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Abstract: Virus-like particles are excellent inducers of the adaptive immune response of humans
and are presently being used as scaffolds for the presentation of foreign peptides and antigens
derived from infectious microorganisms for subunit vaccine development. The most common
approaches for peptide and antigen presentation are translational fusions and chemical coupling,
but some alternatives that seek to simplify the coupling process have been reported recently. In
this work, an alternative platform for coupling full antigens to virus-like particles is presented.
Heterodimerization motifs inserted in both Tobacco etch virus coat protein and green fluorescent
protein directed the coupling process by simple mixing, and the obtained complexes were easily
taken up by a macrophage cell line.

Keywords: subunit vaccines; antigen carrier; virus-like particles; noncovalent coupling; heterodimer-
ization motifs; antigen uptake

1. Introduction

The mammalian adaptive immune system has evolved to recognize viral structures
in order to trigger a fast response when facing a viral attack. These viral structures have
been named pathogen-associated molecular patterns, because of their highly ordered
and repetitive nature, which allows for the efficient activation of B cells and also some
innate immune responses [1]. Virus-like particles (VLPs) are particles devoid of genetic
material that still conserve the symmetry of their infectious counterparts and, hence, their
immunostimulatory properties. These VLPs are commonly formed by the spontaneous
self-assembly of a coat or capsid protein (CP). Some remarkable examples of these VLPs,
in terms of their importance to human health, are recombinant hepatitis B virus and
papillomavirus vaccines, which contain hepatitis B surface antigen and papillomavirus
major capsid protein L1, respectively, and have shown their protective efficacy against
these viruses [2,3]. Given these special properties of VLPs, they have been extensively
employed as scaffolds for enhancing the immunogenicity of foreign sequences derived
from a wide variety of pathogens, serving as antigen or peptide carriers to the immune
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system for the development of subunit vaccines [4,5]. The original sources of these VLPs
can be human [6–11], avian [12], bacterial [13] or plant viruses [14–16].

The most widely used approaches for fusing antigens or peptides to VLPs are trans-
lational fusions and chemical coupling. In the first case, the antigen/peptide coding
sequence is introduced in-frame in any given site of the virus coat/capsid protein, gen-
erating chimeric VLPs that bear the foreign antigen/peptide. The main drawback of this
approach is that the foreign amino acid sequence to be incorporated cannot be too long,
generally no more than 20 amino residues, because the insertion of longer sequences may
affect capsid protein structure to an extent that it compromises particle assembly [4]. In the
case of chemical coupling, this approach basically consists of binding the foreign sequence
to VLPs in a covalent fashion, taking advantage of lateral chains of certain amino acids that
are surface exposed, such as lysine, cysteine, tyrosine, glutamic acid and aspartic acid, em-
ploying homo-/heterobifunctional crosslinkers for this purpose. Yet this approach allows
the coupling of large sequences, even complete antigens, and it has some disadvantages,
such as increasing the steps of the downstream process and, most importantly, the lack of
efficacy and reproducibility of the coupling process, resulting in the formation of VLPs
with a different degree of foreign antigen load, hardly reaching a 100% load [5].

Recently, some sophisticated methods for covalent coupling of foreign sequences
to VLPs without the use of chemical crosslinkers have been developed. One method is
based on the SpyCatcher-SpyTag technology, where two specific peptide sequences, one
named SpyCatcher and the other named SpyTag, can form a spontaneous isopeptide bond
between each other. SpyCatcher sequence was genetically fused to the amino terminus of
the coat protein of phage AP205 and chimeric SpyCatcher-AP205 VLPs were formed. In
the same way, the SpyTag sequence was genetically fused to the amino terminus of malaria
antigens. SpyCatcher-AP205 VLPs and antigens were mixed together, and the spontaneous
bond took place, leading to the acquisition of AP205 VLPs/malaria antigen complexes
that induced specific antibody production in immunized mice [17]. Another method relies
on bacterial sortase A (srtA), which is a transpeptidase able to bind a protein that bears a
recognition motif to a polyG motif present in another protein. Sortase A recognition motif
was added to the amino terminus of Papaya mosaic virus coat protein (PapMV CP), and
resulting VLPs were linked to two different polyG peptides through recombinant sortase
A. Both VLP/peptide complexes elicited an antibody response after their administration to
mice [18].

Coiled-coil oligomerization motifs are widely distributed in nature and consist of a
seven amino acid repeat in which two hydrophobic amino acids align at one side after the
heptad folds into a helical conformation, and these hydrophobic amino acids are actually
responsible for the oligomerization process [19]. Coiled-coil heterodimerization motifs
have been previously employed for encapsulating green fluorescent protein (GFP) inside
Cowpea chlorotic mottle virus (CCMV) VLPs in a two-step fashion, first binding CCMV
CP monomers to GFP, both modified to have the complementary motifs, followed by VLP
assembly by lowering the pH [20]. In this work, an alternative method for the noncovalent
coupling of full antigens to VLPs based on coiled-coil heterodimerization motifs is reported.
To achieve this, the complementary heterodimerization motifs were added to the open
reading frames of Tobacco etch virus (TEV) CP and GFP, the proteins were expressed and
purified separately and, finally, TEV VLPs were coupled to GFP by mixing, simplifying the
process dramatically. It was demonstrated that the VLPs contributed to the uptake of the
antigen by a murine macrophage cell line.

2. Results
2.1. Arrangement of Elements of Recombinant Proteins According to Structural Prediction

The coiled-coil oligomerization motif sequences employed in this work for coupling
VLPs to antigen were (KVSALKE)5 and (EVSALEK)5, designated as K- and E-coils, respec-
tively [21]. The organization of coiled-coil motifs, flexible spacer, protein and His-tag in the
amino acid sequences TEVK, GFPE-N and GFPE-C are shown in Figure 1. Previous works
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suggest that the N-terminus of TEV CP is displayed on the surface of both viral particles
and VLPs [22,23]. Additionally, a His-tag in the C-terminus of E. coli-expressed TEV CP
enhances VLP recovery [24]. The disposition of K-coil, E-coil and His-tag in the tertiary
structure was observed in the protein models obtained by multitemplate modeling and ab
initio with Phyre2 (Figure 2). For TEVK, 75% of the residues were modeled with >90% con-
fidence, the CP sequence shared 65% identity with c6t34I (Chain I, Turnip mosaic virus coat
protein structure) [25] and the same percentage with c5odvB (Chain B, Watermelon mosaic
virus coat protein structure) [26], both belonging to potyviruses. K-coil was modeled with
83% of identity with the template c3tq2A (Chain A, KE1, merohedral twinning in protein
crystals revealed a new synthetic three-helix bundle motif) [27]. For GFPE-N and GFPE-C,
91% of the residues were modeled with >90% confidence finding 98% of identity between
GFP sequence and the template c5fguA (Chain A, structure of sda1 nuclease apoprotein as
an egfp fixed-arm fusion) [28]. E-coil had a 71% identity with the template c3w93C (Chain
C, crystal structure analysis of the synthetic gcn4 ester coiled-coil peptide) [29]. According
to the models, coiled-coil motifs and His-tags were exposed in the protein surface except
for His-tag of GFPE-C, which was hidden between E-coil and GFP.
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Figure 1. Graphical representation of viral coat protein (CP) and antigens. TEV: native Tobacco etch
virus CP; TEVK: Tobacco etch virus CP having a K-coil motif; GFPE-N: green fluorescent protein
(GFP) having an E-coil motif at N-terminus; GFPE-C: GFP having an E-coil motif at C-terminus.
His-tag: six histidine tag; (GGGGS)3: flexible linker.
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Figure 2. Protein structure prediction of viral coat protein and antigens. (A) TEVK protein with
K-coil highlighted in blue. (B) Native GFP protein. (C) GFPE-N and (D) GFPE-C proteins with E-coil
highlighted in red. His-tag is highlighted in orange.
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2.2. Expression of Recombinant TEVK, GFPE-N and GFPE-C Proteins in E. coli

Successful protein expression was evidenced by SDS-PAGE by the presence of intense
bands that correspond to the theoretical weight of 35.8 kDa for TEVK and 32.7 kDa for
GFPE-N and GFPE-C. The best parameters for TEVK protein expression were 20 ◦C, 1.0 mM
IPTG and 16 h in Terrific broth (modified) (Figure 3). The expression time course with
0.5 mM and 2.0 mM IPTG is shown in Figure S1 of Supplementary Material. Expression
of GFPE-N and GFPE-C proteins was achieved at 30 ◦C, 5 h after the induction with
0.5 mM IPTG.
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Figure 3. TEVK protein expression time course in E. coli. Cells were grown in Terrific broth (modified)
and protein expression was induced with 1.0 mM IPTG at 20 ◦C and analyzed by SDS-PAGE at 0, 4,
8, 12 and 16 h.

To assess protein accumulation in the soluble and insoluble fraction of E. coli lysates,
both fractions were analyzed by Western blot (Figure 4). It was found that approximately
50% of TEVK and GFPE-N was present in the soluble fraction, which was chosen for
protein purification, thus avoiding the use of chaotropic or denaturing agents. On the other
hand, a lower expression of GFPE-C was observed in the soluble fraction, but these levels
were enough for the purification process.

Molecules 2021, 26, x 4 of 13 
 

 

Figure 2. Protein structure prediction of viral coat protein and antigens. (A) TEVK protein with K-
coil highlighted in blue. (B) Native GFP protein. (C) GFPE-N and (D) GFPE-C proteins with E-coil 
highlighted in red. His-tag is highlighted in orange. 

2.2. Expression of Recombinant TEVK, GFPE-N and GFPE-C Proteins in E. coli 
Successful protein expression was evidenced by SDS-PAGE by the presence of in-

tense bands that correspond to the theoretical weight of 35.8 kDa for TEVK and 32.7 kDa 
for GFPE-N and GFPE-C. The best parameters for TEVK protein expression were 20 °C, 
1.0 mM IPTG and 16 h in Terrific broth (modified) (Figure 3). The expression time course 
with 0.5 mM and 2.0 mM IPTG is shown in Figure S1 of Supplementary Material. Expres-
sion of GFPE-N and GFPE-C proteins was achieved at 30 °C, 5 h after the induction with 
0.5 mM IPTG. 

 
Figure 3. TEVK protein expression time course in E. coli. Cells were grown in Terrific broth (modi-
fied) and protein expression was induced with 1.0 mM IPTG at 20 °C and analyzed by SDS-PAGE 
at 0, 4, 8, 12 and 16 h. 

To assess protein accumulation in the soluble and insoluble fraction of E. coli lysates, 
both fractions were analyzed by Western blot (Figure 4). It was found that approximately 
50% of TEVK and GFPE-N was present in the soluble fraction, which was chosen for pro-
tein purification, thus avoiding the use of chaotropic or denaturing agents. On the other 
hand, a lower expression of GFPE-C was observed in the soluble fraction, but these levels 
were enough for the purification process. 

 
Figure 4. Western blot of (A) TEVK and (B) GFPE-N and GFPE-C proteins in bacterial lysates. I: 
insoluble fraction. S: soluble fraction. 
Figure 4. Western blot of (A) TEVK and (B) GFPE-N and GFPE-C proteins in bacterial lysates. I:
insoluble fraction. S: soluble fraction.

2.3. Purification of Recombinant Proteins

The recombinant proteins were purified by immobilized metal affinity chromatog-
raphy (IMAC). TEVK was bound to the column; however, increased protein loss was
observed using concentrations greater than 5mM imidazole in the binding process. Wash-
ing with buffers containing increasing concentrations of NaCl provided the appropriate
ionic environment to keep TEVK and eliminate E. coli proteins from the column. Finally,
elution with 500 mM imidazole yielded protein with a high level of purity in the first
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three elution fractions (Figure 5A). GFPE-N and GFPE-C proteins were purified using a
shorter process. GFPE-N was bound to the column, adjusting soluble fraction to 10 mM
imidazole and GFPE-C required a concentration of up to 5 mM or less. A greater amount
of GFPE-C was lost in comparison to GFPE-N during the washing process. The protein
model shows that the His-tag is partially hidden in the tertiary structure of GFPE-C, and
this could reduce the affinity of the protein to nickel ions immobilized in the purification
column, causing the protein to flow through the column during the binding and washing
steps of the process. Both proteins were mostly recovered in the first two elution fractions
(Figure 5A). The elution fractions of both versions of GFP evidenced the conservation of
the fluorescence (Figure 5B).
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2.4. Observation of TEVK VLPs in Presence of GFP Proteins with Complementary
Coiled-Coil Motifs

The ability of TEVK to form VLPs was analyzed by transmission electron microscopy
(TEM), comparing it with native TEV VLPs. In both cases, filamentous particles similar to
potyviral particles are observed. The observation of particles of up to 1 um demonstrated
the utility of the method to obtain VLPs. Previous reports demonstrated that the addition
of foreign sequences in the amino terminus of potyviral CPs did not hamper VLP forma-
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tion [30–32]. It was confirmed that the TEVK protein retains its ability to self-assemble into
VLPs in the presence of GFPE-N or GFPE-C. Characteristically, TEVK VLPs showed less
surface uniformity, suggesting protuberances due to the possible interaction between CP
monomers and the K-coil motifs or, when it corresponds, the heterogeneous binding of
GFPE in the surface of VLP (Figure 6). The surface of the VLPs resembles supramolecular
structures formed by cholera toxin B-subunit proteins having coiled-coil motifs [33].
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(E) Native TEV mixed with GFPE-C protein. (F) TEVK mixed with GFPE-C protein. Scale bar: 20 nm.

2.5. Interaction of Chimeric VLPs and Complete Antigens Containing K-Coil and E-Coil
Interaction Motifs

The interaction of the GFPE-N or GFPE-C proteins with TEVK VLPs was evidenced
by incubating these proteins with TEVK VLPs coupled to an anti-TEV antibody in an
ELISA assay. The absorbance showed that the interaction of GFPE-N or GFPE-C proteins
incubated with native TEV VLPs that do not possess the interaction motif is negligible and
comparable with the negative control in which the VLP/anti-TEV complex was placed in
the absence of antigen. Conversely, the binding of the antigens was notably higher when
treated with TEVK VLPs, which bear the interaction motif (Figure 7). This suggests the
interaction of GFPE-N and GFPE-C proteins to VLPs driven by complementary E- and
K-coils. Furthermore, the absorbance was higher when GFPE-N was used, because this
combination offers a low steric hindrance for the parallel binding of the complementary
interaction motifs present in the VLPs and GFP. Parallel binding of the complementary
motifs has been confirmed by Minten and collaborators [34].
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2.6. Chimeric VLPs with K-Coil Stimulate Internalization of Antigens in Murine Macrophages

A fundamental activity in vaccine models is the phagocytosis of antigens by cells of
the innate immune system. The repetitive presentation of antigens, as in the case of VLPs,
stimulates their recognition by cells of the immune system, including antigen-presenting
cells (APCs), such as macrophages or dendritic cells.

The internalization of soluble antigens alone and in the presence of VLPs with the K-
coil motif in murine macrophages was compared. Phagocytosis of the GFPE-N or GFPE-C
proteins as reporter antigens was analyzed by confocal microscopy. The DAPI-stained cell
nuclei and the intracellular location of FITC-labeled latex beads were seen as indicative
of the phagocytic ability of the cells used in the assay. Phagocytosis of both versions of
GFP was found. When comparing the internalization patterns of the GFPE-N protein
with the TEV VLP/GFPE-N mixture and the TEVK VLP/GFPE-N mixture, we found that
the TEVK VLP/GFPE-N mixture stimulates localized phagocytosis of GFPE-N protein
compared to the TEV VLPs without the interaction motif. Similarly, a comparison of
the phagocytosis patterns of the GFPE-C protein indicates that the TEVK VLP/GFPE-C
combination stimulates phagocytosis. In both cases, the dispersion of small intracellular
complexes of GFPE-N or GFPE-C showed that intracellular localization of the antigen is
favored in the presence of VLP compared to soluble protein alone, but when administered
with TEVK VLPs, larger fluorescent complexes are observed, indicating an improvement
in the uptake of antigens by murine macrophages driven by the carrying effect of TEVK
VLPs (Figure 8).
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3. Discussion

In this work, an alternative approach to couple full-length antigens to VLPs based on
coiled-coil protein interaction motifs is reported. Besides eliminating the need for chemical
crosslinkers, it allows the binding of the antigens to VLPs in the presence of a widely
used buffer that is highly compatible with living organisms. This way, the VLP/antigen
complexes can be administered for immunization without any further process right after
they have been generated. Furthermore, the strength and stability of the complexes formed
by this approach need to be determined, as the immunostimulatory properties of the VLPs
rely on these two parameters for vaccination purposes. This could represent a drawback
in comparison to the SpyCatcher-SpyTag and sortase A approaches [17,18], where stable
covalent bonds are formed between VLPs and antigen. Nonetheless, to overcome this
disadvantage, cysteines could be added to the complementary coiled-coil sequences so
that covalent disulfide bonds are formed under mildly oxidizing conditions by close
contact between these residues after motif interaction [35]. It is suggested that the addition
of coiled-coil protein interaction motifs to both the TEV CP and GFP versions did not
severely affect their folding, as evidenced by TEM, where TEV CP chimeric VLPs were
observed and fluorescence emission of GFP versions under UV light. However, for a
deeper characterization of the VLPs, cryoelectron microscopy must be carried out. It can
be noticed that TEVK VLP filaments alone are less uniform than TEVK VLPs mixed with
GFPE-N/C proteins. Apparently, GFP binding stabilizes the VLP structure, but there is no
explanation for this. Previous works demonstrate that potyviral CPs can accommodate
large foreign sequences in amino terminus and yet assemble into VLPs. For example, VLPs
were observed by TEM after fusing rubredoxin protein (71 amino acids long) to the amino
terminus of Potato virus Y CP [31]. Finally, the TEV VLPs enhanced the uptake of bound
proteins by murine macrophages, as evidenced by confocal microscopy. Antigen uptake
and APC stimulation are key steps for the induction of a strong adaptive immune response,
which is the foundation of vaccination. Recognition of viral particles in the surface of
APCs induces lipid raft aggregates, triggering APC stimulation. It has been previously
demonstrated that PapMV interacts with the cell surface of mouse macrophages and
dendritic cells, inducing lipid raft aggregation and eliciting a strong immune response [36].
The antigen uptake experiment suggests that the VLP/antigen complex will elicit a strong
immune response in a live animal model, so an animal immunization protocol with this
complex definitively should be carried out to assess the potential of this technology.

4. Materials and Methods
4.1. Sequence Design and Structural Prediction

The TEV CP (GenBank: JX512813.1) was modified, including a seven-residue repeat
(KVSALKE)5 in the N-terminus. This repeat forms a coiled-coil named K [21]. Between
the TEV CP and the K-coil, we included a flexible spacer sequence that consists of a
five-residue repeat (GGGGS)3. The resultant protein was named TEVK. In parallel, two
GFP proteins that possess an E-coil, which consists of the sequence (EVSALEK)5 that
forms a coiled-coil complementary to the K motif [21], were designed. The sequence
(EVSALEK)5 was included in the N-terminus of GFPE-N protein, and a flexible spacer
sequence (GGGGS)3 was included between the protein and the E-coil. Conversely, the
GFPE-C protein contains the sequence (EVSALEK)5 in the C-terminus, and a flexible spacer
sequence (GGGGS)3 was included between the protein and the E-coil. With the amino
acid sequence of each protein design, a prediction of the 3D structures was made by
multi-template modeling and a simplified ab initio folding using the intensive mode of
Phyre V2.0 online server (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index,
accessed on 8 April 2020) [37].

The theoretical physicochemical characteristics of the proteins were obtained with the
tool “Protparam” from the EXPASY portal (http://web.expasy.org/protparam/, accessed
on 8 April 2020).

http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index
http://web.expasy.org/protparam/
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4.2. Construction of Expression Plasmids and Cell Transformation

Based on the amino acid sequences of the modeled proteins, three genes optimized for
expression in Escherichia coli (E. coli) were synthesized (GenScript, Piscataway, NJ, USA),
adding NcoI and XhoI cleavage sites at the 5’and 3’ ends, respectively. For the construction
of expression plasmids, the synthetic sequences were digested with the NcoI and XhoI
restriction enzymes (New England Biolabs, Ipswich, MA, USA), purified with the MinElute
Gel Extraction Kit (Qiagen, Germantown, MD, USA) and ligated to the bacterial expression
plasmid pET28a+ (Merck-Millipore, Burlington, MA, USA) with T4 DNA ligase (Promega,
Madison, WI, USA). The ligation products were used to transform electrocompetent E.
coli One Shot Top10 cells (Thermo Fisher Scientific, Waltham, MA, USA), and cells were
spread over Petri dishes containing semisolid LB agar medium (Sigma-Aldrich, Saint Louis,
MO, USA) supplemented with 50 µg/mL kanamycin sulfate (Thermo Fisher Scientific,
Waltham, MA, USA). Plasmid DNA was isolated from some transformant colonies with
the GeneJet Plasmid Miniprep kit (Thermo Fisher Scientific, Waltham, MA, USA) and
analyzed by restriction pattern with XbaI and XhoI enzymes (Promega, Madison, WI, USA)
to confirm the new plasmid constructs pET28-TEVK, pET28-GFPE-N and pET28-GFPE-C.
The confirmed constructs were used to transform chemically competent E. coli One Shot
BL21Star (DE3) cells (Thermo Fisher Scientific, Waltham, MA, USA). The strain expressing
native TEV CP (without K-coil) was previously generated [24].

4.3. Protein Expression in E. coli and Verification by Western Blot

Four-milliliter cultures from fresh colonies containing the plasmids pET28-TEVK,
pET28-GFPE-N and pET28-GFPE-C were prepared overnight, and 2 mL from TEVK culture
was placed in a 1000 mL glass Erlenmeyer flask with 200 mL of Terrific broth (modified)
medium (Sigma-Aldrich, Saint Louis, MO, USA) for the expression of TEVK, while Lennox
LB medium (Sigma-Aldrich, Saint Louis, MO, USA) was used for the expression of GFPE-N
and GFPE-C. All cultures were incubated at 37 ◦C and 250 rpm until an OD600 of 1.0 was
reached. Expression of TEVK protein was induced with 0.5 mM, 1.0 mM and 2.0 mM of
isopropyl-β-D-1-thiogalactopyranoside (IPTG) (Promega, Madison, WI, USA) for 16 h at
20 ◦C. Expression of GFPE-N and GFPE-C proteins was induced with 0.5 mM of the same
inducer for 10 h at 30 ◦C. All cells were collected by centrifugation (4 ◦C and 5000× g for
25 min) and stored at −20 ◦C until processing.

The cells were resuspended in 1/10 of the culture’s volume using lysis buffer (20 mM
Tris-HCl pH 8.0, 500 mM NaCl) and lysed with a Microson XL-2000 sonicator (Farmingdale,
NY, USA) by 20 rounds of 30 s. The soluble fraction was separated from the cell debris by
centrifugation of total protein lysate (4 ◦C and 5000× g for 25 min) and 20 µg of total protein,
soluble and insoluble fraction (as determined with Bradford reagent) (Sigma-Aldrich, Saint
Louis, MO, USA) were analyzed by SDS-PAGE and stained with Coomassie Brilliant Blue
(Biorad, Hercules, CA, USA), using the molecular weight marker Unstained SDS-PAGE
Standards, Broad Range (Biorad, Hercules, CA, USA). For immunodetection of the proteins,
Western blot was performed using anti-6xHis Tag monoclonal antibody (Roche, Basel,
Switzerland) at a 1:500 dilution in 5% skim milk and goat anti-mouse secondary antibody
coupled to peroxidase (R&D systems, Minneapolis, MN, USA) at a 1:1000 dilution, using
4-chloro-1-naphthol substrate (Biorad, Hercules, CA, USA) for color development.

4.4. Purification of VLPs and Soluble Proteins by IMAC

The soluble fraction of TEVK was adjusted to 5 mM imidazole and loaded into a
1 mL His Trap HP IMAC column (GE-Healthcare, Chicago, IL, USA). Twenty column
volumes (CV) were injected into the column, followed by a wash with 30 CV with Wash
Solution 1 (20 mM Tris pH 8.0, 200 mM NaCl, 40 mM imidazole), 20 CV of Wash Solution 2
(20 mM Tris pH 8.0, 400 mM NaCl, 40 mM imidazole), 20 CV of Wash Solution 3 (20 mM
Tris pH 8.0, 600 mM NaCl, 40 mM imidazole) and 20 CV of Wash Solution 4 (20 mM Tris
pH 8.0, 800 mM NaCl, 40 mM imidazole). Finally, the protein was eluted with 10 CV of
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elution buffer (20 mM Tris pH 8.0, 500 mM NaCl, 500 mM imidazole) and collected in
1 mL fractions.

The GFPE-N and GFPE-C proteins were purified injecting 10 CV of the soluble fraction
with imidazole (10 mM for GFPE-N and 5 mM for GFPE-C) into the purification column,
followed by 20 CV of wash solution (20 mM Tris pH 8.0, 1 M NaCl, 40 mM imidazole)
for GFPE-N and 10 CV for GFPE-C. Finally, the proteins were eluted with 10 CV of
elution buffer (20 mM Tris pH 8.0, 500 mM NaCl, 500 mM imidazole) and collected in
1 mL fractions.

In all cases, the elution fractions with the highest protein concentration were pooled
and buffer exchange was carried out with 20 mM Tris pH 8.0, 500 mM NaCl or PBS pH 7.4,
500 mM sodium chloride using a 10 kDa MWCO Amicon Ultra-15 filtration centrifugal
unit (Merck-Millipore, Burlington, MA, USA).

4.5. Electron Microscopy

TEVK protein and TEV CP samples were prepared at concentrations of 200 µg/mL.
Additionally, mixtures of these proteins with GFPE-N and GFPE-C in a ~1:1 molar ratio
with a final concentration of 200 µg/mL of each protein were generated. All samples were
prepared in buffer solution (20 mM Tris pH 8.0, 500 mM NaCl, 20 mM EDTA), placed on
formvar-coated copper grids and stained with 2% uranyl acetate solution. The grids were
analyzed by TEM using a JEM-100C (JEOL, Tokyo, Japan) equipment.

4.6. VLP/Antigen Interaction Analysis

The assay was performed on a 96-well plate coated with 1 µg of GFPE-N or GFPE-C
antigen per well (20 ng/µL) and 100 mM carbonate buffer pH 9.6 as background control.
Immobilization was carried out at 4 ◦C overnight. Subsequently, each well was blocked
with 250 µL of 3% BSA (Sigma-Aldrich, Saint Louis, MO, USA) in PBS for 1 h at 37 ◦C.
Thereafter, three washes with 0.05% Tween-20 in PBS (wash buffer) were performed. TEV
or TEVK VLPs were mixed with anti-TEV antibody (Agdia, Elkhart, IN, USA) in 1:100
dilution using PBS/1% BSA as a diluent, and each mixture was incubated at 37 ◦C/200 rpm
for 2.5 h. The antibody/VLP mixture was added to the wells in triplicate, calculating 1 µg
of each VLP per well. As control, anti-TEV antibody alone was added in 1:100 dilution to
antigen-coated wells (data not shown). To allow interaction, the plate was incubated at
37 ◦C for 1 h. Subsequently, the plate was washed three times with wash buffer and once
with PBS. Finally, 50 µL of Alkaline Phosphatase Yellow (pNPP) Liquid Substrate System
for ELISA (Sigma-Aldrich, Saint Louis, MO, USA) was added to each well, and absorbance
was read at 405 nm.

4.7. Internalization Analysis of VLP/Antigen Complexes vs. Soluble Antigens in
Murine Macrophages

A phagocytosis assay was performed using the murine macrophage cell line RAW
264.7. The cell line was maintained at 37 ◦C with 5% CO2 in MEM culture medium (Hyclone,
Logan, UT, USA) supplemented with 10% FBS (Thermo Fisher Scientific, Waltham, MA,
USA). The assay was performed in 12-well culture plates with a coverslip placed at the
bottom of each well, and 3 × 105 cells were seeded in 800 µL of culture medium per well.
The following was added to the cells: 200 µL of PBS as a negative control, 1 × 106 one µm
diameter latex beads coupled to FITC (Molecular Probes, Eugene, OR, USA) as a positive
control, 10 µg of TEV VLPs, 10 µg of the TEVK VLPs, 10 µg of GFPE-C antigen, 10 µg
of GFPE-N antigen, TEV VLPs/GFPE-C (10 µg each), TEV VLPs/GFPE-N (10 µg each),
TEVK VLPs/GFPE-C (10 µg each) and TEVK VLPs/GFPE-N (10 µg each). All protein
formulations were prepared in PBS, 500 mM NaCl, pH 7.4 and added to each well. The
cells were incubated at 37 ◦C, 5% CO2 for periods of 45 min, then the samples were washed
twice with PBS, fixed with methanol previously cooled to −20 ◦C and washed twice with
PBS. The coverslips were mounted with Vectashield mounting medium with DAPI (Vector
Laboratories, Burlingame, CA, USA), and the samples were visualized on a Leica DM5500
Q confocal microscope (Leica, Wetzlar, Germany).
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5. Conclusions

Here, an alternative approach for coupling VLPs to full-length antigens by simple
mixing through the use of protein interaction motifs is reported. It was predicted that the
interaction motifs added to both the VLP-forming CP and model antigen did not affect
their correct folding. The VLPs stimulated antigen uptake by murine macrophages in vitro.
Taken together, these findings suggest that this VLP/antigen coupling approach could be
useful for the development of subunit vaccines.

Supplementary Materials: The following are available online, Figure S1: TEVK protein expression at
two different concentrations of IPTG. (A) 0.5 mM IPTG (B) 2.0 mM IPTG in Terrific Broth (modified).
Protein expression was analyzed by SDS-PAGE at 0, 4, 8, 12, and 16 h.
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