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ABSTRACT: Plant virus-based nanoparticles are used as self-
assembled protein scaffolds for the construction of enzyme
nanocarriers. To date, one-pot production and coupling of both
enzymes and scaffolds by genetic conjugation have been
demonstrated only in plants. Herein, we report bacterial production
and in vitro self-assembly of nanofilaments for CO, capture.
Filamentous virus-like particles (VLPs) were successfully formed by
genetically fusing carbonic anhydrase from Hydrogenovibrio marinus
(hmCA) to the N terminus of the coat protein (CPpyy) of potato
virus Y with a flexible linker. The instability of VLPs against
proteolytic degradation was circumvented by the periplasmic export
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of the fusion protein. The truncated form of CPpyy coexpressed by internal translation was crucial for the successful formation of
long filamentous VLPs by alleviating steric hindrance via hybrid assembly. The fast and economic bottom-up fabrication of highly
active nanobiocatalyst allows the nanofilaments to be efficiently used and recovered in potential biocatalytic and biosensor systems.

B INTRODUCTION

Carbonic anhydrase (CA, EC 4.2.1.1) is a zinc-containing
metalloenzyme that catalyzes the hydration of carbon dioxide
(CO,) as follows: CO, + H,0 < HCO;™ + H".! Owing to the
diffusion-limited kinetics, with a k., of up to 4.4 X 10°s™" and
the green nature of biobased catalysts,” CA has been
considered a promising alternative to its physical or chemical
counterparts for the mitigation of greenhouse gas emissions.””
In this bioinspired approach, CA can be employed not only for
CO, absorption but also for CO, utilization processes such as
mineral carbonation, electrochemical CO, reduction to
formate, or photoautotrophic microbial cultivation.” " In
addition, CA has been applied to the development of
biosensors for the detection of CO, or metal ions.''™"* For
these applications of CA, enzyme-handling methods that
enhance recovery and maintain catalytic activity for CO,
conversion or even increase biosensor sensitivity are desirable
to reduce the overall cost of production and to maximally
harness the catalytic power of the enzyme.'*~'°

One of the ways to achieve the aforementioned goal is to
immobilize CA in an oriented manner with a high density on a
nanoscale support.'” Proteins can serve as self-assembling
scaffolds for the energetically favorable bottom-up fabrication
of well-ordered nanomaterials with genetically encodable
functionalities.'"® In particular, viral particles are naturally
designed nanoscaffolds with coat protein (CP) building blocks
that are capable of programmed self-assembly.'” The oriented
attachment of enzymes to virus-based particles or virus-like
particles (VLPs; nanostructures that resemble the structures of
viruses but lack viral genomes) has been an attractive method
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for the development of enzyme nanocarriers with precise
positional control.”*~>*

Many plant viruses are filamentous. Filamentous structures
with a high aspect ratio offer a large surface area for enzyme
immobilization and provide sufficient particle size along the
one-dimensional structure.”* Most plant viruses are made up of
a single type of CP,*° enabling facile engineering of the
scaffolds. Although enzymes have been successfully immobi-
lized on plant viral scaffolds via bioconjugation or chemical
coupling, these methods require multiple steps for conjugation
and excess amounts of enzymes and toxic reagents, typically
resulting in low conjugation efficiencies.”*™*" Alternatively,
conjugation of enzymes by genetic fusion provides a more
facile and cost-effective method for the display of enzymes on
viral scaffolds, enabling one-pot production and coupling of
both enzymes and scaffold proteins.””*° The production and
assembly of plant viral CPs genetically fused with Candida
antarctica lipase B into virus-based filamentous catalytic
particles have been shown in plants.”” However, the
production of these particles requires a long time for both
plant cultivation and systemic infection, and the limited host
ranges of plant viruses may significantly hamper the efficient
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design and Eroduction of industrially relevant catalytic
nanoparticles.”' > Although Escherichia coli may be utilized
as a universal bacterial host for the rapid and large-scale
production of VLPs in place of the plant system,'”** to date,
no one has reported the one-step in vitro assembly of catalytic
VLPs using an enzyme-fused filamentous plant viral CP
produced in E. coli.

In this study, the CA enzyme from the marine bacterium
Hydrogenovibrio marinus (hmCA) was genetically fused to the
CP (CPpyy) of potato virus Y (PVY) to construct in vitro self-
assembled catalytic nanofilaments for CO, capture with
immobilized enzyme at a high density in a spatially oriented
and ordered fashion along the surface of VLPs (Figure 1).
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Figure 1. Schematic illustration of the production of enzyme-fused
plant viral CP by bacteria and the in vitro assembly into catalytically
active nanofilaments. hmCA, carbonic anhydrase from H. marinus;
CPpyy, CP of potato virus Y.

Because of the high activity and stability as well as the
remarkable solubility and expression level in E. coli, hmCA has
been considered an attractive enzyme for bioinspired CO,
capture.”” " PVY is a flexuous filamentous plant virus
belonging to the genus Potyvirus, whose near-atomic structure
has been recently determined.”® We show that CPpyy with the
newly identified region for internal translation initiation,
combined with the designed strategies for successful assembly
and stability improvement, can be used as a compelling scaffold
for the engineering and in vitro construction of VLP-based
biocatalysts.

B MATERIALS AND METHODS

E. coli Strains and General Culture Conditions. The strains,
plasmids, and oligonucleotide primers used in this study are listed in
Table S1 (Supporting Information). E. coli TOP10 (Thermo Fisher
Scientific, USA) was used for all DNA experiments, and recombinant
protein expression was performed in E. coli BL21(DE3) (Novagen,
USA). Luria-Bertani (LB) medium supplemented with appropriate
antibiotics (50 pug/mL ampicillin or 10 pg/mL streptomycin) was
used for E. coli culture at 37 °C with shaking at 220 rpm in an
incubator (Jeiotech, Korea).

Plasmid Construction. The CPp,y gene (GenBank accession
number: ADHS52720) was codon optimized for E. coli, chemically
synthesized (Genscript, USA), and subcloned into pET-22b (+)
(Novagen, USA) using Ndel and Xhol restriction sites, resulting in
pET-CP. Other plasmids containing fusion genes were constructed
based on overlap polymerase chain reaction (PCR). The hmCA gene
and CPpyy gene were amplified using the template plasmids pPelB-
ss::hmCA and pET-CP, respectively, and the used primers are listed
in Table SI1. The amplified DNA fragments were purified and mixed,
and the mixture was subsequently used as a template for overlapping
PCR to construct the fusion gene. The PCR product was ligated into
the pGEM-T Easy vector (Promega, USA) and directly sequenced
prior to subcloning into pET-22b(+) using Ndel and Xhol restriction
sites. For periplasmic expression, the whole fusion gene was PCR-
amplified from pET-CA-CP and cloned into pET-22b(+) using Ncol
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and Xhol restriction sites, resulting in pPelB-ss::CA-CP or pPelB-
ss::Strep-CA-CP with N-terminal SPpqp. For the construction of
mutants, one-step PCR-based mutagenesis was performed using
pPelB-ss::CA-CP as the template plasmid.*’ The mutations were
confirmed by direct sequencing. All recombinant genes had a His¢-tag
at the C terminus.

Expression and Purification of Engineered Viral CP.
Recombinant E. coli BL21(DE3) strains transformed with the
constructed plasmids were incubated in LB media supplemented
with 50 pg/mL ampicillin at 37 °C in a shaking incubator. The
expression of recombinant protein was induced at 0.6—0.8 ODg, by
adding 0.1 mM isopropyl-f-p-thiogalactopyranoside (Duchefa Bio-
chemie, Netherlands). The cells were further cultivated at 25 °C for
12 h, centrifuged at 4 °C and 4000g for 10 min, and resuspended in
50 mM sodium phosphate buffer supplemented with 300 mM NaCl
and 10 mM imidazole (pH 8.0). Cell lysates were prepared by
disrupting the cell suspensions with an ultrasonic dismembrator
(Sonics and Materials, USA) for 20 min at 20% amplitude on ice
water. For fractionation, the lysates were centrifuged at 4 °C and
10,000¢ for 10 min; the supernatant was designated the soluble
fraction (S) while the pellet was designated the insoluble fraction
(IS). The soluble fraction was mixed with Ni**-nitrilotriacetic acid
agarose beads (Qiagen, USA), and the recombinant protein was
purified according to manufacturer’s instructions. For self-assembly,
the purified protein was thoroughly dialyzed against 20 mM sodium
phosphate buffer (pH 7.0) supplemented with S00 mM NaCl using a
Spectra/POR dialysis membrane with a 6—8 kDa molecular weight
cutoff (Spectrum Labs, USA) at 4 °C for 12 h. For tandem affinity
purification using Strep-tag, the dialyzed sample was mixed with
Strep-Tactin Superflow (Qiagen), and the recombinant protein was
purified according to manufacturer’s instructions.

Protein Gel Electrophoretic Analysis. Sample proteins were
separated by sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis (SDS-PAGE). The proteins on the gel were visualized by
staining with 0.1% Coomassie Brilliant Blue R-250 (Bio-Rad, USA) in
10% acetic acid, 50% methanol, and 40% H,O, followed by destaining
with 10% acetic acid, 50% methanol, and 40% H,O.

Protein Quantification. The purified protein sample was
denatured by mixing with 8 M guanidine hydrochloride GuHCI/20
mM sodium phosphate buffer (pH 7.5) in a 1:3 volume ratio, and the
absorbance of the denatured protein was measured at 280 nm in a
quartz crystal cuvette. The protein molar concentration of the purified
sample was determined using the measured absorbance and the
calculated extinction coeflicient at 280 nm by ProtParam (http: //web.
expasy.org/protparam/; 42,985 M~ cm™" for free hmCA, 74,260 M™!
ecm™! for hmCA-CPpyy fusion proteins).”” For the comparison of
enzymatic activity, the enzyme concentrations of SPp-hmCA-CPpyy
and SPp-hmCA-CPjf,yDE were calculated based on the molar
concentration of SPps-hmCA-CPfy by the densitometric analysis of
the band intensities on the protein gel performed using Image]J.*'

Transmission Electron Microscopy. Protein samples were
placed on a carbon-coated copper grid and stained with 2% uranyl
acetate solution. After drying for 1 h in a vacuum oven, transmission
electron microscopy (TEM) was performed using FEI Tecnai T12
operating at 120 kV (FEI Company, USA).

Stability Test. One of two protein sample aliquots was incubated
for 7 days at 37 °C in a water bath, and the other sample was stored at
—20 °C. Protein degradation was analyzed by SDS-PAGE.

N-Terminal Amino Acid Sequencing. N-terminal amino acid
sequencing was performed according to Edman degradation. The
purified protein was run on SDS-PAGE gel, and the gel was blotted
onto a polyvinylidene difluoride membrane (Millipore, USA); the
membrane was stained with Coomassie Brilliant Blue R-250. After
thorough washing, the band of interest was removed and subjected to
Edman degradation using a Procise 492 sequencer (Applied
Biosystems, USA).

In Silico Calculation. Translation initiation rates were predicted
by the RBS calculator and UTR Designer."”*> Protein disorder
propensity was predicted by IUPred2A.**
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Figure 2. Effect of the fusion position of hmCA to CPpyy on the assembly of VLPs. (a) Expression and purification of recombinant proteins. The
arrow indicates the band position of each recombinant protein. Lanes: T, total cell lysate; S, soluble fraction; IS, insoluble fraction; and P, purified
protein. (b) Electron micrographs of VLP formation. Red arrowheads indicate the outer edges of a VLP. The fusion proteins contain the flexible

(GGGGS), linker at the fusion junction.

Enzyme Activity Assay. CA activity was measured by CO,
hydration assay as previously described.*® The sample (10 L) was
mixed with 20 mM Tris buffer (pH 8.3; 600 uL) supplemented with
100 uM phenol red (Sigma-Aldrich) in a disposable cuvette. Ice-cold
CO,-saturated deionized water (400 yL) was added and rapidly
mixed by thorough pipetting. The reaction was performed at 4 °C
inside the spectrometer, and the time-course color change was
monitored at 570 nm. The noncatalyzed reaction was also measured
by adding the same amount of blank buffer instead of enzyme bufer.
The time (t) required for the absorbance to decrease from 1.2
(corresponding to pH 7.5) to 0.18 (pH 6.5) was determined. The
Wilbur-Anderson activity (U) is calculated by eq 1, where t, is the
time for the noncatalyzed reaction.***

to—t
tXS$S

(1)

Filter Trap Assay. Protein samples were filtered using a 0.2 ym
cellulose acetate syringe filter (GVS Life Sciences, USA). Bovine CA
(bCA) (Sigma-Aldrich) was used as a control protein. Protein
concentrations or enzyme activities before (¢;) and after filtration (c;)
were measured using the Bradford reagent (Bio-Rad) or the CO,
hydration assay, respectively. The filtered protein content (%) is
calculated by eq 2.

Filtered content (%) = [Ci — Cf) X 100

G

@)

B RESULTS AND DISCUSSION

Positional Effect of hmCA Fused to CPpyy on the VLP
Assembly. Two fusion proteins in which hmCA was
genetically attached to either the N terminus (hmCA-CPpyy)
or C terminus (CPpyy-hmCA) of CPpyy via the flexible
(GGGGS), linker were constructed along with bare CPpyy to
investigate the positional effect of the fused enzyme on VLP
assembly. The 31.1 kDa bare CPpyy and 65.2 kDa hmCA-fused
proteins were highly expressed in E. coli and one-step purified
via the C-terminal hexahistidine (Hiss)-tag using affinity
chromatography (Figure 2a). CPpyy or hmCA-CPpy was
assembled into flexuous filamentous VLPs, while CPpyy-hmCA
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only showed irregular aggregation of protein particles (Figure
2b). It has been recently revealed that the C-terminal region of
CPpyy is facing and completely buried in the interior of the
filament while the N-terminal region of CPpyy is surface
exposed.’® The bulky hmCA protein fused to the C terminus of
each copy of CPpyy would not be accommodated in the lumen
of VLPs, thus preventing CPpyy-hmCA from forming normal
filamentous structures. Indeed, it has been shown that the VLP
assembly can be hampered by the addition of a short linker
sequence (19 amino acids) to the C terminus of CPpyy.*
Therefore, it can be concluded that VLPs can be assembled
only with the N-terminal fusion of the enzyme to CPpyy.

Unlike the authentic PVY particle with a length of ~730
nm,”” the VLPs from both CPpy and hmCA-CPpy were
heterogeneous in length as shown by TEM (Figure 2b) and
dynamic light scattering analyses (Figure S1, Supporting
Information), which coincides with previous observations.***°
The diameter of VLPs from hmCA-CPpyy was up to 21 nm,
which is much thicker than that (12 nm) of bare CPpyy
(Figure 2b). This result indicates that the bulky enzyme was
successfully displayed on the surface of the VLPs. The VLPs
from hmCA-CPpyy were heterogeneous in diameter within a
single particle, which appeared to be the result of hybrid
assembly from the mixture of full length and truncated forms
of hmCA-CPpyy (see below). It is worth noting that the
displayed size of hmCA (~34 kDa) was even larger than the
size of CPpyy (~31 kDa), and it is one of the largest reported
proteins genetically fused to plant viral CPs.”’

Impact of Linker Flexibility on the VLP Assembly. To
assess the impact of the flexibility of the linker that connects
hmCA to CPpyy on the VLP assembly, we tested a rigid linker
with a sequence of A(EAAAK),A in addition to the previously
tested flexible linker (GGGGS),.** A fusion protein with
hmCA directly linked to the N terminus of CPpyy without a
linker was also constructed. The fusion proteins were
successfully expressed and purified as soluble forms (Figure
3a). The assembly of filamentous VLPs was severely impaired

https://dx.doi.org/10.1021/acs.biomac.0c00925
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Figure 3. Effect of linker flexibility of hmCA-CPpyy on the assembly of VLPs. (a) (Left) Expression and (Right) purification of hmCA-CPpyy with
the rigid linker A(EAAAK),A or without a linker. The arrow indicates the band position of the recombinant fusion protein. Lanes: M, molecular
mass marker (kDa); T, total cell lysate; S, soluble fraction; and IS, insoluble fraction. (b) Electron micrographs of VLP formation. (c) Protein
disorder propensity predicted by IUPred2A. The fusion junction is highlighted in a gray dotted box. The position numbering follows the
numbering system of hmCA-CPpyy with the rigid linker that has more residues than the other two fusion proteins do. The graph for hmCA-CPpyy
with a flexible linker or without a linker is broken with a gap after the end of the hmCA sequence and is shifted toward the right to align the

remaining C-terminal regions and facilitate the comparisons.
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Figure 4. Improved stability of hmCA-CPpyy against degradation by periplasmic translocation. (a) Proteolytic degradation of purified protein
analyzed by SDS-PAGE. Samples were incubated (or stored) at the indicated temperature for 7 days. (b) Expression and purification of SPp,s-
hmCA-CPpyy. Lanes: M, molecular mass marker (kDa); T, total cell lysate; S, soluble fraction; IS, insoluble fraction; and P, purified protein. (c)
Stability of SPp,p-hmCA-CPpyy against degradation. (d) Electron micrographs of SPp-hmCA-CPpyy VLPs.

by the use of the rigid linker as opposed to the case of the
flexible linker, resulting in round-shaped particles with a
diameter of 15—18 nm that further aggregated into clumps
(Figure 3b). Interestingly, the fusion protein without a linker
was also capable of VLP formation, although most of the
assembled particles were rodlike with shorter lengths. The local
flexibility near the fusion junction of the fusion protein with
the rigid linker was predicted to be significantly reduced
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compared to that of the fusion protein without a linker while
the introduction of the flexible linker increased the local
flexibility (Figure 3c). Thus, increasing flexibility near the
fusion junction seems to be critical for the successful
construction of enzyme-displaying nanofilaments using CPpyy.

Improved Stability of VLPs by Periplasmic Trans-
location of hmCA-CPpyy. After incubating the purified
hmCA-CPpyy at 37 °C for a long time (7 days), unexpected

https://dx.doi.org/10.1021/acs.biomac.0c00925
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Figure 5. Involvement of truncated forms in filamentous VLP formation revealed by the introduction of silent mutations. (a) (Upper) N-terminal
sequence analysis of truncated proteins and (Lower) the corresponding regions (boxed in red dotted lines) in the SPpyz-hmCA-CPpyy sequence.
The SPpyg, hmCA, and CPpyy sequences are indicated in green, blue, and black, respectively. The linker sequence is underlined. (b) Nucleotide
positions for silent mutations. The N-terminal sequences of truncated proteins are in red. Each start codon for internal translation initiation is
underlined. Putative Shine—Dalgarno sequences are boxed in red. The positions of silent mutations are boxed in yellow. The introduced sequences
are in blue. (c) Expression and purification of the mutant (*) of SPpz-hmCA-CPpyy. The disappeared band positions in SDS-PAGE are boxed in
red dotted lines. Lanes: M, molecular mass marker (kDa); T, total cell lysate; S, soluble fraction; IS, insoluble fraction; and P, purified protein.
Electron micrographs of (d) SPpqz-hmCA-CPjyy VLPs and (e) AN34-CPpyy VLPs. (f) Schematic diagram of filamentous VLP formation assisted
by the hybrid assembly of truncated CPpyy with hmCA-CPypyy, leading to the partial decoration of VLPs with the enzyme.

degradation of the fusion protein was observed (Figure 4a). A
similar degradation was also observed for bare CPpyy (Figure
4a). When the hmCA-CPpyy sample was incubated under the
same conditions after brief boiling at 100 °C, the protein
remained intact without degradation, suggesting the involve-
ment of biological protease(s) in degradation (Figure 4a).
Although this type of instability of recombinant VLPs has
rarely been investigated,”” improvement of the stability against
proteolytic degradation would be an important prerequisite for
future applications of enzyme-tethered nanofilaments.

The column was thoroughly washed during the Hiss-tag
affinity purification of protein to remove nonspecifically bound
proteins but this was not effective in reducing the degradation
(data not shown); we suspected that the contaminating
proteases, originating from E. coli cytoplasm, were encapsu-
lated within the lumen of some VLPs formed inside the cell
and copurified along with the recombinant fusion protein. In
contrast to the interior of authentic PVY filaments filled with a
compact cone-shaped structure composed of the C-terminal
region of CPpyy along with viral RNA, the interior of CPpyy
VLPs seems to be rather hollow with a flexible C-terminal
region without any defined structure.”® This feature could
occasionally allow some guest molecules (proteases) to be
contained in the 4.5 nm-wide lumen of VLPs. The use of
protease inhibitors might be effective in reducing the
degradation; however, it cannot be a fundamental solution.
To tackle the degradation problem, the fusion protein was
secreted into the periplasm of E. coli because the periplasmic
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space contains fewer amounts and types of proteases compared
to the cytoplasm.”” We exploited the widely used signal
peptide of PelB (SPp,) that directs protein secretion via the
Sec pathway. Unlike the Tat pathway, in the Sec pathway,
protein folding occurs only after the protein is exported to the
periplasm,*’ which avoids the cytoplasmic assembly of VLPs
and concomitant encapsulation of undesirable proteases. The
periplasmic expression and purification of hmCA-CPpyy were
successful (Figure 4b), and signal cleavage was confirmed by
N-terminal sequencing (Figure Sa). Remarkably, the purified
protein remained stable without a sign of degradation even
after 7 days of incubation at 37 °C (Figure 4c). The formation
of nanofilaments was also observed using periplasmic hmCA-
CPpyy (Figure 4d). Although the expression level of
periplasmic hmCA-CPpyy was lower compared to that of
cytoplasmic hmCA-CPpyy, the specific activity of the purified
VLPs was 2.6-fold higher (Figure S2, Supporting Information),
presumably because of the correct folding of disulfide-bonded
hmCA promoted in the periplasm.’® In addition, the amount of
long filamentous VLPs from periplasmic hmCA-CPypyy, which
was roughly assessed by filter trap assay (see below), was
similar to that from the cytoplasmic counterpart (Figure S2).
Thus, the periplasmic expression of enzyme-fused CPpyy can
be a powerful strategy and might be applied to other viral CPs
to improve the stability of VLPs against endogenous
proteolytic degradation.

Hybrid Assembly of Full Length and Truncated
Forms of hmCA-CPpyy. In addition to the major band
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corresponding to hmCA-CPpyy, three minor yet clear bands
with smaller sizes compared to hmCA-CPpyy were consistently
observed in the protein gel analysis of the purified protein
(Figure Sa). Because these proteins were copurified along with
tull-length hmCA-CPpyy, they were initially assumed to be
Hisg-tag-harboring C-terminal fragments of hmCA-CPpyy
resulting from proteolytic cleavage occurring before purifica-
tion. These bands did not disappear even after the purified
sample was dialyzed using a 1000 kDa cutoff membrane (data
not shown), implying the complexation of the truncated
proteins with VLPs. When the five N-terminal amino acids of
each truncated protein were sequenced by Edman degradation,
it was clearly revealed that the third truncated form with the N-
terminal sequence of MNVGT was not the product of
proteolytic cleavage because the first amino acid methionine
(Met) did not correspond to the first GTG codon for valine
(Figure Sab). The N-terminal sequence of the other two (the
first and second) truncated forms also started with or
immediately after Met (Figure Sb). Because the GTG codon
can be used as an alternative start codon encoding formyl-
methionine (fMet) and a cellular enzyme can remove fMet
posttranslationally,’®>" the three truncated forms were
supposed to be generated by internal translation initiation,
not by proteolytic cleavage. In silico predictions of the
translation initiation rate show that the three minor proteins
can be expressed at relatively high levels (Table 1).

Table 1. Changes in Expression Levels of Truncated Forms
after Introduction of Silent Mutations

predicted translation initiation rate or expression level”

RBS calculator UTR designer

before after before after
full-length 33,497 33,497 570,446 570,446
1st truncated 72 23 57,587 3716
2nd truncated 1098 94 20,902 1835
3rd truncated 2616 ND 47,712 ND

“The values are presented in an arbitrary unit for each prediction
method. ND = not detected.

To improve the sample purity by eliminating or reducing the
undesirable expression of the truncated forms of hmCA-CPypyy,
silent mutations were designed and introduced into the

putative Shine—Dalgarno sequences (for the first and second
truncated forms) and the Val codons (for the third truncated
form) without altering the protein sequence of hmCA-CPpyy
(Figure Sb, Table 1). No apparent bands corresponding to the
three truncated forms were observed based on the gel analysis
of the hmCA-CPj,y mutant expressed in the periplasm (Figure
Sc), indicating that the minor proteins were actually
synthesized because of internal translation initiation, as
expected. However, long filamentous VLPs were not observed
in the electron microscopic analysis, and only short rod-shaped
fragments were predominant (Figure 5d). This result indicates
that the removed minor protein(s) were essentially required
for the successful formation of filamentous VLPs. Among the
truncated forms, the third is a truncated CPpyy with 34 amino
acids deleted from the N terminus (Figure Sa), which has been
previously misidentified as a cleavage product.”® When this
third truncated protein (AN34-CPpyy) was separately ex-
pressed, it could form long filamentous VLPs that further
assembled into thick nanofibrils by side-by-side aligned
stacking (Figure Se). This result implies that the third
truncated protein could coassemble with the full length and
truncated forms of hmCA-CPpyy into long filaments in a
hybrid manner, relieving steric hindrance (Figure Sf). In
contrast, it seemed that the assembly of the pure hmCA-CPfy
mutant was severely hampered because of cumulative steric
hindrance by the bulky hmCA moiety, resulting in the
formation of only short VLPs.

To demonstrate the coassembly, a dual-tagging system was
constructed by adding Strep-tag to the N terminus of hmCA-
CPpyy. The assembled proteins purified using His,-tag were
used for the second purification using Strep-tag. The final
purified sample still showed the same band pattern of the
truncated proteins in SDS-PAGE analysis (Figure 6a). Because
only the full-length hmCA-CPpyy possesses the N-terminal
Strep-tag, the result indicates that the truncated proteins were
coassembled along with the full-length hmCA-CPpyy. Next, we
further tested the hybrid assembly by mixing the cell Iysates of
SPpg-hmCA-CPfy and AN34-CPpyy with different volume
mixing ratios. After purification of the recombinant proteins
from the mixed cell lysate (Figure 6b), the amount of long
filamentous VLP formation was estimated by the filter trap
assay, where the filtered content of proteins after filtration
using a 0.2 ym syringe filter was measured by Bradford assay

(a) (b)
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.75 M 10 21 12
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—— — 0 - —
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Figure 6. Probing the in vitro hybrid assembly. (a) Tandem affinity purification of SPpp-Strep-hmCA-CPpyy using the C-terminal Hisg-tag and the
N-terminal Strep-tag analyzed by SDS-PAGE. The arrows indicate the band positions of the three truncated forms. (b) Purified proteins from the

mixture of SPpyp-hmCA-CPf,y

and AN34-CPpyy cell lysates analyzed by SDS-PAGE. The mixing ratio of the lysates is indicated on each lane. M,

molecular mass marker (kDa). (c) Protein contents of the purified proteins after passing through a 0.2 ym filter, analyzed by protein quantification
(Bradford assay) and enzymatic activity (CO, hydration assay). Error bars represent standard deviations from three independent experiments. ND

= not detected.
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Figure 7. Effect of the ordered assembly on catalytic activity and protein recovery. (a) Coomassie blue-stained SDS-PAGE gel for densitometric
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and CO, hydration assay (Figure 6c). As expected, the filtered
content of proteins was higher when the ratio of AN34-CPypyy
to SPpp-hmCA-CPfy was higher, implying that AN34-CPpyy
was the component responsible for the formation of larger
VLPs. More importantly, the enzymatic CO, hydration
activities of filtered protein contents were linearly proportional
to the relative amounts of filtered proteins (Figure 6c).
Because AN34-CPpyy showed no enzymatic activity, and the
filtered content of the pure SPpyp-hmCA-CPgy (16.9%) was
relatively low (Figure 6¢), it can be concluded that the catalytic
sites of SPpp-hmCA-CPfy proteins were evenly distributed
into the various sizes of VLPs along with AN34-CPpyy via the
hybrid assembly. The result also demonstrates that the hybrid
assembly could occur in vitro after the cell lysis.

The 2A sequence originating from the foot-and-mouth
disease virus has been effectively exploited in plants to produce
a mixture of bare CP and fused CP from a single gene
construct, reducing steric hindrance and thus facilitating the
self-assembly of target protein-displaying VLPs.'”*">">
Similarly, the third site for internal translation initiation
identified in our study is valuable for the successful in vitro
hybrid assembly of enzyme-tethered CPpyy VLPs. In addition,
the translation initiation rate for the third region can be easily
fine-tuned by synthetic biology approaches,””**** which may
allow the VLP surface to be decorated with a controllable
density of enzymes or much larger proteins to be displayed.
Therefore, the internal translation region can be considered a
naturally occurring, bacterial alternative version of the 2A
sequence that can be further engineered for future applications.
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Catalytic Activity for CO, Hydration and Recovery
Potential of hmCA-CPpyy VLPs. The catalytic activities of
the constructed nanoparticles were measured by CO,
hydration assay. Free hmCA (SPpgp-hmCA) was also tested
as a positive control. Because the purified fusion proteins
actually had different degrees of purity (Figure 7a), the
measured enzymatic activities of the samples were corrected
according to the enzyme concentrations that were calculated
by the densitometric analysis of the intensities of the major
fusion protein bands on the gel, based on the assumption that
SPpp-hmCA and SPp.p-hmCA-CPfyy samples are pure. The
specific activity of free hmCA was determined to be 2,970 U/
mg, which coincides with a previous report.’® The relative
specific activities of SPpyp-hmCA-CPpyy (90.6%) and SPpqp-
hmCA-CPjiy (93.3%) were comparable to that of free hmCA
(Figure 7b). The high retention of activity of the fusion
proteins implies that neither the conjugation to CPpyy by
genetic fusion nor the assembly of enzymes itself affected the
enzymatic performance of hmCA. Compared to the dispersed
free-enzyme system, the assembled enzymes that highly
condensed in a localized space might experience a relative
reduction in the rate of substrate diffusion, leading to slightly
lower activity in the diffusion-controlled, CA-catalyzed CO,
hydration reaction.

To assess the effect of the ordered assembly on catalytic
activity, we created an assembly-deficient mutant by the
introduction of an additional mutation, DS31E, on SPp-
hmCA-CPyy. The Asp®®' residue (Asp™' in the wild-type
PVY) corresponds to the Asp™® and Asp'”® residues in

https://dx.doi.org/10.1021/acs.biomac.0c00925
Biomacromolecules 2020, 21, 3847-3856


https://pubs.acs.org/doi/10.1021/acs.biomac.0c00925?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c00925?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c00925?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.0c00925?fig=fig7&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://dx.doi.org/10.1021/acs.biomac.0c00925?ref=pdf

Biomacromolecules

pubs.acs.org/Biomac

Johnsongrass mosaic virus CP and tobacco etch virus CP,
respectively. When this conserved residue was mutated to Glu,
the potyviral CPs lost the capability of ordered self-assembly
without compromising the overall protein structural integ-
rity.”*** Similarly, the purified D531E mutant showed irregular
protein aggregates and did not form filamentous structures
(Figure 7a,c). Notably, the mutant DS31E exhibited only
73.1% of the free-enzyme activity (Figure 7b). In contrast to
the ordered assembly of catalytic sites on the surface of VLPs,
some of the active sites of the DS31E mutant might be buried
and shielded by neighboring subunits, resulting in reduced
substrate accessibility and, in turn, lower catalytic efficiency.*®
Thus, this result demonstrates the importance of the surface-
oriented and ordered assembly to ensure high activity of the
catalytic nanofilaments.

Finally, the recovery potential of the nanofilaments was
evaluated by the filter trap assay (Figure 7d). bCA, a well-
known monomeric enzyme,”” was used as a control. A small
fraction (15.1%) of free hmCA was retained on the filter
membrane, similar to the case of bCA (12.3%), indicating the
basal level of nonspecific protein adsorption to the membrane
material. In contrast, a much higher content of SPp.p-hmCA-
CPpyy was retained after filtration (50.3% by Bradford assay
and §7.7% by activity assay), which was also significantly
higher than that of SPps-hmCA-CPy (16.9% by Bradford
assay and 17.8% by activity assay) (Figure 6¢). This result
confirms the previous observation that the particle size of long
filamentous VLPs constructed from the hybrid assembly was
larger than short rodlike VLP assembled from the pure hmCA-
CPjyy mutant. The DS31E mutant showed a relatively high
retainment (34.8% by Bradford assay and 31.1% by activity
assay), presumably because of the formation of large aggregates
(Figure 7c). The particle size of the nanofilaments was greater
than that of free enzyme, which can facilitate its recovery and
reuse in potential biocatalytic systems, for example, in an
enzyme membrane reactor where, unlike free enzyme that
requires ultrafiltration or nanofiltration membranes with small
pore sizes for enzyme reuse, membranes with larger pore size
might be employed without enzyme loss to reduce operating
cost and increase mass transfer.””>” Collectively, the in vitro
assembled, enzyme-decorated nanofilament can be used as an
efficient biocatalyst with high activity and recovery potential.

B CONCLUSIONS

The bacterial production and in vitro self-assembly of
engineered plant viral CP into catalytic nanofilaments were
successfully demonstrated using hmCA fused to N terminus of
CPypyy via a flexible linker. Improved stability of VLPs against
endogenous proteolytic degradation was attained by periplas-
mic secretion of the fusion protein. The importance of
coexpressed truncated forms was revealed by the introduction
of silent mutations, demonstrating that the hybrid assembly
was essential for the successful formation of filamentous VLPs
by alleviating steric hindrance. The VLPs showed CO,
hydration activity comparable to that of free enzyme owing
to the oriented and ordered immobilization of enzyme on the
surface of nanofilaments. Compared to free enzymes, the
nanofilaments were larger in size, allowing them to be
efficiently used and recovered for potential bioconversion
processes. Further engineering of CPpyy, especially the region
for internal translation initiation, would enable the conjugation
of enzymes with various sizes with a controllable density.
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