1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Bioconjug Chem. Author manuscript; available in PMC 2019 August 25.

-, HHS Public Access
«

Published in final edited form as:
Bioconjug Chem. 2017 August 16; 28(8): 2114-2124. doi:10.1021/acs.bioconjchem.7b00296.

Sortase-Mediated Ligation as a Modular Approach for the
Covalent Attachment of Proteins to the Exterior of the
Bacteriophage P22 Virus-like Particle

Dustin Patterson™', Benjamin Schwarz*, John Avera*, Brian Western, Matthew HicksT,
Paul Kruglert, Matthew Terra®, Masaki Uchida¥, Kimberly McCoy*, Trevor Douglas™#
TDepartment of Chemistry & Biochemistry, University of Texas at Tyler, Tyler, Texas 75799, United
States

*Department of Chemistry, Indiana University, Bloomington, Indiana 47407, United States

Abstract

Virus-like particles are unique platforms well suited for the construction of nanomaterials with
broad-range applications. The research presented here describes the development of a modular
approach for the covalent attachment of protein domains to the exterior of the versatile
bacteriophage P22 virus-like particle (VLP) via a sortase-mediated ligation strategy. The
bacteriophage P22 coat protein was genetically engineered to incorporate an LPETG amino acid
sequence on the C-terminus, providing the peptide recognition sequence utilized by the sortase
enzyme to catalyze peptide bond formation between the LPETG-tagged protein and a protein
containing a polyglycine sequence on the N-terminus. Here we evaluate attachment of green
fluorescent protein (GFP) and the head domain of the influenza hemagglutinin (HA) protein by
genetically producing polyglycine tagged proteins. Attachment of both proteins to the exterior of
the P22 VVLP was found to be highly efficient as judged by SDS-PAGE densitometry. These results
enlarge the tool kit for modifying the P22 VLP system and provide new insights for other VLPs
that have an externally displayed C-terminus that can use the described strategy for the modular
modification of their external surface for various applications.

Graphical Abstract

"Corresponding Authors: dpatterson@uttyler.edu., trevdoug@indiana.edu.
The authors declare no competing financial interest.

Supporting Information
The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.hioconjchem.7b00296.
Nucleotide, protein sequences, and supplementary figures (PDF)


https://pubs.acs.org/
https://pubs.acs.org/doi/abs/10.1021/acs.bioconjchem.7b00296
https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.7b00296/suppl_file/bc7b00296_si_001.pdf

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Patterson et al.

Page 2

C-terminal LPETG Polyglycine
. Green Fluorescent Protein
GTEPLM?;' 5 -‘_‘@g
CTEp L+p " 5
STEp LA .. b
TEp Lﬁ,;t

N-terminal 24
Polyglycine 4+ Sortase, [Ca?']

Proteins

=~

Polyglycine
HemagglutininHead

VLP Nanoplatform

Virus-like particles (VLPs) have been the focus of intense interest in the past decade for use
in constructing advanced nanomaterials for a range of applications.19 Interest stems from
their unique size, typically in the 10-100 nm range, and often homogeneous structures
formed via biologically encoded assembly of proteins into regular, well-defined structures.
The size of VLPs makes them particularly attractive for biomedical applications, where they
can easily travel through circulatory systems and interact with cells. In addition, VLPs are
produced without pathogenic components found in their infectious viral analogs, eliminating
the chance of infection in biomedical applications. Their regular structures are often well
characterized down to the molecular level, allowing VLPs to be used as scaffolds that can be
engineered, through rational molecular design, to construct nanomaterials containing
properties not inherent in the VLP structure alone. Through rational design approaches,
researchers have utilized VLPs as size constrained reaction chambers for synthesizing
inorganic nanoparticles,19 as carriers of drug molecules for drug delivery,® to encapsulate
enzymes to produce catalytic nanoreactors,10 as scaffolds for constructing nanoelectronics,1!
and as platforms for the generation of immunotherapeutic nanomaterials.12-14Furthermore,
VLPs are produced through recombinant heterologous protein expression, exploiting the
power of biological systems to genetically produce exact copies of homogeneous
nanoparticles. Continued research in developing VLPs as scaffolds that can be modified
through modular strategies to produce nanomaterials with desired properties is particularly
intriguing and of significant interest.

The P22 VLP derived from the Salmonella typhimurium bacteriophage P22 has been shown
to be a particularly robust and versatile VLP platform due to a combination of easy
heterologous expression, tolerance to modification, relatively large size, and stability. The
P22 VLP assembles from 420 copies of a 47 kDa coat protein (CP) to forma 7=7, 58 nm
nanoparticle referred to as the procapsid (PC).1°> Assembly of the P22 VLP requires a
scaffolding protein (SP), which templates assembly of the CP into the PC P22 VLP, with the
SP trafficked to the interior of the P22 VLP. For assembly, it has been found that the N-
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terminus of the SP can be extensively modified and severely truncated, requiring only the
last 18 amino acids on the C-terminus, with no deleterious effects on assembly.16:17 This
feature of the P22 system has allowed the use of truncated SP, which has N-terminal amino
acids removed yielding empty space in the interior of the P22 VVLP, as a vehicle for directing
the encapsulation of a wide array of protein cargoes on the interior of the assembled P22
VLP.18-27 For encapsulation, genes encoding desired cargo proteins are fused to the gene
encoding the truncated SP, which upon expression leads to the production of a cargo protein-
SP fusion protein. Coproduction of the cargo protein-SP fusion with CP in the cell leads to
in vivo encapsulation of the cargo protein-SP on the interior of the P22 VLP. This method
has proven to be very robust with the ability to encapsulate fusion proteins up to 180 kDa in
size reported thus far, while maintaining the P22 V/LP structure.19 In addition to the unique
ability to genetically encapsulate protein cargoes, the P22 VLP is able to undergo a series of
morphological change-s that alter the overall size and porosity of the VLP structure.28-31
Heating of the PC form at 60 °C for 15 min causes a rearrangement in the CP monomers to
form a more angular structure termed the expanded shell form (EX), which has an increased
diameter of 60 nm and an internal volume almost double that of the PC form.32 Additionally,
heating of the PC or EX forms at 70 °C for 20 min leads to the transformation of the EX
form to the wiffleball form (WB), which results from the dissociation of CP pentons at each
of the fivefold vertices in the EX form, leading to the formation of 10 nm pores in the VLP
structure. Access to these morphologies allow the end user to manipulate internal volume
and capsid porosity and solute access to the VVLP interior.

To expand the utility of the P22 VVLP as a platform for constructing nanomaterials,
developing modular methodology for the modification of the exterior of the VLP is
desirable. Decoration of the exterior could be used to attach protein domains which can
direct the assembly of higher order VLP materials in a specified manner, incorporate new
catalytic or functional activities, and integrate immune stimulating antigens for constructing
immunotherapeutic materials. Modification of the exterior can be performed either via
noncovalent association of proteins to the surface or via direct covalent modification and
attachment. Genetic approaches are particularly desirable, which require relatively little
processing and yield superior homogeneity. For P22, it has been shown that the exterior can
be readily modified noncovalently by the decorator protein (Dec) from phage L.33:34 Dec is
a trimeric protein that selectively binds to the EX P22 VLP at quasi-threefold sites of
symmetry with high affinity (Kyg = 10-50 nM).3% The N-terminal regions of the subunits
comprising Dec bind to the surface P22, with the C-termini projecting outward from the P22
surface. Attachment of proteins to the C-termini of Dec proteins, by construction of gene
fusion and expression of Dec fusion proteins, allows proteins to be attached to the surface of
EX P22 VLP through Dec mediated noncovalent association. Large protein domains (17
kDa) have been shown to be attached using this method,32 which provides a unique modular
approach for attachment of proteins of significant size. However, using the trimeric Dec
protein favors attachment of proteins that form trimeric or noninteracting monomeric
structures, which can only bind to the EX (or WB) form of P22 and the noncovalent nature
does not ensure permanent connection of a protein of interest to the surface. Covalent
attachment to the surface of P22 VVLPs has also been shown for short peptide sequences that
can be genetically added to the C-terminus of P22, which has been shown to project to the
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exterior of the VLP structure.36 While attachment of short peptides to the exterior is useful
for some applications, attachment of larger proteins and protein domains is desired,
particularly for applications in immunotherapeutics where the stimulation of antibodies must
be to a specific epitope of an antigen whose conformation is dependent on the larger protein
framework that cannot be minimized down to a short peptide fragment. A modular approach
that enables covalent attachment of larger proteins and protein fragments to the exterior
surface of the P22 VVLP is thus desired.

The research presented here examines a modular approach for the covalent attachment of
large proteins/protein domains to the exterior of the P22 VLP. A number of synthetic
chemical approaches have been described for the external modification of protein cages,
such as incorporation of cysteine residues on the exterior which can be reacted with
maleimide functional groups, incorporation of azide/alkyne functional groups for click
chemistry, EDC/NHS cross-linking reactions with lysine residues, and other amino acid side
change reactions.14:8:37.38 Our aim was to develop a totally genetic approach that would
minimize overall processing and also enable the use of synthetic strategies, as noted, which
could be used for attachment of nonprotein molecules. The strategy developed is to exploit
the C-terminus of P22 CP as an attachment site for large proteins by utilizing sortase-
mediated ligation to form a covalent peptide bond between the exposed P22 CP and a
protein of interest (Figure 1). Sortase is an enzyme that catalyzes peptide bond formation
between a protein containing a C-terminal LPETG amino acid sequence and a protein
containing an N-terminal polyglycine sequence (two or more glycines on the N-terminus).
39-41 peptide bond formation is between the threonine (T) of the LPETG containing protein
and the N-terminal glycine of the polyglycine containing protein. Sortase mediated ligation
has been used to effectively cross-link a number of proteins, including a recent example
exploiting the process for encapsulation of proteins on a VLP interior.#2 By genetically
modifying the P22 CP to contain a C-terminal LPETG sequence, proteins containing N-
terminal polyglycines can be covalently added to exterior of the P22 VLP via sortase
through the exposed LPETG peptide on the P22 VLP surface. The use of the C-terminus of
the VLP for display of the LPETG enables polyglycine tags, which are less intrusive than
the LPETG sequence, to be appended to the accessory proteins that one wishes to attach to
the surface. Because glycines are also part of some common protease cleavage sites (i.e.,
TEV protease), proteins for attachment to the VLP surface can be produced as recombinant
fusions with proteins that aid their production (i.e., improve expression levels, solubility,
folding, etc.), which can be removed with proteases to generate N-terminal glycines. This is
a unique feature of the research presented here in comparison with past examples of protein
cage or VLPs, which focus on placing the polyglycine tags on the VLP,4243 although other
VLP or protein cage systems exist with externally displayed C-termini that can be modified
in a similar manner as described here. This provides a completely genetic approach; all
components are biologically produced and require no synthetic modification, for the
covalent attachment of proteins to P22. In addition, the work presented here expands the
versatility of the P22 system, whereby sortase-mediated ligation can be used in combination
with the noncovalent Dec approach developed, as well as the encapsulation of proteins to
produce a multivalent platform for the display of multiple proteins outside or inside the P22
VLP with molecular control over placement, which has not been described for other
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systems. For the studies presented here, the attachment of two different proteins to the P22
VLP was examined, green fluorescent protein (GFP) and the head domain from the
influenza hemagglutinin protein (HAhead). GFP provides a useful protein for visualizing
attachment to the P22 VLP surface for verifying proof of concept and attachment of HAhead
provides supporting proof to the modularity of the approach by incorporating an important
antigenic protein domain.

RESULTS AND DISCUSSION

Previous studies have shown that the C-terminus of P22 CP is exposed on the exterior of the
P22 VLP and additional amino acid sequences were incorporated into the P22 CP gene to
provide a C-terminal LPETG sortase recognition sequence.3® Coexpression of the P22 CP-
LPETG and SP resulted in P22-LPETG VLPs with yields and behavior similar to that of the
wild type P22 VLP. SDS-PAGE showed a band of slightly higher molecular weight than
wild type P22 CP, at the expected molecular weight of CP-LPETG (48.3 kDa) and TEM
images showed particles of ~58 nm as expected for the PC P22 (Supporting Information
Figure S1). Dynamic light scattering showed an increased diameter for P22-LPETG of 64.24
+ 0.41 nm in comparison to unmodified P22 VLP (59.79 = 1.06 nm), consistent with
appendage of the peptide on the exterior of the P22 VLP, and polydispersity indexes (PDIs)
ranging from 0.006 to 0.042 for all samples, indicating that both P22-LPETG and P22 VLPs
are monodisperse (values <0.05 are considered monodisperse). Particles were further
evaluated by size exclusion chromatography (SEC) coupled to inline multiangle light
scattering (MALS) and refractive index detectors which showed hydrodynamic radii of
26.02 + 0.208 nm and molar mass values of 26.73 + 0.03 MDa for the intact PC P22-LPETG
VLPs, consistent with unmodified PC P22 VLPs examined previously. PC P22-LPETG was
transformed by heating to obtain EX P22-LPETG and the resulting VVLPs were analyzed by
TEM and SEC-MALS, which showed particles having a slight increase in size, as evidenced
by a shift in the elution time and increased hydrodynamic radius to 26.89 + 0.089 nm. In
addition, the molecular weight determined by SEC-MALS showed a slight loss in molecular
weight, 25.69 + 0.221 MDa, consistent with transformation to EX enabling SP detachment
and release from the P22 VLP interior. For initial studies, GFP containing N-terminal
polyglycine (polyG-GFP) was also produced to probe attachment of proteins to the exterior
of P22-LPETG via sortase-mediated ligation. Both polyG-GFP and sortase were produced
via heterologous expression in £. coliand purified by nickel affinity chromatography in
good yield to produce highly pure protein for ligation reactions as evidenced by SDS-PAGE
(Supporting Information Figure S1).

Initially, small scale sortase mediated reactions were evaluated to determine optimal
incubation time, ratios of polyG-GFP to CP-LPETG, and ratio of sortase to protein
substrates. Screens were run on both the PC and EX forms of P22 and allowed to incubate
from 1 h to overnight, evaluating various time increments between by SDS-PAGE analysis
(Figure 2 and Supporting Information Figure S2). Cross-linking of polyG-GFP to CP-LPTG
was observed for all reaction times, with the best cross-linking found after 4-6 h, which did
not appear to improve with longer incubation periods. The best cross-linking in general was
found for the higher ratios of 0.5-2 sortase to P22-LPETG/polyG-GFP in all cases.
Comparison between 10:1 and 1:1 molar ratios of GFP to P22-LPETG showed relatively
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minor differences in ability to cross-link, with densitometry indicating best cross-linking
ratios of 2.39 and 2.31 CP-LPETG to CP-GFP fusion product, respectively, for the 6 h
incubation time as shown in Figure 2. Such differences may be negligible in cases where the
protein being attached is precious and lower amounts can be used with good result. The
densitometry indicates that the GFP is attached at GFP: P22-LPETG CP ratios lower than
1:1, with overall reaction efficiency of 15% for the best 6 h incubation sample (1:1 molar
ratios of reactants), with lower efficiencies for all other samples. This is not surprising since
the C-termini of the CP are arranged in close proximity at the fivefold and sixfold centers of
symmetry, the VVLP is composed of pentamer and hexamer assemblies of the CP, and
attachment of GFP would induce steric hindrance of additional GFP proteins. Estimates
from densitometry suggest attachment of roughly 140 copies (ratio of CP-LPETG:CP-GFP
of 2.0) of GFP per capsid, equivalent to 2 GFP proteins attached at each fivefold (12
pentamers in total) and sixfold (60 hexamers in total) symmetry centers on the 7= 7 P22
VLP. This number compares well with the number of proteins that can be attached
noncovalently by the Dec protein (240 monomers),32 but provides a robust covalent bond
that precludes dissociation of the attached protein, which might be beneficial and essential
for some applications.

Results from the initial small scale screen reactions were used as a guide in performing
scaled up reactions for producing larger amounts of cross-linked material. Scaled up
reactions were prepared at the 10:1 ratio of polyG-GFP to P22-LPETG CP and were
incubated for 5 h. During the course of the reaction an increase in turbidity was observed,
consistent with growth in nanoparticle size leading to increased light scattering observable
by eye (Supporting Information Figure S3). SDS-PAGE confirmed covalent attachment of
polyG-GFP to P22-LPETG, with higher reaction efficiency than observed for the smaller
scale reactions (Figure 3A). For initial scale up reactions, P22-GFP VLPs were purified by
ultracentrifugation, which for P22-LPETG results in an opaque pellet that can be
resuspended in buffer with gentle rocking. Ultracentrifugation of the scaled up reaction
mixture resulted in a green supernatant and a green pellet (Figure 3B), suggesting that GFP
was attached to and pelleted with the dense P22 VLPs. SDS-PAGE showed that the pellet
contained bands corresponding to cross-linked P22 CP-GFP and P22 CP-LPETG, in
addition to some free sortase and GFP while the supernatant contained polyG-GFP and
sortase only (Figure 3A). Interestingly, additional bands were also observed at molecular
weights higher than expected for CP-GFP alone (75 kDa). Since no bands of higher
molecular weight were seen in the starting materials, these likely are the result of additional
cross-linking catalyzed by sortase. It has been previously observed that sortase shows some
pliability in amino acids in the LPETG sequence, particularly at high substrate
concentrations and extended incubation periods as described here,** and performs a
noncanonical isopeptide bond cross-linking reaction at the e-amino group of lysine residues
in specific sequences.*> Although no additional consensus sequences is apparent in the CP-
LPETG or polyG-GFP, several glycine residues are found at the C-termini of both proteins,
which are essential amino acids for both sortase mediated reactions and may contribute to
the additional reactivity observed. Upon addition of buffer to the pellet and overnight
resuspension by gentle rocking, only a small amount of the total pellet resuspended, unlike
unmodified P22/P22-LPETG which almost completely resuspends. SDS-PAGE was used to
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evaluate the VLP resuspension and the aggregate that did not resuspend, with results
showing that both the resuspension and aggregate contained cross-linked P22 CP-GFP.
Ultracentrifugation of the resuspended P22 VLP through a cesium chloride gradient
produced a green colored band where unmodified P22 VLP is normally observed (Figure
3C). SDS-PAGE confirmed polyGGFP cross-linking to the P22 CP-LPETG in the cesium
chloride band corresponding to P22 VLP (Figure 3D) with densitometry showing a ratio of
1.39 CP to CP-GFP, corresponding to 176 GFPs attached per capsid (more than two at each
five- and sixfold center of symmetry). Material at the top of the cesium chloride gradient
corresponded to free polyG-GFP (Figure 3C,D), in agreement with its lower expected
density than the 20 MDa P22 VLPs, and indicating that free polyG-GFP also pelleted with
the P22 during the initial ultracentrifugation purification step. Attempts were made to bypass
the initial ultracentrifugation pelleting by performing ultracentrifugation of ligation reactions
through cesium chloride. However, upon cesium chloride ultracentrifugation a band
containing a solid disk structure was observed where the P22-GFP VLP band had been
observed previously (Figure 4A). SDS-PAGE analysis showed that the disk was composed
of cross-linked CP-GFP and TEM images of the disk verified that it was comprised of
tightly packed (but not ordered) P22 VVLPs (Figure 4B,C and Supporting Information Figure
S3). The disk was not observed to resuspend when transferred to buffers, even after several
months. Together the results for ultra-centrifugation indicate that attachment of GFP to CP
leads to strong interparticle interactions. In addition, free polyG-GFP was observed to
copurify with P22-GFP VLPs, suggesting that GFP has a strong interaction with the P22-
GFP VLPs. GFP has been reported to form dimers, with values for the dissociation constant
(Kp) of the GFP dimer of 100 £M.46 The results suggests that the observed interparticle
interaction is therefore the result of the concentrating action of ultracentrifugation, which
results in noncovalent cross-linking between the GFP monomers on the VLP surface.
Interestingly, the results show that a majority of the P22-LPETG was conjugated to
polyGGFP, as indicated by the absence of significant white banding for the soluble P22-
LPETG in the region of the gradient where the P22-GFP disk was found.

To obtain soluble P22-GFP free from aggregation, removal of excess polyG-GFP from P22-
GFP from quenched ligation reactions was evaluated using dialysis with tubing of 50 kDa
and 100 kDa molecular weight cutoffs (MWCOs). Controls indicated that free polyG-GFP
diffused from the 100 kDa MWCO dialysis tubing, but that polyG-GFP largely stayed inside
the 50 kDa MWCO dialysis tubing at the high concentrations of GFP used in the experiment
(Supporting Information Figure S5). These results are consistent with the fact that the dimer
of GFP has an expected molecular weight of 56 kDa, large enough to be retained by the 50
kDa MWCO dialysis tubing, but easily diffusible through the 100 kDa MWCO dialysis
tubing. P22-GFP samples dialyzed against the 50 kDa MWCO showed almost full retention
of GFP in the dialysis tube with no detectable GFP in the dialysate, in agreement with the
free polyG-GFP findings. However, P22-GFP samples dialyzed using the 100 kDa MWCO
tubing sample retained green color (Figure 4E) but also showed free GFP in the dialysate,
supporting conjugation of polyG-GFP to the P22-LPETG. UV-vis spectra of the samples
after dialysis confirmed the differences in UV-vis absorption, which were initially identical
before dialysis. Samples were then evaluated by SDS-PAGE to determine the amount of free
GFP retained in the P22-GFP sample after dialysis (Figure 4F), which were consistent with
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previously observed conjugation results. Evaluation of the dialyzed P22-GFP sample by
DLS showed a diameter of 96.43 + 0.15 nm, an increase of 30 nm from the unmodified P22-
LPETG VLP confirming attachment to the exterior. Based on crystal structure
measurements, GFP is approximately 5 nm long and therefore addition of 10 nm to the P22
is predicted; however, some amount of P22-GFP dimers are likely present in solution that
contribute to the scattering measurement to give the slightly higher value observed. PDI
values of P22-GFP ranged from 0.178 to 0.199 indicating a modest amount of heterogeneity
in the samples, as expected for the cross-linking method. Thus, the results indicate that
dialysis can be used to remove nonconjugated proteins from the P22 VVLPs, which may be a
necessary step for proteins such as GFP that show interparticle oligomerization at the
concentrations used in the ligation reactions that provide effective cross-linking or during
purification by banding during ultracentrifugation.

The results showing the noncovalent association of the covalently conjugated P22-GFP to
form disks suggested the potential for utilizing this approach for the formation of highly
organized soft materials. To further evaluate this finding, disks were prepared by
ultracentrifugation through a cesium chloride gradient. P22-GFP disks were gently separated
from cesium chloride by removing the solution from the centrifuge tube with a Pasteur pipet
and rinsing the pellet gently with deionized water. Disks were found to fracture easily, but
they were not found to show any appreciable dissociation. To determine if the disks were the
result of long-range, ordered organization of P22-GFP particles, the disks were analyzed by
small-angle X-ray scattering (SAXS). Results of the P22-GFP disk showed no difference in
SAXS profile patterns in comparison to either P22-LPETG or mixtures of P22-GFP and
GFP (Figure 4D and Supporting Information Figure S4). These results indicate that the P22-
GFP disk assembly does not have long-range organization, but is amorphous in its structural
arrangement. This is not surprising since cross-linking by sortase does not guarantee regular
placement of GFP on the P22 VLP platform and additionally some covalently cross-linked
GFP subunits can likely form dimers with free GFP, as observed by bands in SDS-PAGE
results corresponding to free GFP from the P22-GFP disks. However, the results suggest that
this approach has the potential for developing organized materials with further design and
development of an assembly strategy to provide additional control.

A major motivation for developing an approach for covalent attachment of proteins to the
exterior of the P22 VVLP is for the construction of immunotherapeutic nanomaterials. P22
has been shown to stimulate protective immune responses to human pathogens, and covalent
attachment of antigens to the exterior is expected to provide stable nanoparticles that can
provide multivalent display of antigens for directed immune responses.?1:3247 To further
explore the efficacy of the approach toward incorporating antigen to the P22 surface,
attachment of the head portion of the hemagglutinin protein (HAhead) from influenza was
evaluated. HAhead exists as a monomer in solution and does not form higher order
assemblies as observed for GFP. Initially, a plasmid containing the gene encoding HAhead
containing an N-terminal poly glycine was constructed; however, this construct was not
found to express measurable amounts of protein. To circumvent this problem the polyG-
HAhead gene was inserted into a plasmid containing the gene encoding maltose binding
protein (MBP) to produce a MBP-polyG-HAhead fusion protein upon expression. MBP is
known to aid in improving expression levels and solubility of proteins in £. coli when
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produced as a fusion protein with proteins that are otherwise not easily produced.
Expression of the MBP-HAhead in BL21(DE3) Clear Coli, a genetically modified strain of
E. colithat does not produce LPS, yielded soluble protein that was purified in good quantity
via nickel affinity chromatography. For removal of MBP a TEV protease sequence
(ENLYFQG) was included between MBP and HAhead. Treatment of MBP-polyG-HAhead
with TEV protease yielded predominantly free polyG-HAhead (Supporting Information
Figure S6). Some precipitation was observed after TEV treatment; however, protein
precipitate was refolded on a nickel affininty chromatography column and combined with
nonprecipitated polyG-HAhead.

After producing polyG-HAhead, ligation reactions were set up based on the results found for
GFP sortase ligation. GFP ligation reactions showed little difference between 10:1 and 1:1
ratios, and since protein antigens are typically produced in lower quantities, it was decided
to evaluate a 1:1 ratio of polyGHAhead to P22-LPETG CP for the sortase mediated ligation.
Indeed, 1:1 ratios of polyG-HAhead to P22-LPETG CP showed cross-linking efficiency
consistent with those found for GFP when examined by SDS-PAGE (Figure 5).
Densitometry of the bands in the SDS-PAGE indicated a CPLPETG to CP-HAhead of 1.3,
indicating an attachment of ~183 HAhead proteins per capsid, consistent with more than two
protein subunits at every sixfold and fivefold center of symmetry. Bands of slightly higher
molecular weight than CPHAhead were also observed by SDS-PAGE, as observed for the
polyG-GFP reactions, indicating that a similar cross-reaction is also likely at play. For
purification, EDTA quenched reactions were run through a cesium chloride gradient by
ultra-centrifugation to purify cross-linked P22-HAhead constructs from sortase and free
polyG-HAhead. Unlike GFP experiments, the high concentrations of P22-HAhead did not
result in the formation of solid protein disks, but rather white bands of soluble protein
corresponding to P22 VLPs (Figure 5). SDS-PAGE of the bands from cesium chloride
purification showed that purified VLPs contained covalently attached CP-HAhead with
conjugation levels similar to those observed in the unpurified reaction mixture. These results
provide support that the inability to resuspend a majority of the P22-GFP pellet and the
formation of disks by P22-GFP resulted from interparticle GFP dimerization, which does not
occur with the HAhead construct. Evaluation of the purified P22-HAhead sample by DLS
showed a diameter of 124.9 + 0.59 nm, an increase of 60 nm from the unmodified P22-
LPETG VLP confirming attachment to the exterior. Based on crystal structure
measurements, the dimensions of HAhead are slightly larger than GFP at approximately 7
nm at its longest axis, and therefore addition of 14 nm to the P22 is predicted. The larger
value from expected suggests that some larger assemblies are likely present in solution that
contribute to the scattering measurement to give the slightly higher value observed. PDI
values of P22-GFP ranged from 0.157 to 0.172 showing some heterogeneity in the samples,
consistent with values observed for GFP cross-linking. Analysis by SEC-MALS was also
carried out; however, elution of the protein from the SEC column was not observed,
suggesting the surface modification to P22 caused a change in the stability of the P22-
HAhead relative to P22-LPETG under the SEC conditions examined leading to retention of
the protein on the SEC resin. Overall, the results support the use of the sortase mediated
ligation of protein antigens to P22-LPETG VLP scaffold, especially monomeric protein
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subunits or peptide/protein fragments, allowing for multivalent display which has been
shown to improve the avidity of immune responses generated.

CONCLUSIONS

The results show that the P22 VVLP is readily amendable to external bioconjugation by
covalent attachment of proteins to the exposed C-terminus of the P22 CP. Modification of
the C-terminus to install a LPETG sequence facilitated the attachment of N-terminal
polyglycine containing proteins via sortase mediated ligation, with overall efficient
conjugation. The results indicate that special considerations may be required for the
purification of P22 VLPs decorated with proteins, particularly when the decorating protein
can form a concentration dependent oligomeric structure. However, sortase mediated
ligation of proteins to the surface of P22 was found to be general, with attachment of two
different proteins producing similar cross-linking results, suggesting that this can be used as
a modular approach for externally modifying P22. The P22 VLP has previously been shown
to be a robust scaffold for constructing diverse catalytic and therapeutic nanomaterials.
Results outlined here provide additional versatility for engineering the P22 VVLP in further
developing enhanced nanomaterials.

MATERIALS AND METHODS

Materials.

DNA modifying enzymes were purchased from New England Biolabs (Ipswich, MA). DNA
primers were purchased from Eurofins MWG Operon (Huntsville, AL). £. coli
BL21(ADE3) and 10G E. cloni electrocompotent cells were purchased from Lucigen
(Madison, WI). QIAquick gel extraction kit, MinElute Enzyme Reaction Cleanup Kit, and
QIlAprep Spin Miniprep kit were purchased from Qiagen (Valencia, CA). InstantBlue protein
stain was purchased from Expedeon (San Deigo, CA). All chemical reagents were purchased
from Fisher Scientific (Hampton, NH).

Molecular Biology.

The gene encoding GFP was amplified from a plasmid containing GFP using the primers 5’-
AAAAGCCCATGggcggaggaggcAAGGGGGTGAAGGAAG-3’and 57-
AAAAGCGCGGATCCCTTGTTCTTCTCAGGCAG-CAG-3’ incorporating a polyglycine
encoding sequence (lower case) and the restriction enzyme cut sites for Ncol and BamHI
(underlined). The polyG-GFP gene and a pRSFDuet plasmid was then digested with Ncol/
BamH| and purified using a Qiagen MinElute Enzyme Reaction Cleanup Kit to remove
restriction enzymes and DNA fragments. The cut polyG-GFP and pRSFDuet plasmid were
then mixed and ligated using NEB T4 DNA ligase according to the manufacturer’s
directions and subsequently transformed into electrocomponent 10G E. cloni cells (Lucigen)
and plated for selection on a Agar plate containing Kanamycin (50 pg/mL). Colonies were
selected from plates, grown up in 5 mL overnights, DNA extracted from cells the following
day via QIAprep Spin Miniprep Kit, and the extracted DNA sent out for sequence
verification (Eurofins Genomics). A 6xHistidine purification tag was added to the GFP
containing plasmid by codigestion with BamHI/Sacl restriction sites, purification using the
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ERC MinElute Kit, and ligation with annealed gene fragments purchased from Eurorfins
containing the correct sticky ends (encoding 5°-
GATCGGCGGACTGGTGCCGCGCGGCAGCGGACAT-
CACCATCATCACCACTAAGAGCT-3’ and complementary 5’-
CTTAGTGGTGATGATGGTGATGTCCGCTGCCGCGCGGCACCAGTCCGCCG-3’). For
constructing the coat protein containing the C-terminal LPETG sortase recognition sequence
(CP-LPETG) the primer 5’-TTTTGCCGCTCGAG-
TTAGCTACCGCCGGTTTCCGGCAG-GGTACCTCCT-
CCGGCACCTCCGCCGCCTGCAGATCTCGCAGTCT-
GACCAGGCAGGCCAACACC-3’ was constructed allowing amplification of the CP
containing a C-terminal polyglycine spacer flanked by the LPETG and insertion into the
pRSFDuet vector using the Ndel/Xhol restriction enzymes sites according to the same
procedure noted above. The primers also encoded restriction enzyme sites for BgAl and
Kpnl (underlined) for removal and modification of the spacer in the future if necessary. For
obtaining the MBP-polyG-HAhead construct the primers 5’-
AAAGGTACCGAGCTCGGAAAATCTGTA-
CTTTCAAGGTGGCGGCGGTGCAAGCAAGGGC-3” and 5'-
AAAGCGGATCCTTAATGATGATGATGATGATGCT-
CGAGACTGGTGATAATGCCCGAACC-3" were used to amplify the HAhead gene by
PCR and digested with Sacl and BamHI for insertion into the pRK793 plasmid containing
MBP. The pRK793 plasmid was digested with Sacl and BamHI and gel purified to remove
the gene insert removed by digestion. After purification of pRK793 vector and
polyGHAhead gene, the two constructs were mixed and ligated with T4 DNA ligase,
subsequently transformed, and sequences of DNA resulting from cell growth screened as
described previously. All constructs were transformed into BL21(DE3) or Clear Coli upon
confirmation of sequence for subsequent protein expression.

Protein Expression and Purification.

E. colistrains harboring expression constructs were grown in LB medium at 37 °C in the
presence of ampicillin (0.1 tg/mL) or kanamycin (0.5 ¢g/m L) depending on plasmid to
maintain selection for the plasmid. In addition, to the P22-LPETG, polyG-GFP, and MBP-
polyG-HAhead constructs, sortase and TEV protease were also produced from plasmids
previously obtained. The sortase gene was the generous gift of Dr. Robert T. Clubb (UCLA).
Expression of the genes were induced by addition of isopropyl S-D-thiogalactopyranoside
(IPTG) to a final concentration of 0.5 mM once the cells reached mid log phase (ODggg =
0.8). For P22-LPETG, polyG-GFP, and Sortase, cultures were grown for 4 h after addition of
IPTG, and then the cells were harvested by centrifugation and cell pellets were stored at
-20 °C. For TEV and MBP-HAhead the temperature was lowered at induction to 30 °C and
protein expression allowed overnight, with subsequent harvesting and storage as noted for
the other constructs.

Cell pellets were resuspended in Lysis buffer (50 mM Tris, 150 mM sodium chloride, pH
7.4) and the cell suspension was lysed by sonication. Cell debris was removed by
centrifugation at 12 000g for 45 min at 4 °C. The supernatant was decanted and spun an
additional 45 min at 12 000g to remove any excess cellular debris. P22-LPETG was purified
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from the supernatant by ultracentrifugation over a 35% (w/v) sucrose cushion on a Sorvall
wX+ Ultra Series centrifuge (Thermoscientific) at 38 000 rpm using a Fiberlite F50L-8 x 39
rotor. The resulting viral pellet was resuspended in PBS (50 mM sodium phosphate, 25 mM
sodium chloride, pH 7.0) and then purified over an S-500 Sephadex size exclusion column
using an Biorad NGC FLPC. Flow rate for SEC purification was 1 mL/min of PBS.
Fractions taken from SEC containing P22-LPETG were concentrated by ultracentrifugation
and the resulting viral pellet was resuspended in an adequate volume of Tris Buffer (50 mM
Tris, 150 mM sodium chloride, pH 8.0). The polyGGFP, MBP-polyG-HAhead, Sortase, and
TEV protease constructs were purified by nickel affinity chromatography using PerfectPro
Ni-NTA resin (5 Prime) according to standard procedures using Wash Buffer (50 mM Tris,
300 mM sodium chloride, 10% glycerol, pH 7.4) and Elution Buffer (50 mM Tris, 300 mM
sodium chloride, 250 mM Imidazole, 10% glycerol, pH 7.4) to perform washes and elution
using a step gradient. After Ni-affinity purification, polyG-GFP and sortase were dialyzed
against Tris Buffer. To remove MBP from polyG-HAhead, TEV digests were performed by
mixing of MBP-HAhed and TEV in a 10:1 ratio with addition of DTT (1 mM) and EDTA
(0.5 mM) and overnight incubation at 4 °C. After incubation and dialysis against Wash
Buffer, polyGHAhead was separated from cleaved MBP via Ni-affinity chromatography.
Concentrations for the protein constructs were determined by UV absorption measured at
280 nm assuming molar extinction coefficients of CP-LPETG eygg = 44 380 M~1 cm™1, SP
£9g0 = 6400 M1 cm™1, polyG-GFP e5g9 = 26 860 M1 cm™1, polyG-HAhead eygq = 49
5001 cm™1, and Sortase eyg9 = 13 370 M~1 cm™1 (calculated using Protein Calculator v 3.3,
Chris Putnam, Scripps).

Screening Conditions for Sortase Mediated Ligation.

Ligation reactions were set up based on previously reported reaction conditions for protein—
protein fusion.#® P22-LPETG and polyG-GFP were mixed at either 1:1 or 1:10 ratios of the
CP-LPETG to polyG-GFP protein subunit concentration to a final concentration of 60 /M
protein in Tris Buffer supplement with calcium chloride (6 mM). Sortase was added to
mixtures to give Sortase:polyG-GFP/CP-LPETG ratios ranging from 0.02 to 2. Reactions
were incubated at 42 °C and samples removed from reaction mixtures at 1, 2, 4, and 6 h and
overnight (16-22 h), quenched with EDTA, and kept at 4 °C for SDS-PAGE analysis
described below.

Scaled Up Cross-Linking Reactions.

For scaled up reactions, polyG-GFP (120 M) was mixed with P22 CPLPETG (12 M) at a
10:1 ratio and incubated at 42 °C for 5 h. Reactions were quenched and placed at 4 °C to
await purification. Initial runs of polyG-GFP ligation to P22-LPETG evaluated purification
by ultracentrifugation over a 35% (w/v) sucrose cushion as described above. Later,
purification was evaluated by ultracentrifugation through a cesium chloride gradient (X-Y)
at 38 000 rpm on a Sorvall wX+ Ultra Series centrifuge (Thermoscientific) using a TH-641
rotor, which resulted in protein disks. Subsequently it was determined that P22-GFP fusion
ligation reactions were best purified from nonligated proteins (polyG-GFP and sortase) by
dialysis. Dialysis was performed with either 50 000 or 100 000 Da MWCO Spectra/Por
dialysis membrane dialysis tubing (Spectrum Laboratories) against Tris Buffer (two
exchanges in 0.5-1 L each). Reactions for attachment of polyG-HAhead utilized a polyG-
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HAhead (20 1M) was mixed with P22 CPLPETG (20 4M) at a 1:1 ratio incubated at 42 °C
for 5 h. Purification of the P22-HAhead fusion was performed by ultracentrifugation of
ligation reaction mixtures through a cesium chloride gradient (0.26-0.54 g CsCl/m Lin Tris
buffer) at 38 000 rpm on a Sorvall wX+ Ultra Series centrifuge (Thermoscientific) using a
TH-641 rotor. Bands corresponding to P22-HAhed were removed from the centrifuge tube
by pipetting and combined fractions containing P22-HAhead were run through a Zeba Spin
Desalting Column, 40 000 Da MWCO, equilibrated with Tris Buffer according to the
manufacturer’s directions to remove cesium chloride in exchange for the desired buffer. All
constructs were evaluated by SDS-PAGE to determine the extent of Sortase mediated cross-
linking.

Protein samples were mixed with 4x loading buffer containing DTT and heated in a boiling
water bath for 10 min, and subsequently spun down on a benchtop centrifuge. Samples were
separated on a gel containing a 4% polyacrylamide stacking gel and a 16% polyacrylamide
running/separating gel using a constant current of 38 mA for approximately 1 h. Gels were
stained with Coomassie Brillant Blue stain for 20-30 min and subsequently destained
overnight or stained with InstantBlue Stain (Expedeon) for 1 h. Images were taken on an
Alphalmager Mini (Protein Simple) and analyzed using the AlphaView SA software.

Transmission Electron Microscopy.

Samples (10 £, 0.1 mg/mL protein) were applied to Formvar coated grids and incubated for
30 s and excess liquid was removed with filter paper. Grids were then washed with 10 zL of
distilled water, liquid was removed with filter paper shortly after addition, and then stained
with 5 gL 1% uranyl acetate after which excess stain was removed with filter paper. Images
were taken on a JEOL 1010 transmission electron microscope at accelerating voltage of 80
keV.

Dynamic Light Scattering.

Samples were prepared as described for the scaled up reactions. After reactions, samples
were centrifuged at 10 000g on a benchtop microcentrifuge and subsequently sterile filtered
through a 0.22 um syringe filter. Samples were analyzed on a Zetasizer Nano ZS (Malvern
Instruments) for their zaverage diameters and polydispersity index.

Multiangle Light Scattering.

Samples were separated over a WTC-0200S (Wyatt Technologies) size exclusion column
utilizing an Agilent 1200 HPLC to apply and maintain a 0.7 mL/min flowrate of 50 mM
phosphate, pH 7.2 buffer containing 100 mM sodium chloride and 200 ppm sodium azide.
Samples of 25 zl were injected onto the column and total run time was 30 min. Samples
were detected using a UV — vis detector (Agilent), a Wyatt HELEOS Multi Angle Laser
Light Scattering (MALS) detector, a quasi-elastic light scattering detector (QELS), and an
Optilab rEX differential refractometer (Wyatt Technology Corporation). The number-
average molecular weight, Mn, was calculated with Astra 5.3.14 software (Wyatt
Technology Corporation) based on the molecular weight distribution.
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Small Angle X-ray Scattering.

SAXS measurement was done at the 121D-B beamline at the Advanced Photon Source
(APS). The measurements were carried out at 14 keV and the scattering data were collected
with a Pilatus 2 M detector. Silver behenate was used as a standard to calibrate the system.
One-dimensional scattering data were obtained by averaging two-dimensional scattering
patterns.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
VLPs Virus like particles
GFP Green fluorescent protein
HA Hemagglutinin
CP Coat protein
PC Procapsid
EX Expanded shell
WB Wiffleball
SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis
Dec Decorator protein
PDI polydispersity index
SAXS Small angle X-ray scattering
polyG poly glycine
MWCO Molecular weight cutoff
SEC Size exclusion chromatography
MALS multiangle light scattering
DLS dynamic light scattering
QELS Quasi-elastic light scattering

Bioconjug Chem. Author manuscript; available in PMC 2019 August 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Patterson et al.

Page 15

MBP Maltose binding protein
TEM transmission electron microscopy
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Figure 1.
Attachment of proteins to the P22 VVLP via sortase. Construction of the P22 VLP containing

a C-terminal LPETG amino acid sequence is predicted to allow modular attachment of N-
terminal polyglycine (polyG; red circles) containing proteins (purple) via sortase catalyzed
peptide bond formation between the N-terminal glycine of the polyG-protein and C-terminal
threonine of the P22 coat proteins.
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Figure 2.
Screening conditions for the sortase mediated ligation of polyG-GFP to P22 CP-LPETG.

SDS-PAGE gels of samples incubated at 42 °C for times of 1, 2, 4, and 6 h, and overnight
(22 h). Reactions that evaluated ratios of sortase ranging from 0.02 to 2 of sortase to
reactants (polyGGFP and P22 CP-LPETG) for ligation and 10:1 and 1:1 ratios of reactants
were evaluated.
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Figure 3.

Analysis of scaled up cross-linking reaction between polyG-GFP and P22-LPETG. (A)
SDS-PAGE gel evaluating the cross-linking in the polyG-GFP/P22-LPETG ligation reaction
mixture after 4 h and pellet and supernatant fractions resulting from ultracentrifugation of
the reaction mixture. (B) Image showing the P22 VLP pellet from ultracentrifugation after
sortase mediated ligation with polyG-GFP. (C) Comparison of CsCl gradient results for P22
without GFP and resuspended P22-GFP from ultracentrifugation pellet. (D) SDS-PAGE
results from the CsCl purification of the P22-GFP bands from the cesium chloride gradient
of the ligation reaction in panel C.
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Purification and characterization of P22-GFP Sortase fusion product by cesium chloride and
dialysis approaches. (A) Side by side comparison of results from cesium chloride
purification of P22-LPETG VLPs without sortase added (left) and with sortase added (right)
to the ligation reaction mixture. For the reaction containing sortase, a noticeable solid “disk”

was observed (arrow pointing to zoomed in view) with a greenish hue. (B) SDS-PAGE was

run on a sample of the disk and the gel shows that the disk is composed of cross-linked P22-

GFP. (C) TEM images taken of the disk indicate that it is composed of P22 VLPs. (D) Solid

“disks” were collected and evaluated by SAXS, but showed no long-range organization
beyond the unaltered P22-LPETG. (E) Dialysis results for free polyG-GFP (left) and sortase
ligation reaction mixtures (right) with 50 kDa MWCO and 100 kDa MWCO dialysis tubing,
respectively. (F) SDS-PAGE gel evaluation of dialysis samples with lanes: (1) ladder, (2)

GFP 50 MWCO dialysis, (3) GFP 100 kDa MWCO, (4) P22/GFP ligation reaction 50 kDa

MWCO, and (5) P22/GFP ligation reaction 100 kDa MWCO. Larger MWCO allowed

removal of free GFP.
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Figure5.
Evaluation of sortase mediated cross-linking of the polyG-HAhead to P22-LPETG VLP. (A)

SDS-PAGE showing the characterization of individual components used in the ligation
experiments. (B) Purification of P22-HAhead fusion VLPs by ultracentrifugation through a
cesium chloride gradient. (C) SDS-PAGE analysis of the band corresponding to the P22
VLP from cesium chloride purification; in A and C, SP identifies the scaffolding protein of
the P22 VLP.
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