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ABSTRACT The nonstructural protein NS5A of hepatitis C virus (HCV) is a phos-
phorylated protein that is indispensable for viral replication and assembly. We previ-
ously showed that NS5A undergoes sequential serine $S232/5235/5238 phosphoryla-
tion resulting in NS5A transition from a hypo- to a hyperphosphorylated state. Here,
we studied functions of S229 with a newly generated antibody specific to 5229
phosphorylation. In contrast to S232, S235, or 5238 phosphorylation detected only in
the hyperphosphorylated NS5A, S229 phosphorylation was found in both hypo- and
hyperphosphorylated NS5A, suggesting that S229 phosphorylation initiates NS5A se-
quential phosphorylation. Immunoblotting showed an inverse relationship between
$229 phosphorylation and S235 phosphorylation. When S235 was phosphorylated as
in the wild-type NS5A, the S229 phosphorylation level was low; when S235 could
not be phosphorylated as in the S235A mutant NS5A, the S229 phosphorylation
level was high. These results suggest an intrinsic feedback regulation between $229
phosphorylation and S235 phosphorylation. It has been known that NS5A distributes
in large static and small dynamic intracellular structures and that both structures are
required for the HCV life cycle. We found that S229A or $229D mutation was lethal
to the virus and that both increased NS5A in large intracellular structures. Similarly,
the lethal S235A mutation also increased NS5A in large structures. Likewise, the
replication-compromised S235D mutation also increased NS5A in large structures, al-
beit to a lesser extent. Our data suggest that S229 probably cycles through phos-
phorylation and dephosphorylation to maintain a delicate balance of NS5A between
hypo- and hyperphosphorylated states and the intracellular distribution necessary
for the HCV life cycle.

IMPORTANCE This study joins our previous efforts to elucidate how NS5A transits
between hypo- and hyperphosphorylated states via phosphorylation on a series of
highly conserved serine residues. Of the serine residues, serine 229 is the most inter-
esting since phosphorylation-mimicking and phosphorylation-ablating mutations at
this serine residue are both lethal. With a new high-quality antibody specific to ser-
ine 229 phosphorylation, we concluded that serine 229 must remain wild type so
that it can dynamically cycle through phosphorylation and dephosphorylation that
govern NS5A between hypo- and hyperphosphorylated states. Both are required for
the HCV life cycle. When phosphorylated, serine 229 signals phosphorylation on ser-
ine 232 and 235 in a sequential manner, leading NS5A to the hyperphosphorylated
state. As serine 235 phosphorylation is reached, serine 229 is dephosphorylated,
stopping signal for hyperphosphorylation. This balances NS5A between two phos-
phorylation states and in intracellular structures that warrant a productive HCV life
cycle.
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epatitis C virus (HCV) is an RNA virus that affects 71 million people worldwide (1).

Its RNA genome encodes a long polyprotein consisting of three structural proteins
(core, E1, and E2) and seven nonstructural proteins (p7, NS2, NS3, NS4A, NS4B, NS5A,
and NS5B) (2, 3) that are cleaved by host peptidases and virus-encoded proteases to
release individually functional proteins (4-6). Although the structural proteins make up
the viral particles, each nonstructural protein performs distinct functions necessary for
the viral life cycle (7).

The NS5A protein does not have known enzymatic activities (8-10). It has three
structural domains (I, I, and Ill) connected by two low-complexity sequence (LCS)
regions (8). Except for domain |, whose crystal structure has been solved (11, 12), the
rest of the protein is thought to be highly disordered. NS5A forms a dimer via
interaction between two domain | regions (13). Domain | and the LCS | region
constitute the minimal protein portion in the NS5A dimer involved in RNA binding (9,
14, 15). In addition, NS5A interacts with a plethora of host and viral proteins with
versatile functions in host cell responses, viral genome replication, and viral particle
assembly (8-10).

When analyzed by SDS-PAGE and immunoblotting, NS5A appears as two bands at
56 and 58 kDa, representing, respectively, hypo- and hyperphosphorylated states (16).
Many studies have pinpointed a cluster of highly conserved serine residues in particular
S225, 5229, S232, and S235 in the LCS | region responsible for NS5A hyperphosphory-
lation and viral genome replication (17-24). Recently, a threonine-rich cluster down-
stream to the LCS | region was also shown to contribute to NS5A hyperphosphorylation
(25). Thus, the so-called hyperphosphorylated NS5A consists of multiple phosphory-
lated NS5A variants. In genotypes 1, 3, 4, and 5, alanine mutations in the above-
mentioned serine residues reduced NS5A hyperphosphorylation and enhanced viral
genome replication (20, 26). Harak et al. demonstrated that the ability of the above
mutants to replicate did not correlate with NS5A hyperphosphorylation but rather
correlated with reduced activation of the lipid kinase phosphatidylinositol 4-kinase Illa
(Pl4Kllla), whose overactivation was shown to be detrimental to viral replication (26).
On the contrary, numerous studies showed that the same mutations in genotype 2
reduced NS5A hyperphosphorylation and reduced viral replication (17-19, 22-24, 27).
Why the same alanine mutations reduced genotype 2 replication was unclear.

For years, NS5A was thought to transit from a hypo- to a hyperphosphorylated state
via phosphorylation of the serine residues in the LCS | region (8, 28). These serine
residues are spaced two or three amino acids apart and correspond to the phosphor-
ylation preference of casein kinase la (CKla) or glycogen synthase kinase 33 (GSK3p),
which phosphorylate a serine/threonine residue at position 0 when, respectively, an
upstream (—3) or a downstream (+4) serine/threonine residue is phosphorylated or
primed first (29, 30). Because both kinases have been implicated in NS5A phosphory-
lation (19, 31, 32), it can be anticipated that a sequential phosphorylation cascade from
the NH, terminus to the COOH terminus or in the reverse direction would enable NS5A
transition from hypo- to hyperphosphorylated state. This sequential phosphorylation
cascade could result in a number of differentially phosphorylated NS5A variants that
recruit different proteins for diverse functions (9).

Using three antibodies specific to $232, S235, and $238 phosphorylation, we re-
cently showed that S235 phosphorylated NS5A is the primary hyperphosphorylated
NS5A variant (24) and that NS5A undergoes sequential $232/5235/5238 phosphoryla-
tion by CKle, leading to the hyperphosphorylated state (27). Extending this phosphor-
ylation cascade further upstream, S229 phosphorylation should prime sequential
$232/S235/5238 phosphorylation, as indicated in an earlier study where S229 phos-
phorylation was shown to prime S232 phosphorylation in in vitro CKla assay (33).
However, NS5A hyperphosphorylation remains even when S229 is mutated to alanine
(17, 18). Moreover, both a phosphorylation-ablating alanine mutation and a
phosphorylation-mimicking aspartate mutation at $229 blunt HCV replication (17, 18),
leaving the functions of $S229 phosphorylation mysterious.

In the present study, we made an NS5A antibody specific to $229 phosphorylation

December 2019 Volume 93 Issue 23 e01028-19

Journal of Virology

jviasm.org 2


https://jvi.asm.org

Role of NS5A 5229 Phosphorylation

and used it to show that 5229 likely cycles between dephosphorylated and phosphor-
ylated states, thereby maintaining a delicate balance of NS5A between hypo- and
hyperphosphorylated states via sequential phosphorylation, which is critical to the life
cycle of genotype 2a HCV.

RESULTS AND DISCUSSION

S$229 phosphorylation was detected in hypo- and hyperphosphorylated NS5A
in HCV-infected Huh7.5.1 cells. As a continuing effort to study sequential $232/5235/
S238 NS5A phosphorylation cascade (Fig. 1A) (27), we made an antibody specific to
S229 phosphorylation. The antibody was generated by immunizing rabbits with an
S229 phosphorylated long peptide (Fig. 1B). On the dot blot (Fig. 1B), the antibody
detected this long $S229 phosphorylated peptide in a dose-dependent manner and not
the same length peptide without S229 phosphorylation. The antibody also detected a
shorter S229 phosphorylated peptide in a dose-dependent manner, indicating high
specificity. Indeed, the $S229 phosphorylation-specific antibody did not cross-react with
other peptides with phosphorylation at $S222, S232, S235, or S238 discovered with
phosphoproteomics (19). In HCV (J6/JFH1, genotype 2a)-infected Huh7.5.1 cells, the
level of S229 phosphorylation was very low and increasing the scanning light intensity
was necessary to show the weak S229 phosphorylation signal (Fig. 1C). Immunopre-
cipitation with the 9E10 NS5A antibody (34), followed by immunoblotting for S229
phosphorylation, confirmed the weak $S229 phosphorylation signal and the appearance
of $229 phosphorylation in both hypo- and hyperphosphorylated NS5A (Fig. 1D). At 4,
12, and 24 h postinfection, when the total NS5A was barely detected by the 9E10
antibody (Fig. 1C), S229 phosphorylation appeared to be in the hypophosphorylated
NS5A (p56). However, due to the lack of definitive NS5A signals, which could be due to
antibody sensitivity issues, S229 phosphorylation at these time points should be
considered with caution. Starting at 48 h postinfection, $229 phosphorylation began to
show predominantly in the hyperphosphorylated NS5A and yet with a visible appear-
ance in the hypophosphorylated NS5A. Quantitation shows a higher level of S229
phosphorylation in the hyperphosphorylated NS5A versus hypophosphorylated NS5A
throughout the rest of the experimental period (Fig. 1C, bottom panel). The unit S229
phosphorylation level per NS5A species was the highest at 48 h postinfection and
thereafter sharply declined with time. It is important to note that the experimental
period exceeds the HCV life cycle, and therefore the above observations should not be
overinterpreted.

The appearance of S229 phosphorylation in both hypo- and hyperphosphorylated
NS5A suggests that S229 phosphorylation could serve as an initiating signal that fires
sequential $232/5235/5238 phosphorylation by CKla (29). In line with this, our previous
study showed that alanine mutation at 5229 (S229A) reduced (see Fig. 3 in reference
27), whereas aspartate mutation at $229 (5229D) restored NS5A phosphorylation at
S232, S235, and S238 (see Fig. 6 in reference 27). The facts that S229A mutation
significantly reduced but did not completely abolish NS5A phosphorylation at 5232,
S235, or S238 (see Fig. 5 in reference 27) suggest that (i) S229 phosphorylation,
although not absolutely required, plays a major part in sequential $232/5235/5238
phosphorylation and that (ii) kinases other than CKle, such as DNA-dependent kinase
(DNA-PK; see below) (35), could phosphorylate S232 and lead to hyperphosphorylation.

S229 phosphorylation was elevated in S235A mutant NS5A. To test whether
S229 phosphorylation is affected by phosphorylation on other serine residues, we
detected S229 phosphorylation in HEK293T cells transfected with NS3-NS5A-expressing
constructs: wild type (WT) or with an alanine mutation at various serine residues.
Previously, we showed that NS5A phosphorylation occurs similarly in the HEK293T and
the T7-Huh7 cells (24, 27, 36). As seen in the immunoblots (Fig. 2A), the S229 phos-
phorylation level was low in wild-type NS3-NS5A-expressing HEK293T cells, similar to
what was observed in HCV-infected Huh7.5.1 cells (Fig. 1C). In fact, S229 phosphory-
lation was low in almost all except S235A mutant NS3-NS5A-transfected HEK293T cells.
Figure 2B summarizes results from three independent experiments. As seen, the $229
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FIG 1 Characterization of the 5229 phosphorylation-specific antibody. (A) Schematic of NS5A structure. Serine residues in the low-complexity sequence (LCS)
| region are numbered. (B) Dot blot analysis for the NS5A S229 phosphorylation-specific antibody (anti-pS229). Synthetic S229 phosphorylated and
nonphosphorylated peptides were serially diluted and dotted on a nitrocellulose membrane before detection with the antibody. Sequences of the peptides
are shown with the phosphorylated-serine residues colored red. Arrow denotes the pS229 peptide used for antibody generation. (C) Immunoblot showing time
course S229 phosphorylation in J6/JFH1-infected Huh7.5.1 cells. The bottom panel shows pS229 signal intensity in relation to NS5A (total and hypo- or
hyperphosphorylated NS5A). Due to the lack of apparent NS5A bands at 0, 4, 12, and 24 h, values at these time points were set as zero. (D) Immunoblotting
(IB) for S229 phosphorylation in NS5A immunoprecipitated (IP) with the NS5A-specific 9E10 antibody. The sample was Huh7.5.1 cells infected with J6/JFH1 HCV
for 3 days. In, input; Un, unbound; W, wash; E, eluate.

phosphorylation level was higher in the S235A mutant than in wild-type NS5A. This
surprisingly high level of S229 phosphorylation was also observed in the T7-Huh7 cells
transfected with S235A mutant NS3-NS5A (Fig. 2C and D) or S235A mutant NS3-NS5B
(Fig. 2E and F) construct. Previously in S235A mutant NS5A (see Fig. 3A in reference 27),
we noticed a new p57 band that was phosphorylated at $S232. In the present study, we
found that the S229 phosphorylated NS5A band of the S235A mutant was slightly
above the p56 band and below the $232 phosphorylated p57 band (Fig. 2A), suggest-
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FIG 2 S229 phosphorylation level was elevated in S235A mutant NS5A. (A and C) Immunoblotting for S229 phosphorylation in HEK293T
cells or T7-Huh cells transfected with wild-type (WT) or various serine-to-alanine mutant NS3-NS5A constructs. (B and D) Summaries of the
immunoblotting results in panels A and C, respectively. (E and G) Immunoblotting for $229 phosphorylation in T7-Huh7 cells transfected
with WT or various serine-to-alanine or serine-to-aspartate mutant NS3-NS5B constructs. (F and H) Summary of the immunoblotting results
in panels E and G, respectively. (I and J) Immunoblots and summary for $229 phosphorylation in T7-Huh7 cells transfected with WT, S235A,
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ing sequential $229/5232/5235 phosphorylation that gradually elevates the hypophosphor-
ylated p56 band toward the hyperphosphorylated p58 band. We omitted discussion on
S238 phosphorylation because S238A mutation does not affect NS5A hyperphosphoryla-
tion or reporter virus activity (19).

NS5A hyperphosphorylation was intrinsically regulated. The low S229 phos-
phorylation level in HCV-infected Huh7.5.1 cells and in wild-type NS3-NS5B-transfected
HEK293T and T7-Huh cells suggests that S229 is probably dephosphorylated when
sequential NS5A phosphorylation reaches S235 phosphorylation, the primary NS5A
hyperphosphorylation event required for HCV replication (24). We thus hypothesized
that one of the functions of S229 phosphorylation by an unknown kinase is to prime
sequential $232/5235 phosphorylation by CKla (19, 27). When S235 is phosphorylated,
an unknown phosphatase dephosphorylates $229. In line with this, the $229 phosphor-
ylation level was lower in S235D (Fig. 2G and H) than in S235A (Fig. 2E and F)
NS3-NS5B-transfected T7-Huh7 cells. Analysis of wild-type, S235A, and $235D NS5A for
S229 phosphorylation on a single blot confirmed the results (Fig. 2 and J). The fact that
S229 in the S235D mutant was not dephosphorylated to the same level as wild-type
NS5A (Fig. 2G and H) is likely because aspartate mutation at S235 does not fully
represent phosphorylation at 5235 that leads to 5229 dephosphorylation. When S235
is not phosphorylated as in the S235A mutant NS5A (Fig. 2E and F), S229 phosphory-
lation was elevated, attempting to reinforce the signal for sequential $232/5235
phosphorylation.

We recently found that CKIl preferentially binds hyperphosphorylated NS5A (i.e.,
with $232 and S235 phosphorylation) in a dimethyl-label based quantitative proteom-
ics study (35). CKIl phosphorylates serine or threonine (i.e., S229) when the +3 position
is a negatively charged aspartate or glutamate residue (37), which is often used to
mimic phosphorylated serine (i.e., phosphorylated $S232) or threonine (17-20, 38). These
facts make CKIl an ideal kinase candidate that binds $232 phosphorylated NS5A and
phosphorylates $229. In fact, CKIl has been implicated in NS5A phosphorylation (39, 40).
The theory presented above also explains several observations. For example, why is
S229 not phosphorylated in the S232A mutant NS5A (Fig. 2E) that abolishes $235
phosphorylation (see Fig. 5 in reference 27)? This is because S232A abolishes $232
phosphorylation, a prerequisite for CKIl-mediated S229 phosphorylation. Similarly,
because S225A also abolishes S232 phosphorylation (see Fig. 5A in reference 27), there
was no CKll-mediated S229 phosphorylation in S225A mutant NS5A (Fig. 2E). In
addition, if CKll is to phosphorylate $229 when the +3 amino acid is an aspartate as in
the S232D mutant, why was 5229 not phosphorylated in the $232D mutant NS5A (Fig.
2G and H)? This is because S232D permits S235 phosphorylation (see Fig. 6C in
reference 27), which in turn results in S229 dephosphorylation (Fig. 2G). Similarly, $229
phosphorylation was not observed in the $238D mutant NS5A (Fig. 2G) that permitted
S235 phosphorylation (see Fig. 6C in reference 27).

Despite an ideal theory, our attempts to test CKll's role in $229 phosphorylation
were complicated with cytotoxicity upon CKIl inhibition with inhibitors or small hairpin
RNA-mediated knockdown. Two CKIl inhibitors were used for the test: TMCB and TBB
(see Materials and Methods). As seen in Fig. 3A and B, both TMCB and TBB dose
dependently reduced S229 phosphorylation in S235A mutant NS3-NS5B-transfected
T7-Huh7 cells; however, these drugs worked at very high concentrations close to
cytotoxic doses (Fig. 31 and J) that also reduced the total NS5A amounts (Fig. 3A and
B). As a result, the proportional 5229 phosphorylation level per unit of NS5A did not
change upon CKIlI inhibition (Fig. 3E and F). Thus, we could not be certain whether

FIG 2 Legend (Continued)

and S$235D mutant NS3-NS5B construct. Values are means = the standard errors (SE) from three independent experiments for S229
phosphorylation normalized for loading (the amount of total NS5A) and standardized against that of the S235A or S235D mutant NS5A.
The values were not standardized conventionally with that of the WT NS5A because 5229 signals for WT NS5A were not detected in several
cases, and the values became negative after correction for background in the mock control. ND, not detected; asterisk, statistical

significance compared to WT (*, P < 0.05; **, P < 0.01; ***, P < 0.005 [Student t test]).
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FIG 3 Effects of CKIl inhibition on cell viability, NS5A, and NS5A phosphorylation. (A and B) Effects of
TMCB and TBB on NS5A S229 phosphorylation in NS3-NS5B transfected T7-Huh7 cells. (C and D) Effects
of TMCB and TBB on NS5A S232 phosphorylation in the same cells. (E and F) Summary of the effects of
TMCB and TBB on NS5A S$229 and S232 phosphorylation. (G and H) Summary of the effects of TMCB and
TBB on S229 over 5232 phosphorylation ratio. (I and J) Cell viability assay for TMCB and TBB. The S235A
mutant NS3-NS5B-transfected T7-Huh7 cells were exposed to TMCB for 1 day or TBB for 6 h prior to
immunoblotting and viability assay. An asterisk (*) indicates statistical significance compared to 0 uM
(P < 0.05 [Student t test]).
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FIG 4 The complete HCV life cycle requires a wild-type $229. (A) Schematic of the full-length HCV construct with Renilla luciferase reporter.
(B and Q) Luciferase activity assay of the reporter virus in the Huh7.5.1 cells transfected with in vitro transcript of wild-type (WT) or mutant
with the indicated serine-to-alanine or serine-to-aspartate mutation at $S229 or S235. (C) Values are means * the SE from three
independent experiments, standardized against that observed at 4 h after transfection. An asterisk (*) indicates statistical significance

compared to the 4-h posttransfection time point (P < 0.05 [Student t test]).

TMCB or TBB reduces S229 phosphorylation, thereby reducing NS5A stability, or
whether they indiscriminately reduce NS5A in general. On the contrary, S232 phos-
phorylation was not affected by CKIl inhibition even at high doses when the total NS5A
amounts were reduced (Fig. 3C and D). This mathematically resulted in an increase in
S232 phosphorylation per unit NS5A (Fig. 3E and F). Because of the apparent cytotoxic
effects and the characteristics of the CKIl phosphorylation preference, we compared
S229 phosphorylation per unit of S232 phosphorylation (Fig. 3G and H). As seen, the
S229 over S232 phosphorylation ratio decreased in a dose-dependent manner upon
CKIl inhibition by TCMB or TBB. Because of the cytotoxic effects of the inhibitors, small
hairpin RNA-mediated CKIl knockdown was used; however, CKIl knockdown resulted in
severe cell death before the experiments could be performed. Thus, the CKIl inhibitors
exhibit apparent cytotoxic effects, which are associated with reduced total NS5A,
reduced S229 phosphorylation, and no change in 5232 phosphorylation on immuno-
blots. It is of interest to check whether other kinases, e.g., Pl4Kllle, involved in the
synthesis of hypo- and hyperphosphorylated NS5A participate in $229 phosphorylation
(41, 42).

S225D did not induce $229 phosphorylation (Fig. 2G), and yet sequential $232/5235
phosphorylation was still observed in the S225D mutant (see Fig. 6 in reference 27),
suggesting that S225 phosphorylation probably does not fall within the sequential
$229/5232/5235 phosphorylation cascade. However, the fact that S225A and S225D
respectively abolish (see Fig. 5 in reference 27) and rescue (see Fig. 6 in reference 27)
S232/S235 phosphorylation suggests that S225 participates in $232/5235 sequential
phosphorylation independent of 5229 phosphorylation.

A complete HCV life cycle requires a wild-type $229. It has been known that S235
phosphorylation is the major hyperphosphorylation event of NS5A (24) required for
genotype 2a HCV replication (17-19). Our reporter HCV activity assay confirmed the
above observations (Fig. 4A). S235A mutation abolished whereas S235D mutation
rescued the reporter HCV activity (Fig. 4B). It has been known that S229A or 5S229D (or
S229E) mutation blunted the reporter HCV activity and genome replication (17, 18),
indicating that $229 is a key residue in HCV replication (43). Our reporter HCV activity
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assay also confirmed this (Fig. 4B). Based on these observations, we would like to
propose that $229 must remain a wild-type serine residue that cycles between phos-
phorylation and dephosphorylation states to fire signals for NS5A sequential phosphor-
ylation for the purpose of reaching S235 phosphorylation. When S229 cannot be
phosphorylated as in the case of S229A mutation, S229A does not fire signal for
sequential NS5A phosphorylation. As a result, an unknown kinase such as DNA-PK (35)
kicks in to phosphorylate S232 that primes 5235 phosphorylation in the S229A mutant
NS5A (see Fig. 5A and C in reference 27); however, the phosphorylation levels were too
low to sustain the reporter virus activity (Fig. 4B). When S229 is mutated to an aspartate
that cannot be dephosphorylated after S235 is phosphorylated (see Fig. 6C in reference
27), the reporter virus activity is also low (Fig. 4B), suggesting that $229 and S235
cannot be phosphorylated at the same time or simultaneously phosphorylated for too
long for a productive HCV life cycle. To test this, the reporter virus activity was
measured in the Huh7.5.1 cells transfected with a doubly mutated virus construct
(5229A/S235A, S229A/S5235D, S229D/S235A, or S229D/S235D). As seen in Fig. 4C, as
long as S235 is mutated to alanine that cannot be phosphorylated, the reporter virus
activity was low regardless S229A or S229D. As expected, the reporter activities of
$229D/S235D and S229A/S235D were both low because either S229A or $229D blocked
$229 to cycle between dephosphorylated and phosphorylated state. Our explanation
for the observations presented above seems rather plausible, although there could be
alternative explanations. For example, wild-type S229 perhaps performs functions
independent of its phosphorylation, given its low phosphorylation level.

$229 phosphorylation regulates intracellular NS5A distributions. Using confo-
cal immunofluorescence microscopy, we found that NS5A was present in large and
small structures that only partially colocalized with S235 phosphorylated NS5A, which
represents the major hyperphosphorylated NS5A variant in NS3-NS5B-transfected T7-
Huh7 cells (Fig. 5). Likewise, the S235 hyperphosphorylated NS5A only partially colo-
calized with NS3 representing the replication complex (Fig. 6). Using live-cell imaging,
Wolk et al. previously showed two distinct structures where NS5A resides: a large
structure representing membranous web with restricted motility and a small structure
representing replication complex with fast and long-distance motility (44). Both are
required for the HCV life cycle. In addition to this model, we would like to propose that
S229, perhaps by cycling between phosphorylation and dephosphorylation, harnesses
sequential $232/5235 phosphorylation to maintain a delicate balance of NS5A between
hypo- and hyperphosphorylated states and the intracellular localization crucial to the
HCV life cycle. Consistent with this, when S229 was mutated to alanine or aspartate,
S235 hyperphosphorylated NS5A was restricted to large structures (Fig. 5). Quantifica-
tion of the immunofluorescence micrographs showed that about 18% of the WT NS5A
resided in large structures (Fig. 7A, the fourth quartile with a particle volume of >1.02
wm3). In contrast, significantly more NS5A resided in large structures when $229 was
mutated to alanine or aspartate (Fig. 7A). On average, about 36 and 26% of the NS5A
were found in large structures for S229A and S229D, respectively (Fig. 7A). S229A or
S$229D mutation also increased $235 hyperphosphorylated NS5A to colocalize with NS3
in large structures (Fig. 6). On average (Fig. 7B), about 17% NS3 in the WT NS5A
transfected cells was found in large structures. In contrast, significantly more NS3 was
found in large structures in S229A (35%) or S229D (27%) NS5A-transfected cells (Fig.
7B). Since both S229A and $229D mutations are lethal (Fig. 4), these results indicate that
it is necessary for NS5A to maintain a balanced intracellular distribution in both large
and small structures for the HCV life cycle. In line with this, S235A mutation that
increased NS5A in large structures (Fig. 7C, as well as Fig. 8) blunted viral replication
(Fig. 4). In contrast, S235D that permitted NS5A distribution in large and small struc-
tures (Fig. 7C, as well as Fig. 8) was capable of replication (Fig. 4), albeit compromised.

In summary, our results are compatible with a role of S229 phosphorylation in
initiating NS5A sequential phosphorylation (Fig. 9). Perhaps by cycling through phos-
phorylation and dephosphorylation, S229 maintains a delicate balance of NS5A be-
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pS235 Merge+nuclei Enlarged view

FIG 5 S229A and S229D mutations altered intracellular distribution of NS5A. Confocal immunofluorescence micrographs of NS5A (red) costained with 5235
phosphorylated NS5A (pS235, green) in the T7-Huh7 cells transfected with wild-type (WT), S229A, or S229D mutant NS3-NS5B mutant constructs. The nuclei
were stained with DAPI (4',6'-diamidino-2-phenylindole; blue). Boxes indicate areas enlarged.

tween hypo- and hyperphosphorylated states and the intracellular distribution neces-
sary for the HCV life cycle.

MATERIALS AND METHODS

Cell culture. Three types of cell lines: human kidney cells (HEK293T), human hepatocellular carci-
noma cells (Huh7.5.1), and T7 polymerase harboring human hepatocellular carcinoma cells (T7-Huh7)
were used in this study. These cells were cultured in Dulbecco modified Eagle medium supplemented
with 10% fetal bovine serum (Biological Industries) in a 5% CO, incubator (Astec, Inc.) at 37°C.

Reagents. Commercialized anti-NS5A domain | antibody (BioFront Technologies, Inc., catalog no.
7B5), and B-actin antibody (Sigma-Aldrich, catalog no. A5316) were used for immunoblotting. Serine 232,
235, and 238 phosphorylation-specific antibodies were generated and characterized previously (19, 24,
27). A rabbit serine 229 phosphorylation-specific polyclonal antibody was generated against a synthetic
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pS235 Merge+nuclei Enlarged view

MOCk. .
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S229A
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FIG 6 S229A and S229D mutations altered intracellular distribution of NS5A with regard to NS3. Confocal immunofluorescence micrographs of NS3 (red)
costained with 5235 phosphorylated NS5A (pS235, green) in the T7-Huh7 cells transfected with wild-type (WT), S229A, or S229D mutant NS3-NS5B mutant
constructs. The nuclei were stained with DAPI (blue). Boxes indicate areas enlarged.

peptide (SEASpSSVSQLSAPSLRATC) by GeneTex, Inc.,, Taiwan. The antibody was purified using two
affinity chromatography methods, first with immunizing phosphopeptide and followed by a nonphos-
phopeptide with the same sequence. IRDye680-labeled anti-mouse IgG (P/N 926-68070) and IRDye800-
labeled anti-rabbit IgG (P/N 926-32213) secondary antibodies were purchased from Li-Core (Lincoln, NE).
The CKIl inhibitors TMCB (2-[4,5,6,7-tetrabromo-2-(dimethylamino)-1H-benzo[d]imidazol-1-yl]Jacetic acid)
and TBB (4,5,6,7-tetrabromobenzotriazole) were purchased from Abcam (catalog no. ab120289 and
catalog no. ab120998).

The expression constructs pcDNA3.1 NS3-NS5A (24), pTM NS3-NS5A (27), and pTM NS3-NS5B (45)
were transfected into cells with the Lipofectamine 2000 reagent (catalog no. 11668-027, Invitrogen).
Alanine mutations at $222, 5225, 5228, 5229, 5230, 5232, 5235, and 5238 in the NS3-NS5A and NS3-NS5B
constructs were made by using site-directed mutagenesis (24, 27).

HCV infection. Culture-derived infectious HCV particles (HCVcc; J6/JFH1, genotype 2a) were pre-
pared as described previously (36). Huh7.5.1 cells were seeded in 3.5-cm dishes and infected with HCVcc
(J6/JFH1) at a multiplicity of infection of 0.001.
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FIG 7 Distribution of intracellular NS5A or NS3 particles based on their volume sizes. (A) Intracellular
NS5A particles in WT, S229A, or $229D NS3-NS5B- transfected T7-Huh7 cells. (B) Intracellular NS3 particles
in WT, S229A, or S229D NS3-NS5B-transfected T7-Huh7 cells. (C) Intracellular NS5A particles in WT, S235A,
or S235D NS3-NS5B-transfected T7-Huh7 cells. Asterisk indicates statistical significance (***, P < 0.005 [x?
test]).

Immunoprecipitation. Lysate of HCV-infected Huh7.5.1 cell (200 ng) was incubated with the 9E10
NS5A antibody (34) in 200 ul of phosphate-buffered saline (PBS) at 4°C overnight. This mixture was
incubated with prewashed protein G-coated magnetic beads (80 ul, catalog no. 28-9440-08; GE Health-
care Life Sciences) at 4°C for 4 h. The unbound fraction was collected, and the beads were washed twice
with 200 ul of PBS. The beads were heated (15 min) in 40 ul of 2% SDS solution to elute bound proteins
before immunoblotting analysis.

Immunoblotting. Immunoblotting was conducted as described previously (19). HCV-infected or
expression construct-transfected cells were washed with PBS and lysed in a lysis buffer (50 mM HEPES,
150 mM NaCl, 5 mM EDTA, and 0.2% NP-40). The lysate was centrifuged briefly before the supernatant
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FIG 8 S235A altered NS5A intracellular distribution. Confocal immunofluorescence micrographs of NS5A (red) costained with S229 phosphorylation (pS229,
green) in the T7-Huh7 cells transfected with wild-type (WT), S235A, or S235D mutant NS3-NS5B mutant constructs. The nuclei were stained with DAPI (blue).

Boxes indicate areas enlarged.

was collected and quantified for protein concentration. The proteins were then separated with SDS-PAGE
and transferred to a nitrocellulose membrane for blocking and detection with antibodies. The proteins
were visualized and quantified using a Li-Cor Odyssey scanner and software.

Luciferase assay. The full-length Renilla report HCV construct (C19Rluc2AUbi) was obtained from
Charles Rice’s group (46). It was linearized with Xbal digestion (catalog no. R0145; New England BioLabs)
and purified using phenol-chloroform extraction. Purified DNA was transcribed into RNA by using a
MEGAscript T7 transcription kit (catalog no. AM1334; Invitrogen). The RNA was transfected into the
Huh7.5.1 cells using DMRIE-C transfection reagent (catalog no. 10459014; Thermo) according to the
manufacturer’'s recommended protocol. The transfected cells were lysed, and the luciferase activity was
measured using a dual-luciferase reporter assay system (catalog no. E1910; Promega).

Cell viability assay. T7-Huh7 cells (4 X 10%) were seeded onto a 96-well plate for 1 day before being
exposed to inhibitors (TMCB for 1 day or TBB for 6 h). After several washes with PBS, 50 ul of culture
medium containing 10% MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] reagent was
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FIG 9 Schematic of NS5A sequential phosphorylation cascade.

added to the wells, followed by incubation at 37°C for 45 min. The medium was then replaced with
100 ul of dimethyl sulfoxide and incubated with rotation at 145 rpm at room temperature for 20 min. The
light absorbance was measured at 540 nm. Each experiment was performed in triplicate wells.

Confocal immunofluorescence microscopy. Detailed procedures were described previously (19).
Briefly, construct-transfected T7-Huh7 cells were fixed and probed with anti-NS5A, anti-NS3, S229
phosphorylation-specific, or 5235 phosphorylation-specific antibodies. Immunofluorescence images
were captured by the Zeiss LSM 880 laser scanning microscope with Airyscan and analyzed using ZEN
software.
Quantification of immunofluorescence images. Immunofluorescence micrographs were quantified
with the IMARIS software (Bitplane) according to a similar algorithm (47). For each micrograph, about 30
cells were identified, and the sizes in um3 of the detected particles corresponding to NS5A or NS3
immunostaining were measured. Within one set of experiments (WT, S235A, or S235D transfected cells;
30 cells each), about 2,500 particles were measured for sizes. These particles were sorted small to large
and divided into four quartiles: the 0-to-25th percentile, the 25th-to-50th percentile, the 50th-to-75th
percentile, and the 75th-to-100th percentile. The particles that fall within each quartile were identified
for WT, S235A, and S235D, and the percentages of their particles in each quartile were calculated. A x?
test was used to test whether there is a significant difference in the distribution of particles in the
quartiles among WT, S235A, or S235D NS5A.
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