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A Hepatitis C Virus NS5A Phosphorylation Site That Regulates RNA
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The hepatitis C virus NS5A protein is essential for RNA replication and virion assembly. NS5A is phosphorylated on multiple
residues during infections, but these sites remain uncharacterized. Here we identify serine 222 of genotype 2a NS5A as a phos-
phorylation site that functions as a negative regulator of RNA replication. This site is a component of the hyperphosphorylated
form of NS5A, which is in good agreement with previous observations that hyperphosphorylation negatively affects replication.

H epatitis C virus (HCV) is a human pathogen of global impact,
with as many as 170 million chronically infected (1). Long-
term infection results in progressive liver damage, including fibro-
sis, cirrhosis, and, oftentimes, hepatocellular carcinoma. HCV is a
member of the Flaviviridae family of enveloped, positive-sense,
single-stranded RNA viruses (reviewed in reference 2). The non-
capped, nonpolyadenylated, 9.6-kb viral genome encodes a single
internal ribosome entry site (IRES)-directed open reading frame
flanked by highly structured 5’ and 3’ nontranslated regions.
Translation yields a polyprotein of approximately 3,000 amino
acids that undergoes a complex series of co- and posttranslational
proteolytic events catalyzed by viral and host proteases, resulting
in the production of 10 mature HCV proteins. These include the
structural proteins that are involved in the production of progeny
virions (C, E1, E2, p7) and the nonstructural replication proteins
(NS2, NS3, NS4A, NS4B, NS5A, NS5B). There is considerable
overlap in functionality between these groups, with a number of
nonstructural proteins serving essential functions for both RNA
replication and virion assembly, including the NS5A protein
(3-11).

NS5A is a large, three-domain, hydrophilic phosphoprotein
that exists in two distinct forms: a hypophosphorylated form of
roughly 56 kDa and a hyperphosphorylated form of 58 kDa (12,
13). It is not known what residues in NS5A are phosphorylated or
how various phosphorylation events contribute to the presence of
the two phospho-forms (see reference 14 for a concise review).
Evidence from mutagenesis suggests that hypophosphorylation
primarily targets serine residues in domains II and III, whereas
hyperphosphorylation sites cluster in and around domain I, LCSI
(low complexity sequence block I), and domain II (12, 15-18).
The function of NS5A phosphorylation in the viral life cycle is
unknown, but a general theme has emerged in which hypophos-
phorylation is required for RNA replication, and hyperphosphor-
ylation is a negative regulator of this process. Phosphorylation
may also play a role in the function of NS5A in virion assembly,
and it could regulate the interface between replication and assem-
bly events (11). A number of phosphorylation sites have been
identified in NS5A using different overexpression systems, but it is
unknown in some cases if these modifications are actually used in
the virus life cycle or what their function(s) might be (16-22).

As no phosphorylation sites have yet been definitively mapped
in NS5A in the context of the protein functioning in authentic
RNA replication, we developed a method to extract NS5A from
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cells harboring subgenomic replicons and enrich for the protein
by immunoprecipitation. Enriched fractions were then subjected
to SDS-PAGE gel separation, proteolytic digestion and peptide
extraction, and mass spectrometry. Briefly, 7.5 X 10" Huh-7.5
cells containing the genotype 2a replicon pSGR-JFH-1 were lysed
in NETN buffer containing protease and phosphatase inhibitors.
The NS5A protein was extracted by immunoprecipitation using
the 9E10 anti-NS5A monoclonal antibody covalently coupled to
agarose beads (21). Following extensive washing in NETN, NS5A
was eluted from the beads by the addition of 2X SDS-PAGE
nonreducing sample buffer and boiling for 5 min. Extracts were
then resolved on 10% acrylamide SDS-PAGE gels, and the region
of the gel corresponding to the migration point of NS5A was ex-
cised and subjected to in-gel reduction, alkylation, and trypsin
digestion following the standard methods of the Scripps Pro-
teomic Core facility. Eluted peptides were then loaded onto a
fused silica (outer diameter [OD], 360 wm; inner diameter [ID],
75 pwm) capillary C,4 (ODS-AQ, 20 pwm) precolumn and washed
with 0.1% acetic acid. Once salts were removed, the precolumn
was attached to a fused silica (OD, 360 pm; ID, 50 pm) C,5 col-
umn (ODS-AQ; 5 wm) attached to a fused silica emitter tip. Pep-
tides were high-performance liquid chromatography (HPLC) gra-
dient eluted and analyzed by a Thermo Electron LTQ Orbitrap ion
trap mass spectrometer set to data-dependent mode to acquire
tandem mass spectrometric (MS-MS) spectra on the five most
abundant m/z peaks in each MS scan. All MS-MS spectra were
searched using Sequest (Thermo Electron) and Mascot (Matrix
Science) software. Potential posttranslational modifications were
searched (STY = 80 [phosphorylation]) as well as static modifi-
cations for carbamidomethylation (C = 57). Search results were
manually confirmed to ensure correct sequence identifications.
This methodology produced 61% sequence coverage of the geno-
type 2a JFH-1 isolate of NS5A and identified a single phosphory-
lation posttranslational modification at serine 222 (Fig. 1). To
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Peptide Sequence Modifications Theoretical Mass (Da)|Theoretical m/z | Observed m/z | Charge | Start [Error (A ppm)
(K)LPGLPFISCQK carbamidomethylation 1258.6744 630.3445 630.3419 2 31 4.1
(K)IGYKGVWAGTGIMTTR 1596.8082 799.4114 799.4092 2 42 2.7
(K\GVWAGTGIMTTR 1248.6285 625.3215 625.3193 2 45 35
(R)CPCGANISGNVR carbamidomethylation 1303.5761 652.7953 652.7953 2 57 2.6
(K)TCMNTWQGTFPINCYTEGQCAPKPPTNYK carbamidomethylation 3463.5094 1155.5104 1155.5084 3 79 1.7
(R)VAASEYAEVTQHGSYSYVTGLTTDNLK 2903.3825 968.8014 968.7993 3 113 22
(R)IPCQLPSPEFFSWVDGVQIHR carbamidomethylation 2511.2369 838.0862 838.0844 3 140 21
(R)FAPTPKPFFRDEVSFCVGLNSYAVGSQLPCEPEPDADVLR | carbamidomethylation 4511.1566 1128.7964 1128.7939 4 161 2.2
(R)SMLTDPPHITAETAAR 1709.8406 855.9276 855.9258 2 201 21
(R)SMLTDPPHITAETAARR 1865.9418 467.4927 467.4909 4 201 3.8
(R)GSPPSEASSSVSQLSAPSLR 1942.9596 972.4871 972.4849 2 221 23
(R)GSPPSEASSSVSQLSAPSLR phosphorylation 2022.9259 1012.4702 1012.4688 2 221 1.4
(R)ATCTTHSNTYDVDMVDANLLMEGGVAQTEPESR carbamidomethylation 3611.5814 1204.8678 1204.8656 3 241 1.8
(R)VPVLDFLEPMAEEESDLEPSIPSECMLPR carbamidomethylation 3328.5553 1110.5257 1110.5234 3 274 21
(R)ALPAWARPDYNPPLVESWR 2237.1381 746.7200 746.7177 3 308 3.1
(R)YRPDYQPPTVAGCALPPPK carbamidomethylation 1962.9985 655.3401 655.3378 3 327 3.5
(R)RPDYQPPTVAGCALPPPKK carbamidomethylation 2091.0935 698.0385 698.0358 3 327 3.9
(R)RTVGLSESTISEALQQLAIK 2143.1848 715.4022 715.4003 3 355 27
(R)TVGLSESTISEALQQLAIK 1987.0837 994.5491 994.5459 2 356 3.2
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FIG 1 Identification of serine 222 as a phosphorylation acceptor. (A) A comprehensive list of NS5A peptides identified following LC-MS-MS analysis.
Peptide sequences are listed along with their theoretical mass, theoretical and observed m/z values, and associated mass error (ppm). The charge state, start
residue of each peptide, and identified modifications are also provided. Modifications observed are indicated, including the phosphorylation of serine 222.

(B) MS-MS spectrum of phosphorylated NS5A peptide, residues 221 to 240.

The [M + 2H] "2 ion of the phosphorylated NS5A peptide (m/z 1012.47) was

selected for dissociation, and the amino acid sequence of the peptide is shown above the spectrum. The masses above and below the sequence correspond
to the theoretical, singly protonated b- and y-type product ions, respectively. The observed singly protonated product ions are underlined, and doubly
protonated ions are denoted with filled circles. Asterisks indicate product ions that result from neutral loss of H;PO,. As indicated in the sequence, the

phosphorylated residue was identified as serine residue 222.

provide context to the more widely studied Conl 1b NS5A pro-
tein, this serine residue would reside at position 222 in that protein
and position 2194 in the Con1 1b polyprotein. It should be noted
that a number of serine-rich regions of NS5A were not identified
in this analysis, and these may contain additional phosphorylation
sites. Nonetheless, the data definitively identify serine 222 as a
phosphoacceptor used during the course of authentic HCV RNA
replication.
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With S222 identified, we proceeded to determine what role the
posttranslational modification of this residue might have in HCV
biology. We generated a series of phosphomimetic mutants at this
residue, using methods described previously (11), including an
aspartic acid substitution to mimic phosphorylation and an ala-
nine residue to generate a site incapable of phosphorylation. These
were built into the genotype 2a subgenomic replicon, pSGR-JFH1,
and the RNA replication kinetics of RNAs harboring these muta-
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FIG 2 Replication analysis of phosphomimetic mutations of serine 222. (A)
Replication of serine 222 mutants in the context of the pSGR-JFH1 sub-
genomic replicon. HCV RNA copies per 100 nanograms of total RNA as de-
termined via real-time reverse transcriptase PCR analysis of cells electropo-
rated with wild-type pSGR-JFH1 RNA (pSGR-JFH1), a pSGR-JFHI1 replicon
harboring the serine 222-to-alanine mutation (S222A), a psGR-JFH1 replicon
harboring the serine 222-to-aspartic acid mutation (S222D), and a pSGR-
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tions were assessed relative to a wild-type pSGR-JFH1 RNA and a
nonreplicative pSGR-JFH1 RNA containing a lethal lesion in the
RNA-dependent RNA polymerase (Pol ™) (23). It is important to
note that the pSGR-JFH1 construct, unlike many other replicons
of different HCV genotypes, replicated efficiently without adap-
tive mutations, so the serine 222 mutations are analyzed in the
context of a wild-type NS5A sequence. Figure 2A shows the results
of the delivery of 1 g of these RNAs to Huh-7.5 cells via electro-
poration and the time course analysis of total HCV RNA accumu-
lation inside cells over a 48-h period via real-time reverse trans-
criptase PCR analysis as described previously (11, 24). In this
analysis the replication of pSGR-JFH1 with the serine 222-to-ala-
nine (S222A) mutation is indistinguishable from the wild-type
pSGR-JFH1 construct, suggesting that under these conditions, the
inability to phosphorylate serine 222 is phenotypically null. Anal-
ysis of the serine 222-to-aspartic acid mutation is more interest-
ing, as pSGR-JFHI1 genomes containing this mutation (S222D)
are impaired in RNA replication approximately 2- to 3-fold com-
pared to the parental pSGR-JFH1 construct at all data points after
24 h postelectroporation. Although this change is relatively small,
it is statistically significant and reproducible. The data presented
are normalized to total RNA, but it should be noted that further
normalization of the data to the 4-h time point values did not alter
the observed differences or their statistical validity. It is important
to note that the $222D mutant containing replicons do replicate
RNA, just at a lower efficiency, as can be seen by comparison to
nonreplicating (Pol™) pSGR-JFH1 RNA. To investigate the im-
pact of serine 222 modification on replication of an infectious viral
genome, we built the same mutations into the JC1 HCV infectious
clone and performed a similar electroporation-based RNA accu-
mulation assay to that performed with the replicon (Fig. 2B). Sim-
ilarly to what was observed in the replicon, the serine 222A muta-
tion was identical in RNA replication to the JC1 parental viral
genome, and the serine 222D was again attenuated in RNA repli-
cation. The data presented are normalized to total RNA, but it
should be noted that further normalization of the data to the 4-h
time point values did not alter the observed differences or their
statistical validity. As NS5A is known to be an important factor in

JFHI replicon harboring a lethal lesion in the RNA-dependent RNA polymer-
ase (Pol™). RNAs were harvested at indicated times postelectroporation from
triplicate samples for calculation of statistical significance using a Student ¢ test
for each indicated data point. (B) Samples as described for panel A but with
mutations built into the full-length infectious JC1 virus clone (JC1). (C) Titer
release from cells in panel B 48 h after electroporation. Values are in normal-
ized tissue culture infectious doses, 50% value, per milliliter as determined by
limiting dilution assay. Values shown are the averages of three independent
electroporations of viral RNA. Samples are designated as in the previous panel.
Data for this experiment were normalized using the RNA replication data from
panel B. (D) NS5A expressed from VTE7-3 transfection/infection experiments
separated on a 12% SDS-PAGE gel to monitor polyprotein processing and
stability. The single band represents the NS5A protein. The samples shown are
from wild-type JC1 virus encoding a genomic infectious clone plasmid (JC1),
the JCI infectious clone plasmid containing the serine 222-to-alanine muta-
tion (S222A), and the JCI infection clone plasmid containing the serine 222-
to-aspartic acid mutation (5222D). NS5A was detected by Western blotting
using the 9E10 anti-NS5A monoclonal antibody. An actin Western blot load-
ing control is shown as the lower panel in this composite figure. Arrows indi-
cate the migration distances of the hypophosphorylated (hypo) and hyper-
phosphorylated (hyper) forms of NS5A. In both panels, the numbers and lines
to the left of the image indicate the sizes (in kilodaltons) and mobilities of
molecular weight markers.
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infectious virus production and as this may be linked to phos-
phorylation, we harvested supernatants of cells 48 h after the de-
livery of our mutant RNAs and determined the titers of the
amount of infectious virus in these samples by the limiting dilu-
tion immunohistochemical assay described previously (21). De-
spite the clear difference in RNA replication efficiency of the var-
ious serine phosphomimetic mutants, we observed no statistically
significant difference in infectivity, although a slight (about 1.8-
fold) downward trend was seen in the $222D mutant-bearing vi-
rus. Normalization of titer data to RNA replication level elimi-
nated this difference, indicating that the S222D mutant does not
impact virus production. As our mutations alter the sequence of
the NS5A protein, we felt it was prudent to monitor the stability
and processing of NS5A over the course of these experiments. To
avoid differences in levels of NS5A due to different levels of RNA
replication for the various mutations and other complications, we
opted to express NS5A in the context of the full-length viral JC1
genome using the VIF7-3 vaccinia T7 system (25). Figure 2D
shows the results of this analysis 24 h after transfection of 1 g of
each plasmid via transfection as described previously (24) and
infection of Huh-7.5 cells with VTF7-3 at a multiplicity of 1, prior
to cell lysate preparation and SDS-PAGE and Western blot anal-
ysis with the 9E10 NS5A-specific antibody and an actin control as
described previously, and the results indicate that there is no gross
defect in NS5A stability or polyprotein processing. Analysis of the
phospho-form distribution of NS5A suggests that S222A bearing
NS5A produces a 44.9% reduction in hyperphosphorylation com-
pared to the wild-type construct while exhibiting only a 4.9% re-
duction in hypophosphorylated NS5A relative to the control.
§222D hyperphosphorylation, in contrast, is reduced only 9.8%
relative to the wild type, with the hypophosphorylated form re-
duced 19.3% compared to the control. This suggests that 5222
might control multiple phosphorylation sites when modified.
Collectively, these results indicate that serine 222 of genotype 2A
NS5A is phosphorylated in the context of HCV replication, and
this modification is a negative regulator of replication, albeit a
minor one.

As our method of isolation of NS5A does not discriminate
between hyper- and hypophosphorylated forms, we wanted to
determine if serine 222 was a discrete component of one form over
the other or a component of both forms. We therefore metaboli-
cally labeled cells harboring the pSGR-JFH]1 replicon and a repli-
con harboring $222A using radioactive orthophosphate as de-
scribed previously (26). Cell lysates were then prepared, NS5A was
immunoprecipitated, and precipitates were analyzed by scintilla-
tion counting. Samples containing Huh-7.5 cell lysates devoid of
HCV and samples precipitated with isotype-matched control an-
tibodies contained background levels of radioactivity after wash-
ingand were not analyzed further. Samples containing NS5A were
then separated by SDS-PAGE as described in the aforementioned
reference, with the substitution of the 9E10 NS5A antibody for
precipitations. Gels were then exposed to X-ray film to determine
incorporation of radioactive phosphate into NS5A. Figure 3A
presents these data, with the electrophoretic migration of hyper-
and hypophosphorylated NS5A indicated for both the wild-type
and mutant replicon extracts. Measurement of radioactivity in the
various phospho-forms indicated that although the hypophos-
phorylated form of NS5A differed by only 3% between wild type
and mutant, the hyperphosphorylated form differed by 19.1% be-
tween the two samples, suggesting that phosphorylated serine 222
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FIG 3 Metabolic labeling of replicon containing cell lines. (A) Film from 10%
SDS-PAGE separation of *?P;-labeled Huh-7.5 cell lysates from cells harboring
wild-type pSGR-JFH1 (pSGR-FJH1 WT) or the pSGR-JFH1 replicon harbor-
ing the serine 222-to-alanine mutation (pSGR-JFH1 S222A). Arrows indicate
the migration distances of the hypophosphorylated (hypo) and hyperphos-
phorylated (hyper) forms of NS5A. Numbers and lines to the left of the image
indicate the sizes (in kilodaltons) and mobilities of molecular weight markers.
(B) Upper panel, Western blot analysis detecting NS5A protein from cells
electroporated with HCV J6/JFH1 viral genomic RNA containing S222A,
§222D, wild-type, and Pol ™ RNAs. Arrows indicate the migration distances of
the hypophosphorylated (hypo) and hyperphosphorylated (hyper) forms of
NS5A. Lower panel, a Western blot of lysates identical to those in the upper
panel but probed for the cellular actin protein as a loading control. In both
panels, the numbers and lines to the left of the image indicate the sizes (in
kilodaltons) and mobilities of molecular weight markers.

is predominantly a component of the hyperphosphorylated form
of NS5A. We also investigated phospho-form distribution by
Western blotting of NS5A from cells infected with J6/JFH1 viral
genomes containing our serine 222 mutants (Fig. 3B). Densito-
metric analysis of these blots shows that NS5A from S222A viruses
has 36% less hyperphosphorylation than a wild-type construct,
while reduction in hypophosphorylation was only 6%. Similarly,
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$222D virus showed a reduction of 23.4% hyperphosphorylation
compared to the wild type, with a 7% reduction in hypophosphor-
ylation. The reduction in hyperphosphorylation difference be-
tween these two mutants is quite interesting, as neither is capable
of being phosphorylated, and this could be interpreted as an indi-
cation that S222D controls the use of other phosphorylation sites
in NS5A. The location of this residue in relation to the domain
model of NS5A, with serine 222 in the LCSI region between do-
main I and I, is in good agreement with previous data suggesting
that hyperphosphorylation sites map in this area of NS5A.

Here we have identified serine 222 of the genotype 2a NS5A
protein as a site of phosphorylation used in cells harboring a func-
tional replicon, the first site to be found in the context of RNA
replication. Our findings are in good agreement with the concept
that hyperphosphorylation is a negative regulator of replication,
but the effects we observe are small, and it is therefore unlikely that
serine 222 is a major regulator of RNA replication. Mutation of
this residue to aspartic acid produces a different phospho-form
distribution than when it is changed to alanine (or serine), and
these data might be interpreted to indicate that $222 modification
directs the phosphorylation of other sites in NS5A that are com-
ponents of the hyperphosphorylated isoform. Unlike serine resi-
dues in domain III of NS5A, serine 222 appears to have no impact
on virus production, suggesting that different serine phosphory-
lation events can impact different aspects of the HCV life cycle,
even when those serine residues are both components of the same
NS5A phospho-form. The data suggest that a more complex reg-
ulation than explained in current models probably exists. Serine
222isanabsolutely conserved residueamongdivergent HCV geno-
types, and indeed, this residue has been identified as a phospho-
acceptor in an early NS5A overexpression phosphopeptide-map-
ping experiment in genotype la (designated 52194 in that work)
(16). Phosphomimetic mutation of this position in the 1b replicon
does not produce dramatic replication or phospho-form distribu-
tion phenotypes in the context of one set of adaptive mutations
(15), but it does produce these effects in another adaptive genetic
context (27). Adaptive mutations in genotype 1b replicons in-
crease RNA replication and tend to reduce NS5A hyperphosphor-
ylation (19), and one can directly manipulate hyperphosphoryla-
tion to bypass the need for adaptive mutations (15, 17, 28, 29), but
the mechanistic details of these observations are not understood.
Perhaps different adaptive mutations produce different patterns
of phosphorylation site usage on NS5A, and in the example of
§222, this may be important in one context but not in another.
The genotype 2a NS5A used in this work requires no adaptive
mutations for efficient replication, eliminating complexities of
genetic background from the analysis and simplifying the identi-
fication of the phosphorylation of this residue as a minor negative
regulator of replication. Perhaps the overwhelming questions sug-
gest why this virus utilizes such a complex mechanism to fine-tune
RNA replication efficiency and what precisely NS5A phosphory-
lation actually regulates. It will likely be some time before we de-
velop a comprehensive view of the role of NS5A phosphorylation,
but the identification of S222 as an authentic phosphorylation site
is an important step in this process.
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