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ABSTRACT Real-time imaging of viruses in living cells considerably facilitates the
study of virus-host interactions. However, generating a fluorescently labeled recombi-
nant virus is challenging, especially for Zika virus (ZIKV), which causes microcephaly in
neonates. The monocistronic nature of the ZIKV genome represents a major challenge
for generating a replication-competent genetically engineered ZIKV suitable for real-
time imaging. Here, we generated a fluorescent ZIKV by introducing the biarsenical
tetracysteine (TC) tag system. After separately inserting the TC tag at six sites in the
capsid protein, we found that only when we inserted the TC tag at the site of amino
acids 27/28 (AA27/28, or TC27) could the genetically engineered ZIKV be rescued.
Importantly, the TC27 ZIKV is characterized as replication and infection competent.
After labeling the TC tag with the fluorescent biarsenical reagents, we visualized the
dynamic nuclear import behavior of the capsid protein. In addition, using the single-
particle tracking technology, we acquired real-time imaging evidence that ZIKV moved
along the cellular filopodia and entered into the cytoplasm via endocytosis. Thus, we
provide a feasible strategy to generate a replication-competent TC-tagged ZIKV for
real-time imaging, which should greatly facilitate the study of ZIKV-host interactions in
living cells.

IMPORTANCE Zika virus (ZIKV) is the mosquito-borne enveloped flavivirus that causes
microcephaly in neonates. While real-time imaging plays a critical role in dissecting
viral biology, no fluorescent, genetically engineered ZIKV for single-particle tracking
is currently available. Here, we generated a replication-competent genetically engi-
neered ZIKV by introducing the tetracysteine (TC) tag into its capsid protein. After
labeling the TC tag with the fluorescent biarsenical reagents, we visualized the nu-
clear import behavior of the capsid protein and the endocytosis process of single
ZIKV particle. Taken together, these results demonstrate a fluorescent labeling strat-
egy to track the ZIKV-host interactions at both the protein level and the viral particle
level. Our replication-competent TC27 ZIKV should open an avenue to study the
ZIKV-host interactions and may provide applications for antiviral screening. Editor Mark T. Heise, University of North
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revealed many important processes in the viral life cycle. For example, recent studies
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have revealed the HIV multistep infection process by tracking the fluorescently labeled
virus (4-8). For real-time imaging of viruses, labeling the viral components with fluoro-
phores is sufficient to illuminate the early infection events. However, tracking the late
events (such as replication, assembly, and egress) requires genetic engineering and
specific labeling of the viral protein components (9).

It is challenging to generate a replication-competent genetically engineered ZIKV
for real-time imaging. The monocistronic genome of ZIKV is translated to a single poly-
protein chain composed of the complete set of viral proteins (10), and the polyprotein
is posttranslationally processed. Genetically engineering one viral protein may influ-
ence the translation of other viral proteins. Insertion of foreign genes into the ZIKV ge-
nome may also exert negative effects on the stability of the viral genome (11). To avoid
these issues, strategies such as partial viral gene duplication and recombination-de-
pendent lethal mutations have been recently developed for expressing heterogenous
reporter genes in the context of full-length ZIKV plasmids (11, 12).

Recent studies investigating ZIKV biology by imaging have used reporters such as lu-
ciferase and green fluorescent protein (GFP). However, these reporter proteins are always
designed to be cleaved off their fused proteins by a downstream 2A sequence (13, 14),
in case these large-sized reporter proteins disrupt the structure of their fused proteins.
The cleavage off the reporter prevents tracking either the fused viral protein or single vi-
rus particle in living cells. As an alternative to fluorescent proteins, the biarsenical tetra-
cysteine (TC) technology represents a suitable tool for virus imaging. The TC tag is a
short peptide that can be specifically labeled with membrane-permeable fluorescent
biarsenical reagents (FIAsH and ReAsH) (15). The biarsenical TC tag system exhibits two
advantages over fluorescent proteins. The first advantage is related to molecular size.
The small size of the TC tag minimizes the risk of disrupting the structure of the fused vi-
ral protein. The second advantage is related to chromophoric efficiency. The TC tag
becomes illuminated upon binding to the biarsenical reagents, while the translated fluo-
rescent proteins require proper protein folding and chromophore maturation (16).
Therefore, the biarsenical TC tag system allows successful tracking of viral proteins in liv-
ing cells, including Gag and the core protein of HIV, the NS1 protein of the influenza A vi-
rus, and the uNS protein of the mammalian orthoreovirus (4,7,9, 17, 18).

The capsid protein of ZIKV is a structural protein that assembles the viral particle by
interacting with the viral RNA and viral envelope proteins (19). In addition, the capsid
protein alters host gene transcription by binding host mRNA, inhibits viral RNA silenc-
ing by interfering with Dicer, and destroys ribosome formation by interacting with
ribosome biogenesis factors (20). This versatility of the capsid protein renders it a suita-
ble candidate for fluorescence labeling. Therefore, we introduced the TC tag in the
capsid protein to develop the strategy for real-time imaging of ZIKV.

RESULTS

Selection of TC tag insertion sites in the capsid protein. The TC tag we used in
this study is the previously optimized 12-amino-acid motif (FLNCCPGCCMEP), which
shows a higher affinity for the biarsenical reagents than the original 6-amino-acid motif
(CCPGCCQ) (21). We also added the flexible linkers GGGS and SGGG to the left and right
flanks of the TC tag, respectively, to minimize the risk of disrupting the capsid protein
structure. Nevertheless, it is critical to identify the optimal insertion sites to ensure that
the genetically engineered ZIKV is replication competent.

The capsid protein is translated as a peptide of 122 amino acids, consisting of a dis-
ordered N-terminal region (pre-a1 loop) and 5 a-helices. After the cleavage at the helix
a4-as5 junction by the viral protease NS2B/NS3, the remaining 1 to 104 residues consti-
tute the mature capsid protein (Fig. 1A). Therefore, we selected the TC tag insertion
sites within the range of 1 to 104 residues. Since modifications in the a-helix region
usually interfere with viral recovery (9), we selected the TC tag insertion sites at the
loop/linker regions (Fig. 1B). At the N-terminal region, because the 1 to 25 residues are
essential for the viral genome cyclization required for viral replication (14), we did not
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FIG 1 Scheme for introducing the TC tag in the capsid protein. (A) Schematic diagram of the secondary structure of the full-length
capsid protein. The a-helices are shown as black boxes, and the loop/linker regions are shown as black lines. The dashed arrow
indicates the viral protease NS2B/NS3 cleavage site in the capsid protein. (B) Diagram of the TC tag insertion sites in the capsid
protein. Arrows indicate the selected six tetracysteine (TC) tag insertion sites. All the TC tag insertion sites are located at the loop/
linker regions.

select the TC tag insertion sites within this range. At the C-terminal region, we selected
the TC tag insertion sites away from the viral protease NS2B/NS3 recognition sequence.
As a consequence, we selected six sites to insert the TC tag: AA27/28 (TC27), AA31/32
(TC31), AA42/43 (TC42), AA59/60 (TC59), AA72/73 (TC72), and AA98/99 (TCI8) (Fig. 1B).

Generation of the genetically engineered ZIKVs with TC-tagged capsid. In the
background of the infectious clone of the Natal-RGN (NR) strain, we replaced the nucle-
otide sequence between the AsiSI and Srfl restriction sites with the sequence carrying
a TC tag gene inserted at one of the six selected sites. The results of our subsequent
DNA sequencing indicated that we successfully constructed all six mutant plasmids. To
examine whether the genetically engineered viruses could be rescued, we performed
three assays: indirect immunofluorescence assay (IFA), reverse transcription (RT)-PCR
analysis, and transmission electron microscopy (TEM).

To determine whether insertion of the TC tag interferes with the capsid protein
expression, we performed an IFA assay. Briefly, we separately transfected Vero cells with
the wild type (WT) and six mutant plasmids and then fixed the transfected cells for im-
munofluorescence staining at 48 h posttransfection (hpt). As shown in Fig. 2A, only the
cells transfected with either the NR-WT or NR-TC27 plasmid expressed the viral capsid
protein. This result suggested that the TC-tagged capsid protein was expressed only if
the TC tag was inserted at the appropriate site, and the appropriate site for the capsid
protein of ZIKV to incorporate the TC tag is AA27/28.

To determine whether the rescued ZIKV could be released normally after insertion
of the TC tag in the capsid protein, we collected the culture supernatants of the trans-
fected cells and performed an RT-PCR assay. As shown in Fig. 2B, only the RT-PCR prod-
ucts from the culture supernatants of the cells transfected with either the NR-WT or
NR-TC27 plasmid showed the band of the capsid gene. In addition, when we used the
TC sequence-specific primer pair, only the RT-PCR products from the culture superna-
tants of the cells transfected with the NR-TC27 plasmid showed the expected TC-spe-
cific gene band (Fig. 2C). The results from DNA sequencing confirmed that the
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FIG 2 Recovery of the TC27 ZIKV. (A to E) The NR-TC27 ZIKV was rescued. (A) Immunofluorescence assay (IFA) detection of
the viral capsid protein (green) expression. Bar, 50 um. (B, C) Gel electrophoresis of the reverse transcription (RT)-PCR
products amplified using the primer pair PCR-F1 and RGN verity-R (B) or the paired primers TC-specific primer and RGN verity-
R (C). (D) Rescued Zika virus (ZIKV) particles observed under transmission electron microscopy (TEM). Bar, 100 nm. (E, F) Vero
cells were infected with the rescued NR-TC27 ZIKV (PO) at a multiplicity of infection (MOI) of 0.005. The infected cells were
fixed, and the culture supernatants were collected at 72, 120, and 168 h postinfection (hpi). The fixed cells were used to
assess the viral E protein (green) expression (E), and the collected culture supernatants were used to quantify the viral titers
(F). (E) Nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI) (blue). Bar, 100 um. (F) Plaque assay was performed in
three independent experiments. Error bars indicate standard deviation. (G, H) GZ01-TC27 ZIKV was rescued. (G) Expression of
the viral capsid protein (red) in Vero cells. Bar, 50 um. (H) Gel electrophoresis of the RT-PCR products using the primer pair
PCR-F1 and RGN verity-R". Lane M, DNA marker; NR, Natal-RGN; WT, wild type.

sequences of the NR-WT and NR-TC27 RT-PCR products were in full accord with their
counterparts in the plasmids. Together, these results suggested that insertion of the TC
tag at the site of AA27/28 did not interfere with the encapsulation of the ZIKV genome
and the egress of ZIKV.

To determine whether the released ZIKVs were assembled as intact viral particles af-
ter insertion of the TC tag in the capsid protein, we collected the culture supernatants
of the transfected cells and observed the rescued ZIKV particles under TEM. As shown
in Fig. 2D, we observed intact viral particles in the culture supernatants of the cells
transfected with either the NR-WT plasmid or the NR-TC27 plasmid. This result sug-
gested that insertion of the TC tag at the site of AA27/28 did not interfere with the as-
sembly of ZIKV.

Together, these results from IFA, RT-PCR, and TEM clearly demonstrated that we suc-
cessfully rescued the NR-TC27 ZIKV (Passage 0 [PO]). To determine whether the gener-
ated NR-TC27 ZIKV was replication competent, we monitored the viral E protein expres-
sion and viral yields at 72, 120, and 168 h postinfection (hpi). As shown in Fig. 2E, the
expression level of the viral E protein increased with time. In addition, the viral yields
quantified by the plaque assay increased from 1.5 x 103 PFU/mL at 72 hpi to 1.0 x 10°
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TABLE 1 Data set of Fig. 2F showing the multiplication kinetics of NR-TC27 ZIKV (P0)

Time First assay (log,,PFU/mL) Second assay (log,,PFU/mL) Third assay (log,,PFU/mL)

72h 3.00 3.30 3.18 3.57 4.30 3.21 2.80 3.88 3.10
120 h 5.70 5.63 5.68 5.56 5.14 5.64 4.88 5.64 5.72
168 h 5.88 6.10 6.00 5.64 6.35 6.46 5.80 5.94 6.27

PFU/mL at 168 hpi (Fig. 2F; Table 1). Collectively, these results showed that our gener-
ated NR-TC27 ZIKV was replication competent.

To determine whether the TC27 insertion strategy applies to other clones of ZIKV
strains, we constructed six mutant plasmids containing a TC tag gene at the same six
sites in the background of another ZIKV clone (GZ01 strain). The results were similar,
and only the TC27 ZIKV was rescued. As shown in Fig. 2G, only the cells transfected
with either the GZ01-WT or GZ01-TC27 plasmid expressed the viral capsid protein. In
addition, only the RT-PCR products from the culture supernatants of the cells trans-
fected with either the GZ01-WT or GZ01-TC27 plasmid showed the band of the capsid
gene (Fig. 2H). These results suggested that the TC27 insertion strategy was suitable

for application to other ZIKV clones.
Characterization of NR-TC27 ZIKV. To characterize the infectivity of the NR-TC27

ZIKV, we assessed the plaque size, as well as the replication kinetics of the NR-WT and
NR-TC27 ZIKV in Vero cells. The mean plaque size of the NR-TC27 ZIKVs was 2.52 times
smaller than the mean plaque size of the NR-WT ZIKVs (Fig. 3A and B). For the viral rep-
lication kinetics, we collected the culture supernatants and determined the viral titers
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FIG 3 Characterization of the NR-TC27 ZIKV. (A) Plaque morphologies of the NR-WT and NR-TC27 ZIKVs (P2).
Vero cells were fixed and stained with crystal V|0Iet on 3 days postinfection. (B) Comparison of plaque sizes of
NR-WT and NR-TC27 ZIKV (P2). (C) Vero cells were infected with the NR-WT or NR-TC27 ZIKV at an MOI of 0.1.
The culture supernatants were collected at 24, 48, 72, 96, 120, and 144 hpi. A plaque assay was used to
determine the viral titer. Error bars indicate standard deviation. (D, E) Both NR-WT and NR-TC27 ZIKVs (from PO
to P10) were collected and analyzed by RT-PCR using the primer pair PCR-F1 and RGN verity-R (D) or the

paired primers TC-specific primer and RGN verity-R (E). Lane M, DNA marker; P, passage.
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TABLE 2 Data set of Fig. 3C showing the multiplication kinetics of the NR-WT and NR-TC27
ZIKV

Assay Time WT (Natal-RGN) (log,,PFU/mL) TC27 (Natal-RGN) (log,,PFU/mL)
First assay 24 h 4.68 4.63 457 4.24 4.18 4.24
48 h 5.57 5.53 5.54 5.00 518 5.10
72h 6.60 6.65 6.65 5.70 5.72 5.76
96 h 6.69 6.67 6.71 5.74 5.70 5.73
120 h 6.63 6.48 6.54 5.83 5.85 5.81
144 h 6.74 6.71 6.70 6.33 6.27 6.35
Second assay 24 h 2.80 448 1.88 3.10 2.94 2.70
48 h 5.57 5.69 5.10 440 4.27 4.24
72 h 6.10 6.18 6.35 5.57 5.72 5.54
96 h 6.68 6.54 6.57 574 5.70 573
120 h 6.70 6.57 6.68 457 6.05 5.88
144 h 7.05 7.10 7.00 6.18 6.38 6.44
Third assay 24 h 4.49 4.54 457 4.00 3.80 4.10
48 h 5.40 3.18 5.49 4.70 4.64 473
72 h 5.70 6.00 5.94 5.40 5.35 5.21
96 h 6.33 6.42 6.18 448 5.53 5.64
120 h 6.57 6.64 6.54 5.74 4.27 5.80
144 h 6.14 6.88 6.80 6.40 5.38 6.72

at different time points postinfection. As shown in Fig. 3C, the growth rate of the NR-
TC27 ZIKVs was slower than the growth rate of the NR-WT ZIKVs. At 144 hpi, the viral ti-
ter of the NR-TC27 ZIKVs reached 2.1 x 10° PFU/mL, while the viral titer of the NR-WT
ZIKVs reached 5.2 x 10° PFU/mL (Fig. 3C; Table 2). Together, these results indicated
that insertion of the TC tag slightly interfered with the viral infectivity and replication
of ZIKV.

To study the stability of the heterologous TC tag gene, we cultured the rescued NR-
TC27 ZIKVs (PO) for 10 passages and then checked whether the TC tag gene was lost.
As shown in Fig. 3D and E, during the first six serial passages, the bands of the TC-
tagged capsid gene (Fig. 3D) and the bands of the TC-specific gene (Fig. 3E) remained
identical. In addition, DNA sequencing results revealed no mutations in the TC encod-
ing sequence in any of the first six serial passages. However, from the seventh passage,
the band of the TC-tagged capsid gene was gradually converted to the band of the TC-
untagged capsid gene (Fig. 3D), and the band of the TC-specific gene gradually disap-
peared (Fig. 3E). Further DNA sequencing results confirmed the deletion of the TC tag
gene from the seventh passage. These results indicated that the exogenous TC tag
gene remained stably inserted in the viral genome for the first six serial passages.

Labeling the TC27 capsid protein in living cells. To determine whether the TC tag
can be labeled following fusion with the capsid protein, we infected Vero cells with/
without the NR-TC27 ZIKV and stained these cells using the biarsenical reagent FIAsH.
As shown in Fig. 4A, strong biarsenical fluorescent signals were detected in the
infected cells, while no biarsenical fluorescent signal was detected in the uninfected
cells. This result clearly showed that the biarsenical reagent FIAsH only labeled the viral
components of NR-TC27 ZIKV, without nonspecific labeling of the cellular components.

To confirm that the biarsenical reagent-labeled protein represented the TC27 capsid
protein, we performed an IFA assay using a capsid-specific antibody after labeling the
infected cells with ReAsH. As shown in Fig. 4B, the cells infected with the NR-WT ZIKV
were labeled only by the capsid-specific antibody, while the cells infected with the
NR-TC27 ZIKV were labeled by both the capsid-specific antibody and the biarsenical
reagent ReAsH (Fig. 4B). Moreover, we found that the fluorescent signals of the capsid-
specific antibody and the biarsenical reagent ReAsH largely overlapped (Mander’s
correlation coefficient: 0.909 = 0.038, n = 24) and that the two fluorescent signals
changed in a similar pattern along the lines drawn across the cytoplasm and nucleus
(Fig. 4C). Together, these results demonstrated that the biarsenical reagent-labeled
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FIG 4 TC27 capsid protein was specifically labeled by the biarsenical reagents in living cells. (A) Vero cells were infected with/
without the NR-TC27 ZIKV (P4) at an MOI of 0.1 and then stained using the biarsenical reagent FIAsH (green). Nuclei were stained
with Hoechst 33258 (blue). Bar, 10 um. (B) Vero cells were infected with either the NR-WT or NR-TC27 ZIKV (P4) at an MOI of 0.1. The
infected cells were stained using both a capsid-specific antibody (green) and the biarsenical reagent ReAsH (red). Nuclei were stained
with DAPI (blue). Bar, 10 um. (C) Fluorescent signal profiles of the capsid-specific antibody and the biarsenical reagent ReAsH along

the lines drawn across the cytoplasm and nucleus in panel B.

protein was the TC27 capsid protein. In addition, we noticed that the TC27 capsid pro-
teins, just like the WT capsid proteins, were expressed and distributed at nucleoli and
the perinuclear regions (Fig. 4B), which suggested that insertion of the TC tag exerted
no negative effects on the expression and subcellular localization of the capsid

protein.
Tracking the TC27 capsid protein in living cells. After specifically labeling the

TC27 capsid protein in living cells, we were able to track the intracellular behavior of
the viral capsid protein. We infected Vero cells with the NR-TC27 ZIKV and replaced the
culture supernatant with 500 uL of Opti-MEM containing ReAsH (0.4 wM) at 7 hpi to
pulse-chase label the intracellular TC27 capsid protein (Fig. 5A, left). The time-lapse
images were captured every 2 min for 201 min. As shown in Fig. 5A, the ReAsH fluores-
cent signal at nucleoli and the perinuclear regions increased with time (Fig. 5A, right;
Movie S1), depicting the expression and nuclear import process of the TC27 capsid
protein. In addition, we noticed that, concomitantly with entry of viral capsid protein
into the nucleus, the nuclear morphology gradually turned concave (Fig. 5A, right;
Movie S1).

To study whether the behaviors and subcellular distribution of the capsid proteins
are affected by their expression time, we labeled the TC27 capsid proteins expressed
at different times with different biarsenical reagents. Briefly, we used the first biarseni-
cal reagent FIAsH (green) to label the previously expressed TC27 capsid proteins at 12
hpi and then used the second biarsenical reagent ReAsH (red) to pulse-chase label the
newly expressed TC27 capsid proteins at 13 hpi (Fig. 5B, left). We found that the previ-
ously expressed TC27 capsid proteins (green) were distributed expectedly at nucleoli
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FIG 5 Real-time imaging of the TC27 capsid protein in living cells. (A) Real-time imaging of the expression and nuclear
import behavior of the TC27 capsid protein in living cells. Schematic de5|gn for tracking the TC27 capsid protein in living
cells (left). Vero cells were infected with the NR-TC27 ZIKV (P4) at an MOI of 1 and then pulse-chase labeled by ReAsH (red)
at 7 hpi. Time-lapse images were captured for 201 min (right). Nuclei were stained with Hoechst 33258 (blue). Bar, 5 um. (B)
Real-time imaging of the TC27 capsid proteins expressed at different time in living cells. Schematic design for tracking the
TC27 capsid proteins expressed at different time (left). Vero cells were infected with the NR-TC27 ZIKV (P4) at an MOI of 1.
The previously expressed TC27 capsid proteins were labeled with FIAsH (green), and the newly expressed TC27 capsid
proteins were pulse-chase labeled with ReAsH (red). The imaging time was 120 min. Bar, 5 um.

and the perinuclear regions. Likewise, the newly expressed TC27 capsid proteins (red)
gradually appeared and were distributed at nucleoli and the perinuclear regions (Fig.
5B, right; Movie S2). Together, these results indicated that the behaviors and subcellu-
lar distribution of the capsid proteins were not affected by their expression time.

Real-time imaging of the infection process of single NR-TC27 ZIKV particle. As
the structure of mature viral particle is compactly organized, we wondered whether
we could label and track the packaged NR-TC27 ZIKV particle. Therefore, we directly la-
beled the NR-TC27 ZIKV particles using the biarsenical reagent ReAsH (red) and
observed them under a laser scanning confocal microscope. As shown in Fig. 6A, the
NR-TC27 ZIKV particles were observed as single red dots, indicating that we success-
fully labeled the packaged NR-TC27 ZIKV particles with the biarsenical reagent.

ZIKV has the ability to cause fetal microcephaly; however, its precise neuro-invasive
mechanism remains to be elucidated. As ZIKV needs to traverse the blood-brain barrier
(BBB) to infect the central nervous system, we used the human cerebral microvascular
endothelial cell line (RCMEC/D3), a model BBB cell line, to study the cell infection pro-
cess of single ZIKV particle.

Before cell entry, viruses can make use of finger-like cellular protrusions called filo-
podia to reach the cell body (22). To explore whether ZIKV binds on cellular filopodia
before cell entry, we first generated a genetically engineered hCMEC/D3 cell line, in
which the fluorescent Lifeact-EGFP was stably overexpressed, to visualize cellular filo-
podia. We then infected the hCMEC/D3"feactEGFP cel|s using the ReAsH-labeled NR-TC27
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FIG 6 ZIKV bound and moved along cellular filopodia before cell entry. (A) The ReAsH-labeled NR-TC27 ZIKV (P3) particles (red) observed
using confocal microscopy. Bar, 5 um. (B) The NR-TC27 ZIKV particles (red) bound on the cellular filopodia of the hCMEC/D3fea-EGFP cel|g
(green). Bar, 5 um. (C) Time-lapse images of single NR-TC27 ZIKV particle moving along cellular filopodia (left; bar, 2 um) and the
corresponding trajectory (right; bar, 2 um).

ZIKVs and tracked the infection process using confocal microscopy. As shown in Fig.
6B, the NR-TC27 ZIKV particles attached to the filopodia of the hCMEC/D3\feact-EGFP ce|g
were clearly visible. Moreover, the time-lapse images showed that ZIKV moved along
filopodia before cell entry (Fig. 6C; Movie S3). The moving trajectory is shown in the
right panel of Fig. 6C.

Internalization of enveloped viruses into cells is mainly mediated via two pathways:
endocytosis and membrane fusion. To explore how ZIKV is internalized into cells, we first
double-labeled the NR-TC27 ZIKV particles. As shown in Fig. 7A, we stained the TC27 cap-
sid protein using the biarsenical reagent FIAsH (green) and then stained the viral envelope
using a lipophilic reagent DiD (red). Subsequently, we observed these stained NR-TC27
ZIKV particles using confocal microscopy to check whether they were successfully double-
labeled. As shown in Fig. 7B, many green FIAsH-labeled NR-TC27 ZIKV dots merged with
the red DiD-labeled NR-TC27 ZIKV dots (Mander's correlation coefficient: 0.94 = 0.04,
n = 100). In addition, the fluorescent signals of FIAsH and DiD changed in a similar pattern
along the dashed line drawn across a ZIKV dot (Fig. 7C). Together, these results clearly
demonstrated that we successfully double-labeled the NR-TC27 ZIKV particles. We next
used these double-labeled NR-TC27 ZIKVs to infect the hCMEC/D3\feactEGFP cells and
tracked the dynamic infection process of single ZIKV particle for 37 min. As shown in Fig.
7D and E, the single NR-TC27 ZIKV particle we tracked was double-labeled, since the fluo-
rescent signals of FIAsH and DiD overlapped and changed in a similar pattern along a
dashed line. The time-lapse images shown in Fig. 7F reveal the dynamic internalization
process of the single ZIKV particle. Briefly, the single ZIKV particle bound on the cell sur-
face, then entered the cell and moved around near the membrane for 20 min, and finally
moved toward the cytoplasm interior (Fig. 7F; Movie S4). The moving trajectory is shown
in Fig. 7G. During the internalization process, we noticed that the DiD-labeled envelope
did not separate from the FIAsH-labeled TC27 capsid protein. This result indicated that
ZIKV entered into the hCMEC/D3 cells via endocytosis instead of membrane fusion. After
the process of endocytosis, we observed the dissociation of the capsid protein from the vi-
ral envelope at the latter stage when the double-labeled ZIKV particle traveled toward the
cytoplasm interior (Fig. 7F and G; Movie S5).

DISCUSSION
In this study, we developed a strategy to generate a replication-competent TC-
tagged ZIKV, which can be tracked in living cells in real time. The TC tag was inserted
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FIG 7 Double-labeling and tracking NR-TC27 ZIKV (P3) particles. (A) Schematic design for double-labeling the NR-TC27 ZIKV particles
with FIAsH and DiD. (B) Double-labeled NR-TC27 ZIKV particles observed using confocal microscopy. Bar, 5 um. (C) Fluorescent signal
profiles of FIAsH and DiD along the dashed lines drawn in panel B. (D) The single NR-TC27 ZIKV particle we tracked in panel F was
double-labeled. Bar, 2 um. (E) Fluorescent signal profiles of FIAsH and DiD along the dashed lines drawn in panel D. (F) Time-lapse
images of the dynamic internalization process of the single double-labeled NR-TC27 ZIKV particle. Bar, 2 um. (G) The corresponding
trajectories of the green FIAsH and red DiD on the single NR-TC27 ZIKV particle. Bar, 2 um.

at the site of AA27/28 in the capsid protein. After labeling the TC tag with the fluores-
cent biarsenical reagents, we visualized the dynamic nuclear import behavior of the
capsid protein and the endocytosis process of a single ZIKV particle.

Genetic engineering of a viral protein often affects the expression, function, and in-
tracellular trafficking of the recombinant protein and the rescue, replication, and infec-
tion competence of the recombinant virus (23-25). Engineering the monocistronic ge-
nome of ZIKV is more complex (11), particularly the capsid protein, which is the first
protein to be translated in the viral polyprotein chain and plays critical roles in viral
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assembly (26-28). Therefore, it is challenging to identify a site in the capsid protein
that is suitable to incorporate the foreign TC tag. We tested six sites in the loop/linker
regions (Fig. 1B) and found that only when the TC tag was inserted at the site of AA27/
28 in the pre-al loop could the genetically engineered ZIKV be rescued (Fig. 2). When
we inserted the TC tag at any of the remaining five sites, the capsid protein was not
expressed. We speculated that insertion of the TC tag gene at the five inappropriate
sites disturbed the translation of the capsid protein, as the capsid-encoding sequence
contains many cis-acting elements (29, 30). It was reported that the a-helix region is
not suitable for genetic engineering (9). Here, we showed that the loop/linker regions
in the capsid protein of ZIKV are also sensitive for genetic modifications. All these diffi-
culties in genetic engineering prevent generation of a replication-competent mutant
ZIKV for real-time imaging. Generally, the heterogenous reporter genes inserted in viral
genome are susceptible to deletion and mutation (31). In the genome of NR-TC27
ZIKV, the exogenous TC tag gene remained stably inserted until the seventh passage
(Fig. 3D and E), indicating that the rescued NR-TC27 ZIKV was reliable to be used within
the first six serial passages. As the rescued NR-TC27 ZIKV was replication competent
(Fig. 2E and F), we can use it to investigate the ZIKV-host interactions in the whole viral
life cycle. The reason why the viral infectivity of NR-TC27 ZIKV was slightly attenuated
(Fig. 3A to C) may be that insertion of the TC tag caused the capsid protein intrinsic dis-
order (PID), as the PID levels of flavivirus capsid are positively correlated with the viral
virulence (32).

After labeling the TC27 capsid protein with the fluorescent biarsenical reagents, we
visualized the dynamic nuclear import behavior of the capsid protein (Fig. 5A). As the
nucleolar localized capsid protein is involved in nucleosome formation, ribosomal
stress, and Tp53-mediated neuronal apoptosis (33-35) via currently unclear mecha-
nisms, real-time imaging of the capsid protein in living cells, as we achieved here,
should contribute to unveiling these important questions. When we labeled the TC27
capsid proteins expressed at different time with different biarsenical reagents, we
found that the behaviors and subcellular distribution of the TC27 capsid proteins were
unaffected by their expression time (Fig. 5B), suggesting that the functions of the cap-
sid protein were independent of the expression time. Nevertheless, differentially label-
ing the TC-tagged proteins expressed at different time is a useful method to track their
different intracellular behaviors.

Labeling TC-tagged virus is more challenging than labeling TC-tagged protein, as
the viral structure is compactly organized. For example, the TC-tagged core protein of
hepatitis C virus (HCV) was reliably imaged for investigating the intracellular trafficking
of the viral core protein; however, the extracellular HCV particles failed to be labeled
(36). This may be the reason why we successfully labeled most TC27 capsid proteins
(Fig. 4B) but labeled only some NR-TC27 ZIKV particles (Fig. 7B). In addition, nonspecifi-
cally labeling the outer envelope with DiD is easier than specifically labeling the inner
well assembled capsid protein with FIAsH, so we successfully labeled most TC27 ZIKV
particles with DiD but only labeled a part of TC27 ZIKV particles with FIAsH (Fig. 7B).
The membrane-permeable property of the fluorescent biarsenical reagents may con-
tribute to the successful labeling of NR-TC27 ZIKV, given that the pre-a1 loop where
the TC tag was incorporated was shown embedded in the lipid bilayer (19).

Previously, the cell infection mechanisms of ZIKV were mainly addressed indirectly
by using blocking agents such as chloroquine, dynasore, chlorpromazine, and genis-
tein (37-39). Here, we use the labeled NR-TC27 ZIKV to directly investigate the cell
infection mechanism of ZIKV, with the help of a single-particle tracking technique.
Before internalization, viruses usually hijack cellular filopodia to reach the cell body
(40). We found that ZIKV also bound and moved along cellular filopodia before cell
entry (Fig. 6B and Q). After labeling both the capsid protein and the envelope of NR-
TC27 ZIKV, we acquired real-time imaging evidence that ZIKV was internalized into the
hCMEC/D3 cells via endocytosis (Fig. 7F). This piece of evidence is in agreement with a
recent study that found that the process of ZIKV crossing the hCMEC/D3 cell-
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TABLE 3 The primers for pACYC177-TC-Natal-RGN vectors

Primer Sequence (5’ to 3')

RGN-1 AATTGTCCTTTTAACAGCGATCGC
RGN-2 CCTCCGGATTTCTTTTTTGGGTT

RGN-3 ATGAAAAACCCAAAAAAGAAATCCGG
RGN-4 TGCCATAGCTGTGGTCAGC

RGN-5 TGCTGACCACAGCTATGGCAG

RGN-6 ACGTGGACCTTAGTGCCCGGGC
PCR-F1 AGTTGTTGATCTGTGTGAATCAGAC
TC specificity-F GAACTGCTGCCCCGGCTGCTG

RGN verity-R AGCTTCCTAGTGGAATGGGAGG

monolayer was blocked by pharmacological inhibitors of endocytosis (41). Recent stud-
ies found that ZIKV establishes persistent infection in the BBB model cell line hCMEC/
D3 (42). Interestingly, ZIKV infection fails to damage the hCMEC/D3 cells (42, 43).
Therefore, BBB may act as a viral reservoir for ZIKV and provide a protective niche that
fosters viral spread to the brain (43). The mechanism through which ZIKV balances BBB
cell survival and viral replication remains to be clarified. As we achieved imaging ZIKV
at both the protein level and the viral particle level, our TC27 ZIKV should facilitate
investigating this important issue.

To our best knowledge, this is the first report of successful application of the biar-
senical tetracysteine technology in ZIKV research. As the capsid protein interacts with a
larger scope of targets in the host cells than the other viral proteins of ZIKV, our real-
time imaging of the capsid protein should greatly facilitate investigating these com-
plex ZIKV-host cell interactions (20). In principle, the strategy we developed here for
real-time imaging of ZIKV should be suitable for other flaviviruses, since the charge dis-
tribution, physicochemical properties, and structure of the flavivirus capsid are well
conserved (20, 44). As reporter-expressing viruses are valuable tools for high-through-
put antiviral screening (45), our fluorescent TC27 ZIKV should also advance the devel-
opment of such drug screening applications.

MATERIALS AND METHODS

Cells and antibodies. Vero cells were cultured at 37°C in Dulbecco’s modified Eagle’s medium
(DMEM) (Invitrogen) supplemented with 10% fetal bovine serum (FBS) (Invitrogen) and 1% penicillin-
streptomycin (Invitrogen). A human brain capillary endothelial cell line (h\CMEC/D3) was cultured in EGM-
2 MV microvascular endothelial cell growth medium bullet kit (Lonza, catalog No. CC-3202) containing
5% FBS, 0.04% hydrocortisone, 0.4% human fibroblast growth factor B (hFGF-B), 0.1% vascular endothelial
growth factor (VEGF), 0.1% long(R3)-insulin-like growth factor-1 (R3-IGF-1), 0.1% ascorbic acid, 0.1%
human epidermal growth factor (hEGF), and 0.1% gentamicin sulfate amphotericin B (GA-1000).

The antibody for Zika capsid (GeneTex, catalog No. GTX133317) is a rabbit polyclonal antibody that
recognizes the full-length Zika capsid recombinant protein. The 4G2 antibody (Millipore, catalog No.
MAB10216) is a mouse monoclonal antibody that recognizes the fusion loop at the extremity of domain
I of the flavivirus E protein. Alexa Fluor 488- and Alexa Fluor 561-conjugated secondary antibodies were
obtained from Invitrogen (Thermo Fisher Scientific, China).

Plasmid construction. The details of the full-length cDNA plasmid pACYC177-Natal-RGN have been
reported previously (46). The unique restriction endonuclease sites of AsiSI and Srfl, which are located
upstream and downstream of the capsid-encoding sequence, were chosen for the replacement of the
mutant sequences. The sequence between the AsiSI and Srfl restriction sites was divided into three frag-
ments: fragment A, the sequence before the capsid-encoding sequence; fragment B, the capsid-encod-
ing sequence; and fragment C, the sequence after the capsid-encoding sequence. The mutant capsid-
encoding segments carrying a TC encoding sequence shown in Fig. 1B were synthesized by Shanghai
Generay Biotech Co., Ltd. Primers were designed to ensure that fragments A and C shared a homologous
sequence with the plasmid backbone. Fragment A was amplified with the primer pair of RGN-1 and
RGN-2, and fragment C was amplified with the primer pair of RGN-5 and RGN-6. The plasmid pACYC177-
Natal-RGN was used as the template to amplify both fragments A and C. The mutant fragment B was
obtained by amplifying the synthesized mutant capsid-encoding segments with the primer pair of RGN-
3 and RGN-4. The PCR products of fragments A and C and mutant fragment B were then fused with the
linearized vectors by homologous recombination using the pEASY-Basic seamless cloning and assembly
kit according to the manufacturer’s instructions (TransGen Biotech). The primer sequences are listed in
Table 3.
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TABLE 4 The primers for pACNR-TC-GZ01-Intron-IC vectors

Primer name Sequence (5' to 3')

Primer 1 TAAACAAATAGGGGTTCCGCG

TC(27)-1 CCATACAACAGCCAGGACAACAATTGAGAAAGCTGCCGCCGCCAAAGGGGCTCACACGGGCT
TC(27)-2 GTTGTCCTGGCTGTTGTATGGAACCTAGCGGCGGCGGCGGAGGCTTGAAGAGGCTGC

TC(31)-1 CCATACAACAGCCAGGACAACAATTGAGAAAGCTGCCGCCGCCCTTCAAGCCTCCAAAGGGGC
TC(31)-2 GTTGTCCTGGCTGTTGTATGGAACCTAGCGGCGGCGGCAGGCTGCCAGCCGGACTTCTG

TC(42)-1 CCATACAACAGCCAGGACAACAATTGAGAAAGCTGCCGCCGCCCCCATGACCCAGCAGAAGTC
TC(42)-2 GTTGTCCTGGCTGTTGTATGGAACCTAGCGGCGGCGGCCCCATCAGGATGGTCTTGGC

TC(59)-1 CCATACAACAGCCAGGACAACAATTGAGAAAGCTGCCGCCGCCGATTGCCGTGAATCTCAAGAAG
TC(59)-2 GTTGTCCTGGCTGTTGTATGGAACCTAGCGGCGGCGGCAAGCCATCACTGGGTCTCAT

TC(72)-1 CCATACAACAGCCAGGACAACAATTGAGAAAGCTGCCGCCGCCCACTGAACCCCATCTATTGATGAG
TC(72)-2 GTTGTCCTGGCTGTTGTATGGAACCTAGCGGCGGCGGCGGGAAAAAAGAGGCTATGGAAAT
TC(98)-1 CCATACAACAGCCAGGACAACAATTGAGAAAGCTGCCGCCGCCCCTAGCATTGATTATTCTCAGCA
TC(98)-2 GTTGTCCTGGCTGTTGTATGGAACCTAGCGGCGGCGGCAAGGAGAAGAAGAGACGAGGC

Primer 2 GGTACCGCATCTCGTCTCC

RGN verity-R’ AGCTTCCTAGTGGAATGGGAAGG

The details of the infectious clone of pACNR-GZ01-Intron-IC have been reported previously (47). The
mutant plasmids were constructed by overlapping PCR, and the PCR products were cloned into the
PACNR-GZ01-Intron-IC plasmid between the Notl and Kpnl restriction sites. Before in vitro transcription,
the linearized plasmids were digested with the restriction enzyme Xhol, cleaned up with phenol-chloro-
form and chloroform, and then precipitated by ethanol. The RNA transcripts were generated using the
RiboMAX large-scale RNA production system SP6 kit (Promega) according to the manufacturer’s instruc-
tions. In brief, a total of 30 uL reaction mixture was prepared as follows: 6 uL SP6 transcription 5x buffer,
6 uL rNTPs (25 mM ATP, CTP, GTP, 3 mM UTP), 13 uL linear DNA template (2 ng total) plus nuclease-free
water, and 3 uL enzyme mix (SP6). After incubation for 3.5 h at 37°C, the DNA templates were removed,
and the RNA transcripts were purified and spliced. The primer sequences are listed in Table 4.

All plasmid transformations were performed using the Escherichia coli strain TOP10. The purified
plasmids were fully sequenced to ensure that the used plasmids carried no undesired mutations.

Transfection. The plasmids were transferred into Vero cells using the Lonza Nucleofector 2b device
as the Amaxa cell line Nucleofector kit V instructs. Briefly, Vero cells seeded in a dish were harvested by
trypsinization and centrifugation at 90 x g for 10 min. The obtained cells were resuspended with the
premixed Nucleofector solution (82 uL Nucleofector solution V and 18 L supplemental buffer) and
then mixed with 10 ug of the plasmid. A volume of 100 uL cell mixture was transferred to a cuvette fol-
lowed by electroporation with Nucleofector program V-001. Next, fresh culture medium was added into
the cuvette immediately, and the cells were gently transferred to the prepared 6-well plate. The super-
natants were removed 6 hpt, and the cells were washed three times in phosphate-buffered saline (PBS)
buffer. Subsequently, fresh culture medium was added to culture the cells at 37°C. After 48 h of cultur-
ing, the culture supernatants were collected and stored in aliquots at —80°C.

RNA extraction and RT-PCR assay. The genomic RNA of the WT and genetically engineered ZIKV
were extracted using the PureLink viral RNA/DNA minikit (Invitrogen). The first cDNA strand was synthe-
sized with the TransScript one-step gDNA removal and cDNA synthesis SuperMix (TransGen Biotech).
The reaction mixture was prepared as follow: 7 uL total RNA/mRNA, 1 uL random primer (0.1 ng/ul), 10
ubL 2x TS reaction mix, 1 uL TransScript RT/RI enzyme mix, and 1 uL gDNA remover. Next, the mixture
was incubated at 25°C for 10 min, 42°C for 30 min, and 85°C for 5 s and placed on ice for 2 min. Using
the synthesized cDNA as the template, the target sequence was amplified.

Indirect immunofluorescence assay. At the indicated time points, the culture supernatants were
removed, and the cells were rinsed in cold PBS and fixed with cold 4% paraformaldehyde for 30 min.
After being washed three times in PBS buffer, the cells were permeabilized with 0.5% Triton X-100 for
20 min at room temperature and then washed again three times (each wash for 5 min). Subsequently,
the cells were incubated with blocking buffer containing 5% goat serum for 1 h at 37°C and then
exposed to the primary antibody diluted with 1% goat serum (1:1,000) at 37°C for 1.5 h, followed by five
wash steps in PBS buffer containing 0.05% Tween-20 (each wash for 5 min). The cells were then incu-
bated with Alexa Fluor 488/Alexa Fluor 568-conjugated secondary antibodies diluted with 1% goat se-
rum (1:1,000) at 37°C for 1 h. After washing, the cells were stained with 4’,6-diamidino-2-phenylindole
(DAPI) and observed under a fluorescence microscope.

Transmission electron microscopy (TEM). Concentrated ZIKV particles were absorbed onto a car-
bon-coated copper grid for 1 to 2 min. After negative staining with uranyl acetate, the grids were exam-
ined using TEM (Tecnai Spirit, 100 KV) at a magnification of x98,000.

ZIKV propagation and stock preparation. For all assays, the used ZIKVs were propagated in Vero
cells. Vero cells were cultured in DMEM (10% FBS) for 2 to 3 days. When the cell confluence reached 90
to 95%, the viral inoculum was added. After incubation for 2 h with gentle shaking every 15 min, the
cells were washed once in PBS buffer and then cultured in fresh DMEM (2% FBS) medium for another 5
to 6 days. When the cytopathic effect (CPE) was progressed through 70 to 80%, the culture supernatants
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were collected by centrifugation at 1,300 x g for 10 min at 4°C. The culture supernatants were aliquoted
and stored at —80°C until further use.

Plaque assay. When Vero cells preseeded in 6-well plates reached 70 to 80% confluence, they were
infected with 800 uL of ZIKV inoculum, which was 10-fold diluted serially in DMEM (2% FBS).
Subsequently, the infected cells were incubated for 2 h at 37°C, with shaking every 15 min. At the end of
the absorption step, the viral inoculum was discarded, and 2 mL of DMEM/agarose (vol/vol 1:1) contain-
ing 2% FBS and 1% penicillin/streptomycin was overlaid to each well. After 4 to 5 days of incubation, the
cells were fixed with 4% paraformaldehyde for 30 min at room temperature. The agarose was removed,
and the cells were stained with crystal violet for 10 min. After removal of crystal violet, the cells were
washed a number of times with tap water. The plates were dried at room temperature, and the number
of plaques for each replicate was counted.

Viral multiplication kinetics. Vero cells preseeded in 12-well plates were infected with the NR-WT
or NR-TC27 ZIKV at an multiplicity of infection (MOI) of 0.1. After incubation at 37°C for 2 h with gentle
shaking every 15 min, the culture supernatants were removed, and the cells were washed twice in PBS
buffer. Next, 1 mL of DMEM (2% FBS) was added to each well. The culture supernatants were harvested
daily for 6 consecutive days and stored at —80°C. The culture supernatants were not thawed before titer
determination.

Biarsenical reagents labeling. Vero cells preseeded on 20-mm glass coverslips were infected with/
without the NR-WT or NR-TC27 ZIKV at an MOI of 0.1. At the indicated time points, the culture superna-
tants were removed, and the cells were rinsed once in Opti-MEM medium (Invitrogen). For FIAsH/ReAsH
(Invitrogen) labeling, the cells were incubated in 500 uL of labeling medium containing 2.5 uM FIAsH/
ReAsH for 10 min at 37°C and were washed three times in Opti-MEM medium containing 5 x BAL
(British anti-Lewisite) (each wash for 5 min). Subsequently, the cells were stained with Hoechst 33258 or
fixed for IFA.

For FIAsH/ReAsH pulse-chase labeling, the infected cells were cultured in Opti-MEM containing
0.4 uM FIAsH/ReAsH. For live-cell imaging, the cell nuclei were stained using Hoechst 33258 for 10 min
at 37°C and washed three times in Opti-MEM medium.

ZIKVs purification and fluorescent labeling. The culture supernatants harvested above were cen-
trifuged at 10,414 x g for 50 min at 4°C to remove cell debris and then filtered through a 0.45-um mem-
brane (Millipore). The ZIKV particles were precipitated with 8% (wt/vol) polyethylene glycol 8000
(PEG8000 in PBS buffer) overnight at 4°C. Next, the ZIKV particles were collected by centrifugation at
10,414 x g for 50 min at 4°C. After resuspension, the ZIKV particles were purified through a 24% sucrose
cushion using a Ti41 rotor (Beckman) at 105,400 x g for 1.5 h at 4°C. The purified ZIKV particles precipi-
tates were then resuspended in 0.5 mL of Opti-MEM medium. After purification, the ZIKV particles were
incubated with 1 uM ReAsH/FIAsH for 1 h at 37°C. The double-labeling was achieved by the addition of
the membrane dye DiD (2 nM, Invitrogen) and incubation for 1 h at 37°C after FIAsH labeling. The free
dye was removed through a PD MiniTrap G-25 column (GE Healthcare). The labeled ZIKVs were kept at
4°C and used within 48 h. Before confocal imaging, the labeled ZIKV particles were filtered through a
0.22-um filter (Millipore). The labeled ZIKV particles were adsorbed on a glass coverslip for 30 min at 4°C
and then were observed under a fluorescence microscope. To track the infection process of ZIKV, the
cells were incubated with the labeled ZIKV particles for 10 min at 4°C and then transferred to a live-cell
chamber preheated at 37°C for real-time imaging.

Fluorescence imaging and statistical analysis. Fluorescence images were captured using the
Cytation 3 imaging reader (BioTek) or the Nikon A1 confocal microscope. For confocal imaging, the fluo-
rescent emission was collected by a 60x, 1.2 NA oil immersion objective. The fluorescence images and
videos were analyzed using Imaris software. The plaque sizes were analyzed using ImageJ software. The
Mander’s correlation coefficients were calculated using the Nikon NIS-Elements analysis software.
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