Downloaded viaINDIANA UNIV BLOOMINGTON on November 12, 2021 at 18:29:51 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Modular Self-Assembly of Protein Cage
Lattices for Multistep Catalysis

Masaki Uchida,T

Peter E. Prevelige, Jr, Byeongdu Lee,

Klmberly McCoy,T Masafumi Fukutoft§ Lin Yang, Hideyuki Yoshlmura,T 2l
Heini M. Mlettmen, Ben LaFrance,# Dustln P. Patterson,cﬂ
and Trevor Douglas*’{

Benjamin Schwarz,” Jonathan A. Karty,

TDepartment of Chemistry, Indiana University, 800 East Kirkwood Avenue, Bloomington, Indiana 47405, United States

*National Synchrotron Light Source II and SCondensed Matter Physics and Materials Science Department, Brookhaven National

Laboratory, Upton, New York 11973, United States

”Department of Physics, Meiji University, 1-1-1 Higashimita, Tama-ku, Kawasaki 214-8571, Japan

1 Department of Microbiology and Immunology and #*Department of Chemistry and Biochemistry, Montana State University,

Bozeman, Montana 59717, United States

IDepartment of Chemistry and Biochemistry, University of Texas at Tyler, Tyler, Texas 75799, United States

ADepartrnent of Microbiology, University of Alabama at Birmingham, Birmingham, Alabama 35294, United States
l:IX-Ray Science Division, Advanced Photon Source, Argonne National Laboratory, 9700 South Cass Avenue, Argonne, Illinois 60439,

United States

Supporting Information

The assembly of individual molecules into
hierarchical structures is a promising strategy for developing
three-dimensional materials with properties arising from
interaction between the individual building blocks. Virus
capsids are elegant examples of biomolecular nanostruc-
tures, which are themselves hierarchically assembled from a
limited number of protein subunits. Here, we demonstrate
the bio-inspired modular construction of materials with two
levels of hierarchy: the formation of catalytically active
individual virus-like particles (VLPs) through directed self-
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assembly of capsid subunits with enzyme encapsulation, and the assembly of these VLP building blocks into three-
dimensional arrays. The structure of the assembled arrays was successfully altered from an amorphous aggregate to an
ordered structure, with a face-centered cubic lattice, by modifying the exterior surface of the VLP without changing its
overall morphology, to modulate interparticle interactions. The assembly behavior and resultant lattice structure was a
consequence of interparticle interaction between exterior surfaces of individual particles and thus independent of the
enzyme cargos encapsulated within the VLPs. These superlattice materials, composed of two populations of enzyme-
packaged VLP modules, retained the coupled catalytic activity in a two-step reaction for isobutanol synthesis. This study
demonstrates a significant step toward the bottom-up fabrication of functional superlattice materials using a self-assembly
process across multiple length scales and exhibits properties and function that arise from the interaction between individual

building blocks.

virus-like particle, self-assembly, superlattice, hierarchical structure, enzyme encapsulation, nanoreactor, coupled catalysis

here is growing interest in bottom-up approaches for

the fabrication of active, functional materials via

hierarchical self-assembly of nanoscale building block
components.'~” Material scientists increasingly look to nature
for design principles for materials and draw inspiration from the
many examples of complex self-assembled biomolecular
structures formed through multiple levels of hierarchical
organization.'® Bacterial microcompartments, such as the
carboxysome, are one such example in nature. They are cellular
containers, self-assembled from protein subunits, which
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encapsulate a series of enzymes. These containers act as
organelle-like compartments that segregate chemical reactions,

leading to improved catalytic efficiencies.' ">

Viruses, many of
which self-assemble from protein subunits into regular spherical

or rod-like structures, encapsulate and protect their viral
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Figure 1. Schematic illustration of hierarchical self-assembly from protein subunit building blocks to a superlattice of catalytically active virus-
like particles (VLPs). (a) Illustration of directed assembly of a P22 VLP with encapsulated cargo. Scaffolding proteins direct the assembly of
coat proteins into the capsid structure. Cargos are guided toward coencapsulation inside of the VLP via SP fusion. (b) Individual CPs self-
assemble to form a VLP, templated by a SP-cargo fusion protein. The green protein represents a SP fusion protein with KivD, which catalyzes
the conversion of a-ketoisovalerate to isobutyraldehyde, and the purple protein represents a SP fusion protein with AdhA, which catalyzes the
conversion of isobutyraldehyde to isobutanol. (c) VLPs self-assemble into higher ordered superlattice materials, mediated by positively
charged PAMAM dendrimers (blue). The array material, which comprises the two separately encapsulated enzymes, retains catalytic
communication after assembly and performs a two-step reaction to produce isobutanol.

genome and are another quintessential example of hierarchi-
cally self-assembled biomolecular structures. They have been
used as templates for a wide range of nanomaterial synthesis'”
and are versatile platforms for both chemical and genetic
modification. Bio-inspired approaches, which harness the
elegant biomolecules and processes described above, hold the
promise for the construction of functional materials.

The morphogenesis and directed cargo packaging observed
in viruses has been particularly inspiring to material scientists,
who have implemented virus-like particle (VLP) derivatives as
building blocks for modular materials assembly."*~** VLPs self-
assemble from proteins that form the viral capsid in the absence
of the viral genome, leading to noninfective protein cage shells
with hollow interior compartments. VLPs exhibit near perfect
icosahedral symmetry as a consequence of highly ordered
assembly of coat proteins (CPs) forming the capsid. Since
VLPs can be redesigned by genetic and chemical modification
for synthetic cargo encapsulation, a wide variety of functional
VLP nanomaterials have been developed."***~>* The VLP
derived from bacteriophage P22 has proven to be a powerful
platform, as evidenced by its versatilitgr in encapsulation of
cargos including inorganic nanoparticles,””*” polymers,”*** and
proteins.”” The P22 VLP assembles from 420 copies of the CP
and a variable number of scaffolding proteins (SPs) (typically
100—300 copies), which direct the assembly of CPs into an
approximately 56 nm diameter icosahedral capsid (Supporting
Information Figures S1 and $2).>'7** We have previously
shown that the P22 VLP self-assembly can be co-opted to
direct the encapsulation of multiple active enzymatic cargos
through heterologous expression of two gene products (CP and
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truncated SP-cargo fusion) (Figure 1a).”>~*’ The capsid shell is
highly porous to small molecules, allowing diffusion of
substrates and products into and out of the VLPs. Enzyme-
encapsulated VLPs function as nanoreactors, where the
enzymes confined within the nanoscale cavity are protected
from the external environment by the protein shell’”** (Figure
1b). The assembly of the P22 VLP is dependent on the
presence of scaffolding proteins but almost independent of the
nature of the cargo. This convergent assembly of multiple
copies of individual proteins results in the formation of a
homogeneous population of stable nanoparticles and represents
one level of hierarchical assembly.

Further levels of hierarchical assembly, such as the controlled
assembly of the individual VLP modules into bulk materials,
could lead to the fabrication of sophisticated three-dimensional
materials exhibiting properties arising from interaction between
the individual modules. Here, we demonstrate a second level of
hierarchical material construction to form active superlattice
materials through the assembly of two populations of enzyme-
encapsulated P22 VLP nanoreactor modules. In the super-
lattices, the two separately encapsulated enzymes retained their
catalytic communication (i..,, the product of the first reaction is
the substrate for the second enzyme) and together catalyze a
coupled two-step reaction, resulting in the production of
isobutanol (Figure lc). Because the superlattices are bulk
materials, they are readily condensed or recovered via gentle
centrifugation, which leads to simple means to accelerate
catalytic conversion or enable the reuse of the materials.
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Figure 2. Assembly of P22 VLPs mediated by G6 PAMAM dendrimer. (a) Assembly of wtP22 and P22-E2 variant in solution under a range of
ionic strengths (I) was assessed by monitoring light scattering at 800 nm. A rapid increase in optical density was observed upon addition of
G6 PAMAM dendrimer to both wtP22 and P22-E2 under I = 0—247 mM due to the formation of large aggregates. In the case of P22-E2 + G6,
an increase in optical density was observed upon addition of G6 under the same I range as wtP22 + G6. (Inset) Solution of P22-E2 mixed with
G6 in I = 206 mM became turbid (left), whereas when mixed in I = 329 mM remained clear (right). (b) {-Potential of each P22 VLP at pH 7.0

and the threshold ionic strength (Ir) for assembly with G6.

RESULTS AND DISCUSSION

Directed Assembly of P22 VLP Superlattices. We
examined the higher order assembly of individual P22 VLPs
into arrayed materials mediated through electrostatic inter-
actions. Wild-type P22 VLP (wtP22) and a surface-modified
P22 VLP variant were utilized for this study (Supporting
Information section 3). The variant displays a small peptide
repeat on the C-terminus of each P22 subunit, exposed on the
exterior surface of the VLP, and is thus expected to provide
sterically repulsive interactions between the P22 VLPs." The
introduced peptide was net negatively charged (VAALEKE),,
and the VLP construct is referred to as P22-E2.

We investigated the assembly behavior of the VLPs at varying
ionic strengths (I) to modulate the magnitude of the
electrostatic interactions (Supporting Information Table S3).
Initially, wtP22 was mixed with either an amine-terminated
generation 6 PAMAM dendrimer (G6, positively charged) or a
carboxyl-terminated generation 6.5 dendrimer (G6.5, negatively
charged) in buffer solutions (pH 7.0) with a range of ionic
strengths (I). The turbidity measurements shown in Figure 2a
reveal that solutions of wtP22 capsids assembled to larger
aggregates, upon addition of G6 (1000 G6 per VLP), at ionic
strengths up to I = 247 mM, whereas the solutions remained
clear upon addition of G6.5 over the entire range of ionic
strengths tested (Supporting Information Figure S3). This
suggests that the assembly is mediated by -electrostatic
interactions between positively charged G6 and the negatively
charged P22 VLP ({-potential for wtP22 of —30.7 = 2.3 mV;
Figure 2b). This is also consistent with the hierarchical
assembly of other VLPs reported previously.'*™"” We define
the ionic strength above for which assembly does not occur as
the threshold ionic strength (Ir). The {-potential of P22-E2
(—30.4 + 2.8 mV) is almost identical to that of wtP22 and
formed assemblies with G6 up to I = 247 mM, the same as
observed for wtP22. A critical factor that contributes to the
ionic strength threshold is charge screening, described by the
Debye screening length k™', the distance over which electro-
static interactions between particles become attenuated in
solution (Supporting Information section 4). With increasing
ionic strength, Kt decreases, and electrostatic interactions
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between P22 VLPs and G6 become weaker. Above the I,
electrostatic interactions are too weak to mediate the assembly
of particles. It is interesting that the higher order assembly of
P22 VLP/G6 shows a sharp ionic strength dependence, similar
to reported studies of array formation using other virus
capsids.'>'® This very sharp transition is likely due to
multivalent interactions between VLP and dendrimer. When
the interaction between VLP and G6 is initiated, it quickly
propagates the assembly of multiple VLPs and G6 dendrimers.

The hierarchically assembled structures of each P22 VLP
construct with G6 were analyzed by small-angle X-ray
scattering (SAXS) (Figure 3, Supporting Information Figures
$4—S8 and Table S4). The broad peaks observed in the SAXS
data of wtP22-derived samples (Figure 3a) indicate that they do
not possess significant long-range order. The result suggests
that strong electrostatic attraction alone leads to kinetically
trapped amorphous aggregates and might not allow rearrange-
ment of particles within the assembly. In contrast, the samples
constructed with P22-E2 exhibited sharp SAXS peaks when
they were assembled near their I (Figure 3b,c), suggesting that
P22-E2 VLPs assemble into ordered superlattice structures.
This result demonstrates that the structure of the VLP assembly
can be converted from an amorphous aggregate to an ordered
superlattice by tuning interparticle interactions. This is achieved
by genetically modifying the exterior surface of the VLPs to
provide sterically repulsive interactions between the P22 VLPs
and allow the assembly to adopt an energetically more favored
ordered structure. This is consistent with other colloidal
systems, where the combination of repulsive and attractive
interactions allows for particle reorganization and minimizes
kinetically trapped aggregation.”**' At lower ionic strengths,
the SAXS peaks of the P22-E2 are as broad as those observed
for the wtP22 assembly. This indicates that theP22-E2 can form
kinetically trapped amorphous structures when the ionic
strength is far below the I; where the attractive electrostatic
interactions are too strong. The domain sizes of the crystalline
P22-E2+G6 assemblies are estimated to be at least ~400 nm,
much larger than that of the wtP22 and G6 assembly
(Supporting Information section 7). Optical microscopy of
the P22-E2 superlattices revealed the presence of particulates
with sizes in the range of 1—10 ym (Supporting Information
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Figure 3. SAXS analysis of P22 VLP assemblies mediated by G6 PAMAM dendrimers. (a,b) Structure of P22 assemblies formed under various
ionic strengths (I) was investigated by SAXS. SAXS data are plots of structure factor S(q) versus scattering vector q (plots are vertically offset
for clarity). In the case of P22-E2 (b), new peaks attributed to a structure factor of the assembly became more prominent with increasing ionic
strength up to the threshold ionic strength (I;) for each construct. This indicates that the array materials with longer-range order are achieved
near the Iy. Conversely, the structure of the wtP22 assembly (a) shows broad peaks, suggesting some short-range order of wtP22 VLPs in the
assembly; however, no prominent peaks due to long-range order were observed. (c) 2D scattering patterns of individual P22-E2 VLPs and
P22-E2 + G6 assembled at I = 206 mM. (d) Comparison of the experimental scattering profile of P22-E2 + G6 assembled at I = 206 mM
(black) matched with the simulated scattering pattern of an face-centered cubic structure with lattice parameter a = 87.0 nm and a nearest

neighbor distance between VLPs of 61.5 nm (blue).

Figure S9), that is, larger than the estimated average crystalline
domain size, indicating that the prepared VLP arrays are likely
best thought of as polycrystalline materials.

Based on the observed SAXS data and simulated SAXS
profiles, the structure of the superlattice assembly is best
modeled as a face-centered cubic (fcc) structure with lattice
parameter a = 87.0 nm, which corresponds to a nearest
neighbor distance between P22 VLPs of 61.5 nm (Figure 3d
and Supporting Information Figures S7 and S8). Because the
P22 VLP is approximately 56 nm in diameter (Supporting
Information Figure $2)** and G6 is 6.7 nm in diameter, the
nearest neighbor distance of the simulated structures are
reasonable if the G6 dendrimers were positioned between the
VLPs in the assembly. We have measured several different
batches of P22-E2 and G6 assemblies, prepared under the same
conditions (I = 206 mM), and the prominent peaks assigned to
fcc with @ = 87 nm were consistently observed in all samples.
While most of the samples showed a single fcc phase, in some
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samples, the structure could be interpreted as a mixture of a
predominant fcc phase with a minor component of a hexagonal
closed-packed (hcp) phase with a = 61.5 nm and ¢ = 101.1 nm
(see Supporting Information Figure S8). This has precedent in
the assembly of spherical colloids where mixtures of fcc and hcp
lattices are known to form due to the small energy difference
between these phases.””™**

To further confirm the structure of the superlattice,
assembled samples of P22-E2 and G6 prepared at I = 206
mM were imaged by transmission electron microscopy (TEM)
after Pt—Pd shadowing of the sample grid. VLP superlattices
showing both hexagonal close packed and square lattices,
consistent with the {111} and {100} lattice planes of an fcc
structure with a nearest neighbor distance of 62 nm, were
observed (Figure 4a and Supporting Information Figure S10).
We also performed cryo-EM of the sample in vitreous ice, and
the Fourier transform of the superlattice also indicated
hexagonal packing of VLPs with an interparticle distance of
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Figure 4. TEM characterization and structural model of P22-E2 superlattice. (a) Structure of the P22-E2 + G6 superlattice assembled at I =
206 mM was observed by TEM following Pt—Pd shadowing of the sample. An expanded image (bottom right) and an image of VLP
arrangement in the corresponding area (top right) are also presented. (al) Image of the assembly showing hexagonal close packing of P22-E2
VLPs. The fast Fourier transform image (inset) indicates the inter-row spacing of about 54 nm, which corresponds to a nearest neighbor
distance of 62 nm, which matches well with the SAXS data. (a2) Image of the assembly showing a square lattice arrangement of P22-E2 VLPs.
The fast Fourier transform image (inset) indicates the period that corresponds to the center-to-center distance between the nearest neighbor
VLPs is about 61 nm. The blue-line square in the top right illustration corresponds to a unit cell on the {100} face. (b) Structural model of an
fcc unit cell, consisting of 14 icosahedrons. The yellow spheres associated with each face of the icosahedron represent the dendrimer
molecules. Because a sphere at each lattice point in an fcc structure is surrounded by 12 nearest neighbor spheres and eight tetrahedral
coordination sites, 12 faces of an icosahedron are in close proximity to the nearest neighbors and the other 8 faces are exposed to tetrahedral
coordination sites. (c) Structural model of the tetrahedral coordination site in the fcc lattice. Here, 12 dendrimers on each icosahedron, which
bridge to the 12 nearest neighbor icosahedra, are shown in blue. The other eight dendrimers are shown in yellow. These eight dendrimers are
located at the tetrahedral coordination sites in the fcc lattice.

63 nm (Supporting Information Figure S11). Importantly, the role in bridging may be located at the tetrahedral sites of the fcc
TEM and cryo-EM observations agree well with the results (Wyckoff position 8c) (Figure 4c). When too many G6 are
from the SAXS measurements, which were performed in situ bound to a VLP, steric repulsion between G6 dendrimers at this
where the assembled sample was dispersed in solution. site may prevent fcc packing of VLPs and result in a disordered
Therefore, the ordered lattice structures observed by TEM amorphous assembly. In fact, the P22-E2 assembly prepared at I
(Figure 4a and Supporting Information Figure S10) are = 41.1 mM, which shows an amorphous structure, incorporates

unlikely to be a consequence of artifacts due to drying during
TEM grid preparation. Together, the results from SAXS, TEM,
and cryo-EM suggest that the structure of the ordered VLP
superlattice corresponds to an fcc lattice with a lattice constant
a = 87 nm.

The amount of G6 dendrimer incorporated into the
superlattice of P22-E2 with G6 (prepared at I = 206 mM)
was analyzed, and approximately 20 G6 per P22-E2 VLP were
found, using two independent analytical methods (Supporting
Information section 9). Additionally, dynamic light scattering
measurements of the assembly of P22-E2 VLP, with various ¢ RO ) ) )
ratios of G6, suggest that about 20—30 G6 dendrimers per VLP consecutive two-steP reaction in which a;ketmsovalerate is
are needed to induce the higher order assembly (Supporting ﬁrst converted to 12;)4b6utyre.11dehyde by' KivD and then to
Information Figure S14). These results were consistent and isobutanol by AdhA™™ (Figure Sa). KivD and AdhA were
suggest that there is approximately one G6 dendrimer per encapsulated in P22-E2 VLPs separately as fusions to the SP
triangular face of the icosahedral VLP (Figure 4b). We propose (referred to as P22-E2-KivD and P22-E2-AdhA). The P22-E2-
a model where icosahedral particles are packed into an fcc KivD and P22-E2-AdhA form capsids with morphologies

twice as many G6 dendrimers as the ordered superlattice P22-
E2 assembly (Supporting Information Table S5), likely due to
stronger electrostatic interactions as a consequence of lower
ionic strength conditions.

Catalytic Activity of Enzyme-Encapsulated VLP Super-
lattices. We examined the functionality of the P22 VLP
superlattices with an incorporated catalytic reaction network
comprising two different enzymes encapsulated within the P22
VLPs: ketoisovalerate decarboxylase (KivD) and alcohol
dehydrogenase A (AdhA). These enzymes perform a

lattice, and their 12 vertices are located near the face centers of indistinguishable from empty P22-E2 capsids (Supporting
their neighbors. The 12 G6 dendrimers can potentially bridge Information Figure S15). Both KivD and AdhA encapsulated
each vertex to one neighboring face of each nearest neighbor inside of the capsid maintain their catalytic activity (Supporting

P22 VLP (Figure 4c). The 8 G6 dendrimers that do not play a Information Figure S16).
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Figure S. Catalytic activity of co-assembled array composed of P22-E2-KivD and P22-E2-AdhA and corresponding non-assembled mixture. (a)
Reaction scheme of the sequential conversion of a-ketoisovalerate to isobutyraldehyde by ketoisovalerate decarboxylase (KivD) followed by
the reduction of isobutyraldehyde to isobutanol by alcohol dehydrogenase A (AdhA) with the concomitant oxidation of NADH. (b,c) Progress
of the two-step reaction catalyzed by the mixture of free nanoreactors, co-assembled nanoreactor superlattices, or condensed superlattices was
monitored with gas chromatography—mass spectrometry (GC-MS) (production of isobutyraldehyde and isobutanol) and UV-—vis
spectroscopy (conversion of NADH to NAD"). Catalytic activity of the co-assembled superlattices and the condensed material, in which the
superlattice was resuspended in one-tenth of initial buffer volume, was compared with mixture of free P22-E2-KivD and P22-E2-AdhA under
the same amounts of enzyme and substrate. The net conversion profiles were similar between the free nanoreactors and the noncondensed
superlattices (b), whereas the conversion was significantly accelerated in the condensed superlattice sample (c). The dotted line in the NADH
depletion and isobutanol production indicates 100% conversion of supplied substrate to the final product.

The ionic strength dependence of the G6 mediated assembly
of enzyme encapsulated P22-E2 VLPs was the same as that of
P22-E2 without enzyme cargos (Supporting Information Figure
S$17). Confocal microscopy observations of the VLP lattices co-
assembled from P22-E2-KivD and P22-E2-AdhA revealed that
the two types of VLPs are homogeneously distributed over the
bulk (Supporting Information Figure S18). Furthermore, G6-
mediated assembly of either P22-E2-KivD or P22-E2-AdhA
individually as well as mixtures of P22-E2-KivD and P22-E2-
AdhA were analyzed by SAXS (Supporting Information Figure
S19). These samples showed the same fcc structure regardless
of the presence or absence of cargo enzymes inside the P22-E2
VLP when they were assembled at ionic strengths near Ir.
These data indicate that higher order assembly of P22 VLPs is
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independent of cargo proteins encapsulated inside the VLP.
This is most likely because the cargo is partitioned away from
exterior surface of the VLP by the capsid shell, and higher order
assembly is a consequence of interparticle interactions
(electrostatic and steric) between the exterior surfaces of the
VLPs and the G6 dendrimer. Because higher order assembly
with a random distribution of VLPs is possible regardless of the
interior cargos, this modular assembly approach could be
applied to a wide range of functional VLPs. Based on the
molecular weight measurements of the VLPs using MALS
(Supporting Information section 11) and the structural
information on the superlattices from SAXS, the maximum
enzyme concentration within the superlattices is estimated to
be ~100 mg/cm® (Supporting Information section 13), which
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is significantly higher that the enzyme concentration in the free
P22 VLP solution (~0.3 mg/cm?®) from which the superlattices
were formed.

Superlattices, composed of two populations of VLP nano-
reactor modules, retain their individual and coupled activities
resulting in production of isobutanol via a two-step reaction.
The co-assembled nanoreactor superlattices and mixtures of
free nanoreactors followed similar patterns of isobutyraldehyde
(intermediate) buildup, NADH depletion, and production of
isobutanol (Figure Sb and Supporting Information Figures
S21ab and $22), indicating that the superlattices retain
comparable catalytic activity to the free VLPs despite the fact
that they are bulk materials in which enzymes are immobilized.
The use of enzymes as synthetic biocatalysts often requires
their immobilization on a support material as a means to
separate enzymes from substrates and products thus facilitating
their recovery and reuse.”’ However, immobilization of
enzymes into bulk materials often results in significant loss of
activity and mitigating the loss is a critical challenge in
’biotechnology,48 which is exacerbated for multienzyme
systems.” The retained activity of enzymes in nanoreactor
superlattices is likely due to the nature of the hierarchically
assembled structure of the material. Individual enzymes are
confined inside the VLP and are protected from the external
environment.””*® Additionally, the P22 VLPs have 2—3 nm
pores between CP subunits (full length SPs can escape from
intact P22 VLPs”’), hence diffusion of small molecule
substrates across the capsid shell are not hindered. Molecular
diffusion through the lattice also does not appear to be a rate-
limiting step in the overall reaction.

The overall coupled catalytic conversion could be readily
accelerated by taking advantage of the properties of the
superlattice material as a condensed phase, which allows it to
settle over time (or be pelleted via gentle centrifugation) into a
highly condensed material (Supporting Information Figure
§20). The co-assembled superlattices were condensed to one-
tenth of the initial volume via gentle centrifugation followed by
removal of supernatant. Addition of the same amount (3200
nmol) of substrate (a-ketoisovalerate) to the condensed and
noncondensed nanoreactor superlattices demonstrated that the
condensed sample processed the two-step reaction significantly
faster because of the higher substrate and catalyst concentration
(Figure Sc and Supporting Information Figure S21c). Achieving
comparable enzyme concentrations using the free nanoreactors
(or the free enzymes) would require significant effort to recover
and concentrate the catalyst and could be beyond the solubility
limit of some enzymes. This ease of handling of the
nanoreactor superlattices also allows for the catalyst material
to be easily recovered and recycled. We measured catalytic
activity of the superlattice three times after their isolation from
the product by gentle centrifugation followed by resuspension
and incubation with new substrate. These reusability studies
indicate the activity was maintained over multiple catalytic
cycles (Supporting Information Figure $23) and highlight the
utility of using the enzyme encapsulated VLP superlattices for
catalytic transformations.

CONCLUSION

The construction of ordered three-dimensional lattices from
nanosize building blocks has been studied over the past decade
and a range of ordered structures have been realized. ™
However, it is still challenging to design and fabricate functional
superlattices with properties arising from the interaction
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between individual building blocks. Here, VLP-based nano-
reactor superlattices that perform a coupled two-step reaction
for isobutanol synthesis were successfully developed. This study
demonstrates a significant step toward the bottom-up
fabrication of functional superlattice materials using self-
assembly processes across multiple length scales, which exhibit
properties and function that arise from the interaction between
individual building blocks. The interactions that govern the
assembly of VLPs into higher order structures depend on the
exterior surface of the VLPs and are independent of cargo
molecules encapsulated on the VLP interior. A large diversity of
functional cargo molecules have been encapsulated inside of
VLPs via this self-assembly processes,'>** 2028303573951 44
thus the approach to construct higher order assemblies
presented here could be widely applicable not only in catalysis
but also for the design of a wide range of functional materials.

METHODS

General. All water was deionized using a Milli-Q Advantage A10
water purification system (EMD Millipore). DNA modifying enzymes
were purchased from New England Biolabs (Ipswich, MA) and
Promega (Madison, WI). DNA primers were purchased from Eurofins
MWG Operon (Huntsville, AL) and Integrated DNA Technologies
(Coralville, TA). E. coli BL21(DE3) strain and XL1 strain were
purchased from Novagen (Billerica, MA) and Agilent Technologies
(Santa Clara, CA), respectively. L. lactis subsp. lactis DNA was
purchased from ATCC (Manassas, VA). QIAquick gel extraction kit
and QIAprep Spin Miniprep kit were purchased from Qiagen
(Valencia, CA). DNase, RNase, lysozyme, thiamine pyrophosphate
(TPP), a-ketoisovalerate, alcohol dehydrogenase, and PAMAM
dendrimers were purchased from Sigma-Aldrich (St. Louis, MO). All
other chemical reagents were purchased from Fisher Scientific
(Pittsburgh, PA). DNA sequences of the proteins used in this study
are summarized in the Supporting Information section 1.

Genetic Engineering of P22 VLP Mutant. A truncated form of
P22 scaffolding protein (amino acids 142 to 303, hereafter referred to
as SPy,,) and P22 coat protein (CP) were cloned into the first and the
second multi cloning sites of the pRSFDuet-1 vector (Novagen),
respectively. Two repeats of a net negatively charged peptide with
sequence VAALEKE (E2 peptide) was introduced at the C-terminus
of the CP (hereafter referred to as CP-E2). Because the P22 VLP is
constituted with 420 copies of CP and the C-terminus of CP is known
to be exposed to the exterior of the capsid,*® 420 copies of the E2
peptide is displayed on the outside of the P22 VLP for the mutant.
The P22 VLPs with the E2 peptide is referred to as P22-E2. The
amino acids sequences of CP and CP-E2 are shown in Supporting
Information Table SI.

Expression of wtP22 and P22-E2 (without Enzymes). Each
pRSFDuet-1 vector containing either wtCP or CP-E2 and SP genes
was transformed into BL21 (DE3) E. coli strain. The cells were seeded
on an LB-agarose plate supplemented with 30 pg/mL of kanamycin,
and the plate was incubated at 37 °C overnight for screening. A colony
of each vector was picked and grown in LB medium at 37 °C in the
presence of 30 pg/mL kanamycin to maintain selection pressure.
Expression of the proteins was induced by isopropyl p-p-
thiogalactopyranoside (IPTG) to a final concentration of 0.3 mM
when o.d. at 600 nm of the culture medium reached 0.6 au, and the
medium was continuously cultured for 4 h. After the incubation, cells
were harvested by centrifugation and cell pellets were stored at —80
°C until subjected to purification of the protein.

Engineering of KivD-SP;4; and AdhA-SP,;;. The genes for
ketoisovalerate decarboxylase (KivD)"> and alcohol dehydrogenase A
(AdhA)** were amplified from L. lactis subsp. lactis genomic DNA.
Primers used to amplify and clone genes are listed in Supporting
Information Table S2. Many variants of a-keto acid decarboxylases
with similar gene sequences have been isolated from different
subspecies of L. lactis. Some of these are reported as indole-3-pyruvate
decarboxylase (I3PD) based on an automated computational analysis
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using gene prediction methods. However, biochemical characterization
of an a-keto acid decarboxylase (NCBI Accession# CAG34226),
which has 99% amino acid identity with the KivD cloned for this study,
revealed that the enzyme exhibited over 1000 times higher
decarboxylation activity toward a-ketoisovalerate than indole-3-
pyruvate.”” Therefore, we denote the enzyme we have cloned as
KivD rather than I3PD.

It has been shown that a truncated version of SP, maintaining the C-
terminal, CP binding region, is sufficient to promote VLP
assembly.*»** We have demonstrated that genetic fusion of a cargo
protein of interest to the truncated SP results in directed encapsulation
of the cargo in the VLP.>*"** Therefore, each enzyme was genetically
fused to the N-terminus of the truncated SP (SP,,,) spaced by a nine
amino acid linker (GSLVPRGSC). Restriction sites Ncol, BamHI and
Sacl were added upstream and downstream (upstream of SP,;) of
each cargo gene, and after the stop codon, respectively. Each cargo-
SPy,, was inserted into a pBAD vector containing an ampicillin
resistance gene. Bacterial colonies resulting from transformation of the
ligation were screened by colony PCR, restriction enzyme digestion
and the DNA from all positive colonies was sequenced for complete
verification.

Expression of Enzyme-Encapsulated P22-E2. The enzymes
KivD and AdhA, which carry out a two-step cascade reaction (Figure
Sa), were separately encapsulated in the P22-E2 capsid (hereafter
referred to as P22-E2-KivD and P22-E2-AdhA, respectively). A
combination of the two vectors, pRSFDuet-1 (containing a gene for
kanamycin resistance) with CP-E2 (but no SP) and either pBAD
(containing a gene for ampicillin resistance) with KivD-SP,4; or pBAD
with AdhA-SP,,; were co-transformed into BL21 (DE3) E. coli cells.
The cells were plated on an LB-agarose plate supplemented with 50
pug/mL of ampicillin and 30 pg/mL of kanamycin to select for E. coli
colonies with both vectors, and the plate was incubated at 37 °C
overnight. One colony from each plate was picked and grown in LB
medium at 37 °C in the presence of ampicillin and kanamycin to
maintain selection for both plasmids. Expression of enzyme-SP,; was
induced by the addition of L-arabinose to a final concentration of 13.3
mM once the cells reached mid log phase (o0.d.gy = 0.6). After
enzyme-SP,,; was expresses for 4 h, expression of the CP-E2 was
induced with IPTG to a final concentration of 0.3 mM for 2 additional
hours. Cells were harvested by centrifugation, and cell pellets were
stored at —80 °C.

Purification of P22 VLPs. P22 VLPs used in this study were
purified by the following procedure, which was a minor modification of
previously described method.”**** Cell pellets were resuspended in
phosphate buffer (sodium phosphate S0 mM, sodium chloride 100
mM pH 7.0, hereafter referred to as standard phosphate buffer), and
lysozyme, DNase, and RNase were added to final concentrations of 50,
60, and 100 pg/mL, respectively. For the P22-E2-KivD construct, 5
mM MgCl, and 2.5 mM TPP were also supplemented to the
suspension, as they are necessary cofactors. The cell suspensions were
incubated at room temperature with gentle shaking for 30 min and
lysed by sonication for 3 min at 50% amplitude on ice. The sonication
process was repeated three times. Cell debris was removed by
centrifugation at 12000g for 45 min at 4 °C and then passed through a
0.45 pum filter. Samples were purified by ultracentrifugation over a 35%
(w/v) sucrose cushion at 45000 rpm (FSOL-8x39 rotor, Piramoon
Technologies) for SO min. The resulting viral pellets were resuspended
in the standard phosphate buffer and further purified over a Sephacryl
S-500 HR size exclusion column (SEC: GE Healthcare Life Sciences)
using fast protein liquid chromatography (BioLogic DuoFlow, Bio-
Rad, Hercules, CA). The flow rate for SEC purification was 1 mL/min
of phosphate buffer. Fractions containing P22 VLP were concentrated
by ultracentrifugation at 45000 rpm (FSOL-8x39 rotor) for S0 min, and
the resulting pellets were resuspended in an adequate volume of
phosphate buffer.

Characterization of P22 VLPs. The molecular weights of P22
VLPs were measured by multiangle light scattering (MALS: DAWNS",
Wryatt Technology, Santa Barbara, CA) equipped with a He—Ne laser
source, quasi-elastic light scattering detector, and refractive index (RI)
detector (Optilab T-rEX, Wyatt Technology). Samples were separated
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over a WTC-200S5 (Wyatt Technologies) size exclusion column
utilizing an Agilent 1200 HPLC to apply and maintain a 0.7 mL/min
flow rate of phosphate buffer at pH 7.2 containing 50 mM sodium
phosphate, 100 mM sodium chloride, and 200 ppm sodium azide.
Samples of 25 uL were injected onto the column, and total run time
was 30 min. The number-average molecular weight, M,, was calculated
with Astra software version 6.0.3.16 (Wyatt Technology). A refractive
index increment (dn/dc) of protein (0.185) was used to calculate the
molecular weight of all samples. Hydrodynamic diameters of P22 VLPs
were measured by dynamic light scattering (Zetasizer Nano ZS,
Malvern Instruments, Worcestershire, UK). The {-potentials of P22
VLPs in buffer solution (sodium phosphate 10 mM, sodium chloride
20 mM, pH 7.0) were measured using Zetasizer Nano ZS (Malvern
Instruments). The Smoluchowski approximation was used to convert
the electrophoretic mobility to zeta potential.

Protein concentration was determined by UV absorption of
guanidine hydrochloride denatured samples measured at 280 nm.
Absorbance values were divided by calculated molar extinction
coefficients using the ExPASy ProtParam tool (Swiss Institute of
Bioinformatics) yielding values of &, = 44 920 M~ cm™" for CP and
CP-E2, £55 = 12090 M™! cm™ for SPy;, £550 = 57 425 M~ cm™ for
KivD-SPy4;, and €549 = 41995 M~ cm™! for AdhA-SP,,;. The ratio of
enzyme-SP fusion protein to CP was determined from molecular
weight data ascertained from MALS as described previously.”> The
molecular weight of 420 CP-E2 (20.28 MDa) was subtracted from the
average molecular weight of either P22-E2-KivD (30.41 MDa) or P22-
E2-AdhA (33.20 MDa) obtained by SEC-MALS analysis to determine
the average mass of total enzyme-SP,,; encapsulated in P22. These
values were divided by the molecular weight of the enzyme-SP,,
(79693.8 and 54685.7 Da for KivD-SPy,; and AdhA-SP,,,,
respectively) to obtain the number of enzyme subunits packaged per
capsid. The analysis revealed that 127.1 + 1.4 KivD and 236.2 + 1.3
AdhA are encapsulated per P22-E2 on average (Supporting
Information Table S6). This number was further used in kinetic
assays to determine proper ratios of the two enzymes.

Preparation and Monitoring of P22 VLP Assembly Mediated
by Dendrimer. P22 VLP was buffer exchanged to various ionic
strength buffers as summarized in Supporting Information Table S3.
PAMAM dendrimer G6 or G6.5 in methanol (as purchased) was
diluted with the same buffer solution at a ratio of 1:4 (v/v). Typically,
150 uL of P22 VLP (50 nM) was placed in an Eppendorf tube
followed by addition of the PAMAM dendrimer solution at a defined
ratio of 1000 dendrimer/P22 VLP. Optical density of the samples at
800 nm was measured (UV—vis; Agilent 8453) 30 min after the
addition of the dendrimer. In Figures 2a and S17, the data were
normalized to the highest optical density of each P22 VLP mutant data
set.

Small-Angle X-ray Scattering Measurement. SAXS experi-
ments were conducted at the X9 beamline at the National Synchrotron
Light Source (NSLS) and the 12ID-B beamline at the Advanced
Photon Source (APS). All the samples were measured in the buffer
solutions as prepared. The measurements were carried out at 13.5 keV
(X9) or at 14 keV (12ID-B), and the scattering data were collected
with a Pilatus 1 M detector at the X9 and a Pilatus 2 M detector at the
12ID-B. Scattering angle was calibrated using silver behenate as a
standard. One-dimensional scattering profiles were obtained by
averaging two-dimensional scattering patterns. The data were
represented as scattering intensity as a function of scattering vector g:

4
= —sin@
q sin

where @ is half of the scattering angle 26 and 4 is the X-ray wavelength
used for the measurements.

Transmission Electron Microscopy. All samples for TEM were
diluted 10 times with water prior to the observation. Samples of
individual P22 VLPs (5 uL, 0.1 mg/mL protein) were applied to
Formvar-coated copper grids and incubated for 30 s, and excess liquid
was blotted with filter paper. Grids were then stained with S uL of
2.0% uranyl acetate, and excess stain was wicked away with filter paper.
Images were taken on a JEM 1010 transmission electron microscope
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(JEOL Ltd., Akishima, Japan) at an accelerating voltage of 80 kV.
Hierarchical assemblies of P22-E2 and G6 dendrimer were imaged by
placing 4 L of solution onto an electron microscope grid with carbon
support film, and excess liquid was blotted with filter paper. Platinum—
palladium wire was evaporated at an angle of 40° over the grid for
shadowing, and specimens were examined by JEM 1010 at an
acceleration voltage of 80 kV.

Samples for cryo-electron microscopy (cryo-EM) of the assembly of
P22-E2 and G6 were embedded in a thin layer of vitreous ice on holey
carbon grids with 2 um holes (C-flat holey carbon grid, Electron
Microscopy Sciences, Hatfield, PA) and plunge-frozen using a Vitrobot
(FEL Hillsboro, OR). The cryo-EM data were collected on a JEM
3200FS (JEOL Ltd.) with the cryo-transfer holder model 626 (Gatan
Inc., Pleasonton, CA) at liquid nitrogen temperature. Zero loss images,
through a 30 eV energy filter, were recorded on a CCD camera
(UltraScan4000, Gatan Inc.).

Quantification of G6/P22-E2 Ratio in the Superlattice. The
amount of G6 dendrimers incorporated in the superlattice per P22-E2
VLP was quantified by two different approaches: SAXS and
quantitative amino acid analysis (AAA). For SAXS, the assembly of
P22-E2 and G6 dendrimer prepared in phosphate buffer (I =206 mM)
was pelleted down in a table-top centrifuge (21100g) followed by
resuspension in buffer twice to remove excess free dendrimer and P22-
E2. The second resuspension was done in a high salt buffer at I = 329
mM (80 mM sodium phosphate, 160 mM sodium chloride, pH 7.0).
Under the high salt condition, the sample disassembles into the
individual components P22-E2 and G6. The SAXS profile of the
disassembled sample was fit with a combination of separately
measured P22-E2 and G6 experimental SAXS profiles to determine
the ratio of G6/P22-E2 VLP in the superlattice (Supporting
Information Figure S12). For AAA, the assembled samples (prepared
at I =206 mM and I = 41.1 mM) were washed as described above and
then disassembled into a high salt buffer (80 mM sodium phosphate,
160 mM sodium chloride, pH7.0). These samples were acid
hydrolyzed at 145 °C for 2 h, followed by derivatization of amino
acids with a fluorescence tag (AccQ-Fluor reagent kit, Waters, Milford,
MA), and then analyzed with HPLC to quantify each component. The
elution peak attributed to the dendrimer was observed directly after
the phenylalanine peak. The concentrations of G6 in the samples were
determined in comparison with a standard curve (Supporting
Information Figure S13). P22 VLP concentrations were also quantified
through amino acid analysis and the ratio of G6/P22 VLP was
determined (Supporting Information Table SS).

Confocal Fluorescence Microscopy. P22-E2-KivD and P22-E2-
AdhA were labeled with DyLight 40S maleimide (Thermo Fisher
Scientific, Waltham, MA, USA) and Texas Red C, maleimide (Thermo
Fisher Scientific), respectively. The CP of P22 does not possess
reactive cysteines,” whereas SP-KivD and SP-AdhA have two and 10
cysteine residues, respectively; hence the dyes were conjugated with
the SP-enzyme fusion proteins encapsulated inside of VLPs. For P22-
E2-KivD, the VLP was treated with 1 mM DTT at room temperature
for 4 h prior to the labeling with DyLight 40S. P22-E2-KivD in
standard phosphate buffer (I = 206 mM) was reacted with the dye at a
concentration of 4 molar equiv per SP-KivD subunit at room
temperature for 4 h. Unreacted free dye was removed using Micro Bio-
Spin Columns P-30 (Bio-Rad). Purified P22-E2-KivD was measured
with UV—vis spectroscopy and confirmed that approximately one dye
was conjugated per SP-KivD subunit. For P22-E2-AdhA, the VLP was
mixed with a 0.25 molar equiv of Texas Red dye per SP-AdhA and
reacted at room temperature for 4 h. After purification, using Micro
Bio-Spin Columns P-30, nearly all dye (i.e, 0.25 dye per subunit) was
confirmed to be attached. The fluorescently labeled P22-E2-KivD and
P22-E2-AdhA were mixed at a 1:1 molar ratio followed by G6
dendrimer addition to form higher order assemblies as described
above. Fluorescence images of assembled VLPs were acquired using a
Leica TCS SP8 confocal scanning microscope and Leica LAS-X
software. Images were modified only in terms of brightness and
contrast.

Enzyme Activity Assay of Individual P22 VLPs. Turnover rates
for P22-E2-AdhA in standard phosphate buffer (I = 206 mM) were
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monitored in a range of isobutyraldehyde concentrations (1—90 mM).
Activity was monitored by recording the decrease in absorbance at 340
nm, indicative of conversion of NADH to NAD'. P22-E2-KivD
turnover rate was measured in standard phosphate buffer in a range of
a-ketoisovalerate concentrations (2.5—70 mM) with excess commer-
cially available alcohol dehydrogenase, which acted as a reporter
enzyme. All KivD activity measurements were done in the presence of
2.5 mM TPP. Activity was monitored by recording the decrease in
absorbance at 340 nm (NADH consumption), as well as the decrease
at 314 nm, indicative of the conversion of a-ketoisovalerate to
isobutyraldehyde. Extinction coefficients were experimentally deter-
mined for NADH and a-ketoisovalerate at 340 nm to be 5.73 and 1.59
x 107> mM™ cm™, respectively, and at 314 nm to be 3.57 and 3.0 X
1072 mM™! em™, respectively. Initial turnover rates were analyzed for
each substrate concentration at 314 and 340 nm and then compared to
verify precision of the assay. Kinetic parameters of the enzyme-
encapsulated P22 VLPs were measured on an Agilent 8453 UV—vis
spectrophotometer with an 8 position multicell transport. All assays
were conducted with a final assay volume of 100 uL at room
temperature and performed in triplicate. NADH was added to each
reaction so that final absorbance at 340 nm = 1.6—2.0. NADH thermal
degradation was monitored for 100—200 s, and then 1 yL of enzyme
was thoroughly mixed in the solution. Initial rates were applied to a
Michaelis—Menten fit (Igor Pro 6.37) after subtraction of non-
enzymatic activity to determine k., and Ky of each type of P22-
enzyme VLP (Supporting Information Figure S16).

Pathway Activity of Nanoreactor Superlattices and Free P22
Nanoreactors. Experimentally derived k., values of P22-E2-KivD
and P22-E2-AdhA were used to determine molar ratios of enzymes
such that their maximum potential rates (V,,,,,) were at a 1:1 ratio; that
is, k. of P22-E2-KivD is 3.5 times higher than that of P22-E2-AdhA
(Supporting Information Figure S$16); hence, samples were mixed at a
1:3.5 KivD/AdhA molar ratio in standard phosphate buffer (50 mM
sodium phosphate, 100 mM sodium chloride, pH 7.0). The G6
dendrimer in methanol (as purchased) was diluted with standard
phosphate buffer at a ratio of 1:4 (v/v), and 585 uL of the P22 VLP
solution was mixed with 215 yL of G6 solution to co-assemble P22-
E2-KivD and P22-E2-AdhA nanoreactors into the superlattices. As a
control, the same volume of the P22 VLP solution was mixed with
standard phosphate buffer with 20% v/v methanol (such that the final
methanol concentrations matched the quantity in the superlattice
samples). The samples that do not contain G6 dendrimer are referred
to as free nanoreactors. The co-assembled superlattices were
condensed to one-tenth of their original volume. Eight hundred
microliters of superlattice solution was allowed to settle or centrifuged
at 5000g for 3 min to gently pellet the superlattices, then 720 uL of
supernatant was removed to reduce the buffer volume to 10%, and the
pellet was gently resuspended in buffer.

The coupled activities of nanoreactor superlattices in the condensed
phase, noncondensed condition and free nanoreactors were
investigated using exactly the same amount of substrate and enzymes.
For condensed phase, the two-step reaction was conducted in a 400
uL solution, which contained 80 yL of condensed suspension of
superlattice, 3200 nmol (8 mM) of a-ketoisovalerate, 3200 nmol (8
mM) of NADH, and 1000 nmol (2.5 mM) of TPP. Stock solutions of
160 mM a-ketoisovalerate, 60 mM NADH, and 100 mM TPP were
prepared with water and mixed to phosphate buffer to achieve the final
concentrations. At 3, 6, 9, 15, and 30 min, 70 uL of the reaction
solution was mixed with 630 pL of buffer and 70 uL of 1 N HCl to
quench enzyme activity, flash frozen in liquid nitrogen, and stored at
—80 °C for GC-MS analysis. For the noncondensed superlattice and
free nanoreactors, the two-step reaction was conducted in a 4000 uL
solution, which contained 800 uL of either superlattice or free
nanoreactor solution, 3200 nmol (0.8 mM) of a-ketoisovalerate, 3200
nmol (0.8 mM) of NADH, and 10000 nmol (2.5 mM) of TPP. At 3, 6,
9, 15, and 30 min, 700 uL of reaction solution was mixed with 70 yL of
1 N HCI to quench enzyme activity, flash frozen in liquid nitrogen,
and stored at —80 °C for GC-MS analysis.

Parallel measurements were conducted under the same assay
conditions outlined above but sample activity was monitored by
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measuring the decrease in absorbance at 340 nm, indicative of
conversion of NADH to NAD". Instead of acid quenching, a fraction
of reaction solution was removed from each sample at the time points
listed above and added to high ionic strength buffer (100 mM sodium
phosphate 200 mM sodium chloride pH 7.0). This step ensured
disassembly of G6-mediated superlattices (reducing scattering
contributions), significantly slowed the reaction for accurate measure-
ment, and diluted NADH to a measurable absorbance. For the
condensed superlattices sample, 5 uL of the reaction solution was
added to 195 uL of phosphate buffer. For the noncondensed
superlattice sample and free nanoreactor sample, S0 uL of the
reaction solutions was added to 150 uL of phosphate buffer.
Absorbances were converted to concentrations using the experimen-
tally determined extinction coefficient for NADH of 5.73 mM ™' cm™".
The total amount of oxidized NADH during the duration of the
experiment was determined and compared to GC-MS measurements.

Gas Chromatography—Mass Spectrometry Detection of
Isobutyraldehyde and Isobutanol. Acid quenched, coupled
enzyme reactions were further analyzed by gas chromatography—
mass spectrometry (GC-MS) to verify production of isobutyraldehyde
(shared intermediate between KivD and AdhA) and isobutanol (final
product). Time point measurements from both condensed and
noncondensed nanoreactor superlattice samples composed of P22-E2-
KivD, P22-E2-AdhA and G6 as well as free nanoreactor mixtures of
P22-E2-KivD and P22-E2-AdhA were analyzed. Samples that were acid
quenched and flash frozen previously were thawed to room
temperature. Samples were analyzed on an Agilent 6890 gas
chromatograph by static headspace GC with an auto sampler (Gerstel
MPS 2) and heated syringe (constant 75 °C). One hundred
microliters of sample from each time point was aliquoted into a 10
mL headspace vial (Gerstel) in triplicate. Samples were heated to 80
°C for 1.5 min with agitation (250 rpm 15 s on and 2 s off), then 500
uL of headspace was injected over 8 s with a 2:1 split ratio into a 60 m
long, 250 ym inner diameter capillary GC column (1.4 ym thick DB-
624, Agilent) with He carrier gas at 1.2 mL/min. The temperature
program for the column was hold 50 °C for 3 min, ramp 8 °C/min to
100 °C, hold at 100 °C 1 min, ramp 25 °C/min to 150 °C. The
volatile reaction products were detected by electron ionization mass
spectrometry (EI-MS) (Agilent 5973inert), which monitored m/z =
43, 72, and 74 in select ion monitoring (SIM) mode. The sample
syringe and needle were flushed with 30 psi nitrogen for 6 min
between injections. The elution times of isobutyraldehyde and
isobutanol were confirmed to be approximately 8.2 and 10.4 min,
respectively, by measuring isobutyraldehyde and isobutanol standards
individually; the intensity ratios (vs m/z 43) of qualifier ions at 72 and
74, respectively, were monitored to ensure that no other coeluting
compounds were present. An external standard curve for quantitative
analysis was generated using mixtures of pure isobutyraldehyde
(intermediate) and isobutanol (final product) in phosphate buffer
from 20 to 2000 pmol/L. Extracted ion chromatograms of m/z = 43,
which correspond to isopropyl fragment ions of both isobutyraldehyde
and isobutanol, were used to quantify the amounts of isobutyraldehyde
and isobutanol in each sample.

Reusability of Nanoreactor Superlattices. P22-E2-KivD and
P22-E2-AdhA were co-assembled into the superlattices and then
condensed as described above. Protein concentration of the condensed
sample was measured spectroscopically at absorbance 280 nm
following disassembly of the superlattices into free VLPs. Disassembly
was achieved by mixing 10 uL of the suspended superlattice with 90
uL of a high salt buffer (100 mM sodium phosphate 200 mM sodium
chloride pH 7.0). The absorbance at 280 nm was 0.6 and this value
was used to adjust the superlattices concentrations after their recovery
in subsequent trials. Because TPP shows strong absorbance at 280 nm
and therefore interferes with protein concentration measurements, it
was supplemented to the superlattice sample after adjusting protein
concentration. The two-step enzyme reaction was conducted by
mixing the condensed suspension of superlattice and phosphate buffer
with a-ketoisovalerate, NADH, and TPP at a 1:4 ratio (v/v). The final
concentrations of a-ketoisovalerate, NADH, and TPP were 8, 8, and
2.5 mM, respectively. Progress of the two-step reaction was evaluated
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by monitoring depletion of NADH for 30 min as described above.
After each period of evaluation, the reaction solution was subjected to
centrifugation (5000g for 3 min) to pellet down the superlattices. The
recovered superlattices were resuspended in phosphate buffer
supplemented with G6 dendrimer followed by centrifugation (5000g
for 3 min) twice to remove product and other remnants.
Approximately 80% of the total superlattices were recovered at the
end of each evaluation cycle. The superlattices were subjected to the
activity assay three times in total.
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