could be modified to display
specific cell-binding motifs. Previous work with liposomes,
dendrimers, and protein nanoparticles has demonstrated that
binding and uptake by specific cell types can be achieved via
decoration of the particle surface with nanobodies which
recognize an epitope unique to a particular cell surface;'*” it
is reasonable to believe that a similar strategy could be
employed for targeting protein microcrystals.
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In addition to delivery of antimicrobials and therapeutic
proteins, cross-linked LPC microcrystals have also been explored
as delivery vehicles for antigens. Previous work by St. Clair et al.
compared the antigen response in rats between soluble human
serum albumin (HSA), and glutaraldehyde-cross-linked HSA
microcrystals (1-5 um in diameter), and observed up to 30-fold
increase in antibody titres for lightly-cross-linked HSA crystals."*®
Similar strategies have more recently shifted towards the use of
protein nanoparticles®'*® or peptide-based assemblies,'*° due to
their relative ease of synthesis.

3.3. Templated fabrication of nanostructures

LPCs can also serve as a valuable template for the fabrication of
inorganic nanoparticles, nanorods, dendrimers, and nano-
wires. Such nanostructures have a potentially broad range of
applications, particularly in biosensing,’*’™*> MRI contrast
agents,"*® and targeted therapeutic delivery systems."*”"*® Tra-
ditional methods for synthesizing nanoparticles, nanorods,
and nanowires occurs in bulk solution, where it can be difficult
to control the size, shape, and stoichiometry of the produced
structures. Through biomimetic mineralization, the ordered pore
structure of the crystal provides a scaffold for the controlled
nucleation and growth of inorganic materials. Depending on the
side chains lining the crystal pores, concentration of metal ions can
occur within the pore space or along the walls of the pores,
supporting subsequent nucleation. For instance, nucleation and
growth of magnetite nanoparticles within bacterial magnetosomes
is believed to be dependent on the presence of multiple acidic
residues in magnetosome-associating proteins.’** Magnetite
nucleation is achieved through a combination of iron binding
within a confined region, and localized iron supersaturation.'*’
Following nucleation within the crystal pores, metastable growth of
larger nanoparticles and nanorods can be initiated by adjusting
metal ion concentration, pH, or other solution conditions. Tem-
plating enables control over the size and composition of the
resulting nanoparticles and facilitates the development of func-
tional nanomaterials, in particular nanoparticles, nanorods, and
nanowires. Within our own group, Kowalski et al. demonstrated
sequestration of gold nanoparticles to the interior of CJ crystals™*"
and subsequent nanorod growth (not published).

Previous methods involving the use of nanoporous protein
scaffolds as templates for nanorod and nanoparticle production
have relied on a diverse range of protein-based scaffolds, including
hen egg white lysozyme (HEWL) crystals,"*>"**>'** bacterial
polyisoprenoid-binding proteins,'*' modified ferritin cages,"**'**
S-layer protein arrays*® and BSA adsorbed to titanium oxide.
Ferritin cages, in particular, continue to be heavily investigated due
to well-established protocols for heterologous expression, purifica-
tion, and in vitro assembly."*®*">> While unmodified ferritin cages
do not contain open-ended pores, they do possess an interior cavity
on a comparable size scale to the porous systems described in this
article (between 7 and 8 nm in diameter). While ferritin cages have
been investigated in the context of delivery,”>>™ they have also
been used to generate CdS,'**"” ZnSe,"*® Pd,"*® and magnetite'®
nanoparticles of well-defined shapes and sizes, for potential use as
MRI contrast agents or therapeutic delivery vectors.
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Two-dimensional, porous arrangements of S-layer proteins,
which are canonically involved in maintaining cell wall integrity in
bacteria and archaea,'®" have received particularly strong focus in
recent decades, following on the early work of Sleytr et al.*®* While
S-layer proteins have been shown to self-assemble,'**'** a more
commonly reported method of synthesis involves cell lysis and
isolation of cell wall components via ultracentrifugation.'®* Cyto-
solic expression and assembly of prokaryotic S-layer protein — GFP
fusion protein has been achieved in yeast;'® instead of forming
sheets, the resulting crystals were rod-like (consistent with prior
observations of in vitro self-assembly S-layer crystals),'®*'%”
although the porosity of the material was nevertheless confirmed
by TEM. S-layer platforms have been used for deposition and
nucleation of FePt nanoparticles from the gas phase,'*® as well as
for controlled placement of ferromagnetic nanoparticles from
solution.’®® In addition to nanoparticles, metal nanorods and
nanowires'’”"”" have also been constructed using similar strate-
gies, typically in combination with chemical vapor deposition.

Similar templating strategies have also been used for gen-
erating biologically-derived nanostructures. A recent approach
by Abe et al. from the Ueno group involves the use of protein
nanotubes formed from Trypanosoma brucei cysteine protease
cathepsin B (TbCatB), a protein which has been shown to
crystallize in vivo in insect cells which have been baculovirus-
infected.'”> The described approach displays many similarities
with their previous work on RuBisCO nanotubes from T. koda-
karaensis,> insofar as it utilizes a tubular protein assembly with
a single channel, rather than a larger crystal containing a large
number of pores. One-dimensional assembly ensures a confined
space for templating of thin cylindrical materials, such as
nanorods, nanowires, or filaments. In this particular context,
the authors used the resulting tubular structures (which resist
dissolving above pH 4) to generate proteinaceous filaments,
stabilized by disulfide bonds between neighbouring cysteine
residues.'”” This strategy could be extended towards the synth-
esis of proteinaceous nanorods and nanoparticles, towards
potential applications in therapeutic delivery and catalysis.

3.4. Structure determination

Beyond the functional applications discussed above, LPCs have
been explored as scaffolds for third-party proteins or other
biomolecules which may otherwise be difficult or impossible
to crystallize. Traditional X-ray diffraction methods are depen-
dent on the molecular uniformity of the target within a crystal,
yet certain molecules remain difficult to crystallize due to
difficulties with expression in prokaryotic hosts, their suscepti-
bility to detergents,'”® and for proteins with hydrophobic
patches, there is the additional concern of poor protein solu-
bility during crystallization screens."”*

Because of these technical challenges, scaffold-assisted
structure determination (SASD) has emerged as a potential
strategy for generating a three-dimensional lattice for arbitrary
proteins or biomolecules, by installing the target molecule
upon a pre-existing crystal scaffold. Sufficiently high occupancy
of the guest molecule throughout the crystal scaffold may result
in resolvability of the guest, assuming a uniform orientation

This journal is © The Royal Society of Chemistry 2024
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and structure of the guest molecule across every unit cell of the
scaffold. This approach was initially proposed by Nadrian See-
man in the 1980s as a DNA-based scaffold which could accom-
modate guest proteins.'”> Huber et al. from our group recently
described a similar approach for resolving a small-molecule
guest within a protein crystal. The scaffold protein was mutated
to include a pore-facing cysteine, which was then conjugated to
a small molecule guest." Similar guest structure determination
strategies have been recently reviewed.'”®

A recent platform in the spirit of this approach was recently
reported by Orun et al. from our group in 2023."77 In this
platform, the porous crystal is a hybrid material consisting of
replication factor E54 (RepE54)"’® and its 21-bp cognate DNA
sequence, and contains protein complexes at the cell vertices.
The resulting crystal scaffold was dubbed co-crystal 1 (CC1)
(Fig. 6). Expansion of CC1 crystals from a single unit cell
proceeds in a ‘“Lincoln log” fashion, wherein two distinct
protein-protein interfaces stabilize the crystal along the z-
axis, while the crystal is further expanded in the xy-plane via
the lengths of DNA running between the vertices; the resulting
scaffolds were stabilized by chemical ligation of the 5’ and 3’
termini of the aligned DNA segments.'”” Critically, this topol-
ogy theoretically allows the modular insertion of nearly any
DNA sequence to support subsequent guest capture.

It should be noted that there are two potential limitations
with this type of hybrid scaffold. The first is the observed
tendency of the crystals to adopt an interpenetrating lattice
which results in a steep reduction in overall porosity, restricting
the number of possible guest molecules. The second limitation
is a consequence of using DNA as a co-crystallizing element. To
stabilize the co-crystals outside of their mother liquor, it is
necessary to ligate the termini of DNA oligomers between the
neighbouring unit cells; because of this, the 5’ and 3’ ends of
the DNA molecules must be properly aligned. Due to the
biophysical constraints of a stable right-handed DNA helix, this
means that the length of DNA between the stacked protein

10 nm

Fig. 6
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vertices must be a multiple of around 10-11 base pairs.
Successfully growing well-diffracting crystal scaffolds becomes
more challenging as greater flexibility in the scaffold is intro-
duced, which can limit diffraction resolution for large DNA
expansion co-crystals. Notably, protein-DNA co-crystals have
many other potential applications beyond structure determina-
tion; for instance, an increase in flexibility and pore size, com-
bined with their inherent biocompatibility, may be useful for a
wide range of biomedical and biomaterials applications such as
hybrid biomaterials, biosensing, and therapeutic delivery.'”*%*

3.5. Emerging and future applications

In addition to the aforementioned applications, LPC scaffolds
have been utilized for a variety of niche applications, the
majority of which are dependent on the unique properties of
the protein itself. For instance, the CJ crystals that our lab
routinely works with are able to rapidly adsorb nucleic acids to
their interior,*>'®* and this property is currently being exploited
by our group across multiple projects.

There is a precedent for the use of recombinant proteins in
textile applications. Spider silk,'®**'®” elastin,'®® resilin,'*'%°
collagen,"®* fibroin,"®*> and keratin'®® are all well-characterized
structural proteins, and have been utilized in textiles in recent
years, most commonly via electrospinning of individual fibres,
or casting and self-assembly in foams and hydrogels. However,
precisely controlled porosity is difficult in such systems. In
pursuit of multifunctional textiles involving attachment of
protein crystal depots, Hartje et al. from our group recently
demonstrated integration of individual lysozyme and CJ crys-
tals on bulk cotton, via chemical cross-linking with dihydra-
zides or dialdehydes, respectively.'** The resulting crystals were
able to adsorb guest sulforhodamine-labeled cytochrome P450
protein, although the activity of guest P450 enzyme was not
tested. Despite repeated laundering of the functionalized fab-
rics, at least 20% of the attached crystals were retained when
chemically cross-linked to fabric.'®* The authors suggest that

10 nm

(A) Isoreticular co-crystals (ICCs) consist predominantly of stacked DNA (light blue) connected via an orthogonal stack of RepE54 protein (magenta).

(B) The co-crystal pores can be expanded while maintaining the same topology via introduction of additional bases in the DNA sequences. To ensure that the
ends of the DNA molecules are correctly oriented for ligation, the length of the DNA is limited to multiples of 10-11 base pairs. Scale bar = 100.0 A = 10 nm.

This journal is © The Royal Society of Chemistry 2024
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crystal retention might be improved via more robust chemical
crosslinking;'** additional strategies could involve in situ crys-
tal growth on the surface of the fabric, which could reduce
downstream handling and transfer of crystals. This approach
may enable additional functionalization of cloth surfaces,
particularly when combined with biosensing crystals or scaf-
folds which interact with specific pathogens.

Yet another novel application of LPCs is as a marker for
mark-release-recapture (MRR) studies. It was previously
demonstrated that CJ crystals were able to adsorb DNA to the
crystal interior,"®® so Stuart et al. from our group synthesized CJ
microcrystals loaded with a synthetic DNA marker; after satur-
ating these microcrystals with DNA, they were deposited in tubs
of stagnant water and allowed to incubate for several days
alongside mosquito larvae.'®> Emerging adult mosquitoes were
subsequently captured and reared in an insectary, whereupon
they were sacrificed, and the original barcode sequence was
recovered from the adult mosquitoes via qPCR-based detection
and next-generation sequencing.'®® This study demonstrates a
novel application of LPCs for marking and detection of mos-
quitoes, which have traditionally relied on fluorescent
powders,'®” paints/dyes, or radioisotopes.'®®

4. Conclusions

This review has described both the synthesis and applications
of several existing LPC platforms, although these represent a
small fraction of the opportunities for this material family. Due
to the inherent structural and functional diversity of proteins,
the number of possible lattice structures and functionality is
limited only by human imagination. The past year alone has
seen extremely rapid advances in machine learning-based
methods,'®”**° and it is increasingly possible to identify
sequences that conform to any desired tertiary structure. In
2023, the Baker group reported designed 3D protein crystals
capable of rapid in vitro self-assembly.>® Additional machine
learning tools, such as AlphaFold, have been used to predict
allosteric and protein-ligand interactions,*' and may be used
to alter the structure and binding affinities of LPCs. With the
advent of reliable protein crystal design, we anticipate rapid
growth in the number of engineered crystals with functional
applications. This emerging family of high-precision biomater-
ials represents a novel frontier for catalysis, therapeutic deliv-
ery, and a host of unexplored applications.
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