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Abstract

Post-translational modifications of viral proteins regulate various stages
of infection and can even control cellular processes. With only 10 proteins
Hepatitis C virus (HCV) can orchestrate its complete viral life cycle. The HCV
non-structural protein 3 (NS3) has many functions. It has protease and helicase
activity, interacts with several host cell proteins and plays a role in translation,
replication and virus particle formation. Organisation of all these functions
seems necessary and could be regulated by post-translational modifications.
We therefore searched for modifications of the NS3 protein in the subgenomic
HCV replicon. When performing a tag-capture approach coupled with two-
dimensional gel electrophoresis analyses, we observed that isolated His6-NS3
yielded multiple spots. Individual protein spots were in-gel digested with
trypsin and analysed by mass spectrometry. Differences observed between
the individual peptide mass fingerprints suggested the presence of modified
peptides and allowed us to identify N-terminal acetylation and an adaptive
mutation of NS3 (Q1067R). Further analysis of other NS3 variants revealed
phosphorylation of NS3.
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Introduction

Post-translational modifications (PTMs) like phosphorylation, prenylation,
methylation and acetylation play an important role in protein activity, localisation
and protein-protein interactions 2 Not only eukaryotes use this mechanism to
modulate the function(s) of their proteins. Especially viruses require PTMs because
their genome is small and events like translation, replication, virus assembly and
release all need to be well orchestrated **. The small 9,6 kb genome of Hepatitis C
virus (HCV), a positive-stranded RNA virus, yields a single polyprotein, which after
processing results in three structural proteins Core, E1 and E2, a peptide p7 and six
non-structural proteins NS2, NS3, NS4a, NS4b, NS5a and NS5b. Together these 10
proteins coordinate the complete life cycle of HCV 3. For some of these proteins it is
known that they have a dual function involved in more than one process of the virus
life cycle, requiring precise regulation .

An apparent example of a multifunctional protein within the HCV genome is NS3,
which contains protease and helicase activity '>!'. The serine protease domain of
NS3 is in the N-terminal one third of the protein. Together with NS4a it forms a
stable complex, which cleaves the non-structural proteins, downstream of NS3 '*
14, Besides these cleavages, the NS3-4a protease is known to cleave MAVS/IPS-1/
VISA/Cardif and TRIF, which affect signalling of the RIG-I and Toll-like receptor 3
pathways respectively, thereby abrogating the interferon response 5.

Upon binding to NS4a the localisation of NS3 changes from cytosolic to endoplasmic
reticulum (ER) membrane-associated, indicating that protein-protein interactions
modulate its localisation .

In addition to the protease activity of NS3 in the N-terminus, the C-terminus of NS3
canunwind RNA through ATP-ase and helicase activity ''-'”. RNA-unwinding activity
seems to be modulated by other viral proteins like NS5b, the RNA-dependent RNA
polymerase '*'” and NS4a ?°. A fine balance between the concentration of NS5b, NS3
and RNA has been indicated to influence activity '®. The helicase domain of NS3
can be post-translationally methylated at Arg1493 (polyprotein) by Protein Arginine
Methyltransferase 1 (PMRT1) 2. Non-methylated NS3 helicase can unwind dsDNA,
however when the helicase domain of NS3 is methylated unwinding of dsDNA is
inhibited 2. This shows that methylation of the NS3 helicase domain can change its
activity. The mechanism resulting in inhibition and the conditions for methylation
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are still unclear, though proteins in the alpha interferon-induced signalling pathway
have been implicated 2.

Besides the interaction of NS3 with PMRT1, several other host-protein interactions
with NS3 have been described, including PKA, PKC, TBK1 and p53, which are all
proteins involved in cell signalling ¢, Recently a role in virus particle production
has been suggested for NS3, by the identification of adaptation and compensatory

mutations in NS3 using the infectious virus system 272,

Taken together, the NS3 protein has various interaction partners and many functions
which need to be regulated. Post-translational modifications could direct these
processes. A first step towards understanding regulation is the identification of
NS3 modifications. Besides methylation, which seems to regulate helicase activity
and has been identified using over-expression of NS3, no other modifications are
known. We therefore set up an assay to search for other NS3 modifications in the
context of functional replication. In order to purify NS3 from the replicon, we
introduced a His6-tag at the N-terminus of NS3 in the replicon RNA genome. After
two-dimensional poly-acrylamide gel electrophoresis separation of purified NS3, at
least 6 major protein spots corresponding to NS3 were observed. These spots point
to several post-translational modifications of NS3. To identify post-translational
modifications, we analysed spots by MALDI-ToF-ToF and LC-iontrap MS/MS and
could reveal an N-terminal acetylation. In addition, an amino acid change in NS3,
reported to enhance replication, was discovered. We furthermore show, by phosphate
specific staining and phosphatase treatment, phosphorylation of NS3.

Methods

Plasmid Construction

To construct His6-tagged NS3-replicons, the sequence was amplified by PCR
from pFK5.1Neo # using the specific primers GTTCGGACCGTCTAGACAT-
CATCACCATCACCATGCGCCTATTACGGCCTACTCC and GAAGTCGACT-
GTCTGGGTGACAATG. The PCR product was digested with Rsril and BsrGI
and ligated into pFKS5.1Neo similarly digested with Rsr/l and BsrGl. Start codon
and plasmid were restored by introducing PCR product derived from specific prim-
ers GCTAAGCTTCGTAATACGACTC and ATTCTAGACATGGTATTATCGT-
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GTTTTTC, digested with Rsrll - Xbal back into the construct. This resulted in the
construction of a replicon containing a His6-tag at the N-terminus of NS3.

Cell culture

Human hepatoma cell line Huh7 containing HCV replicons was grown in
Dulbecco’s Modified Eagle’s Medium supplemented with Non-essential amino
acids, L-glutamate, Penicillin, Streptavidin and Geneticin. Cells were subcultured
using Trypsin.

Purification of His6-NS3

Huh?7 cells containing His6-tagged NS3 replicons were sub-cultured at least two days
before cell lysis with Ureum buffer (8 M ureum, 300 mM NaCl, 1% NP40, 50 mM
Tris pH 7.0 and 10 mM imidazole pH 7.0). Total lysate volume of each 15 cm culture
dish was 2 ml. To get ride of cell debris, mainly genomic DNA, total cell lysates
were subjected to centrifugation at 14.000 xg for 15 min at 4°C and supernatant was
collected. Eighty pul of 50% Cobalt**-beads (Clontech) in Ureum buffer was added to
the supernatant of one dish and incubated for 2 h at 4°C under continuous rotation.
Subsequently the beads were washed three times with Ureum buffer. His6-NS3 was
eluted from the beads using Ureum buffer containing 190 mM imidazole. Proteins
in the eluate were precipitated overnight at —20°C by adding 9 volumes of ethanol,
followed by centrifugation at 14.000 xg for 1 h at 4°C. The protein pellet was either
dissolved in Laemmli buffer or 2D-PAGE buffer (8 M ureum, 4% CHAPS, 15 mM
Tris pH 8.5, 1% DTT, Brome phenol Blue (BPB) and 0.5% IPG-bufter (pH 3-10,
GE-Healthcare).

Two-dimensional poly-acrylamide gel ectrophoresis (2D-PAGE)

Immobiline DryStrips pH 3-10, 13 cm (GE-Healthcare) were incubated for at least
6 h with 0.5% IPG-buffer in De-streak rehydration solution (GE-Healthcare), before
starting isoelectric focusing of the sample. To apply the His6-NS3 samples (in
2D-PAGE bufter) onto the strip we used cup-loading at the basic end of the strip.
Isoelectric focusing was performed on an Ettan IPGphor™ 3 Isoelectric Focusing
System running the following program: 3 h at 150 V, 3 h at 300 V, gradually to
1000 V in 6 h, gradually to 8000 V in 1 h and 8000 V for 2 h. After first dimension
separation the strip was equilibrated to SDS-PAGE conditions with two consecutive
15 min incubation steps with Equilibration buffer (6 M ureum, 50 mM Tris (pH 8.8),
30% glycerol and 4% SDS), which contained in the first step 2% DTT and in the
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second 2.5% iodoacetamide and BPB. Subsequently the strips were applied to SDS-
PAGE gels and covered with agarose. Following second dimension separation, gels
were subjected to western blotting, silver staining, or ProQQ diamond staining.

Western blotting

After separation on SDS-PAGE gels, proteins were transferred to PVDF membranes
(Hybond P, GE-Healthcare) using a Semi-Dry blot apparatus (Biorad). Membrane
blocking and antibody incubations were performed using 0.5% Tween-20, 5% non-fat,
dry milk (Campina) in PBS. Monoclonal anti-NS3 was obtained from Novo Castra.
Goat-anti-mouse (DAKO) conjugated to horseradish peroxidase together with enzyme-
catalysed chemoluminescence (ECL+, GE-Healthcare) and Fuji Super RX medical
X-ray film or Typhoon imager (GE-Healthcare) were used to visualise the signal.

Silver staining

SDS-PAGE gels were incubated in 50% ethanol, 12% acetic acid and washed
with 50% ethanol. Sensitisation was performed using sensitise solution (1.5
mM sodiumthiosulfate) for 30 min, which was followed by washing with H,O.
Subsequently Silver solution (12 mM silvernitrate, 0.075% formaldehyde) was added
for 30 min. After rinsing the SDS-PAGE gel in H,O, it was stained with Develop
solution (2.5% sensitise solution, 0.57 M sodiumcarbonate, 0.05% formaldehyde)
until desired staining was reached. The staining reaction was stopped with 50%
methanol, 12% acetic acid.

Phosphatase treatment

Purified His6-NS3 eluted from the Cobalt**-beads was diluted to 1 M Urea using
PBS (154 mM NaCl, 1.4 mM Phosphate, pH 7.5). Subsequently the phosphatase
treatment was performed in the presence of 5 mM Tris pH 8.0 and 1 mM MgCl, with
1 unit Shrimp Alkaline Phosphatase (SAP) (USB) per 64 pl. Both the phosphatase-
treated and the control sample, to which no SAP was added, were incubated at 37°C
for 1h. After that, the samples were concentrated using ethanol precipitation as
described above and the protein pellets were dissolved in 2D-PAGE buffer.

ProQ diamond staining

SDS-PAGE gels were fixed in 50% methanol, 10% acetic acid, washed with H,O
and stained for 1.5 h with Pro-Q Diamond phosphoprotein gel stain (Invitrogen).
Then destaining was performed using 20% acetonitrile, 50 mM sodium acetate, pH
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4.0 for a total time of 1.5 h. Until imaging, the gel was stored in H,O. To visualise
the ProQ diamond signal we used the Typhoon imager (excitation 532nm; emission
filter 560nm; GE Healthcare).

In-gel tryptic digestion

Protein spots were excised, cut into small pieces and washed with 25 mM NH,HCO,
followed by dehydration with 100% acetonitrile (ACN) for 10 min. For reduction
and alkylation, dried gel particles were first incubated with 10 mM dithiothreitol for
30 min at 56 °C. Following dehydration with ACN, gel plugs were subsequently
incubated in 55 mM iodoacetamide for 20 min at room temperature. After washing
with 25 mM NH,HCO, and dehydration with 100% ACN, the gel particles were
completely dried in a centrifugal vacuum concentrator (Eppendorf, Hamburg,
Germany). Dried gel particles were re-swollen for 15 min on ice by addition of 10-15
ul of a trypsin solution (12.5 ng/ul in 25 mM NH,HCO,, sequencing grade modified
trypsin, Promega, Madison, WI). Following this, 25-35 ul of 25 mM NH,HCO, was
added and samples were kept on ice for an additional 30 min. Tryptic digestion
was subsequently performed overnight at 37 °C. Following tryptic digestion, the
overlaying digestion-solution was collected (extract 1). Two additional rounds of
extraction with 20 ul 0.1% TFA were used to extract peptides from the gel plugs and
these were pooled with extract 1.

MALDI-ToF MS

For MALDI-ToF, tryptic digestions were desalted using C , ZipTips (Millipore)
according to the manufacturer’s instructions. Peptides were eluted using approx. 1 ul
of 0.33 mg/ml alpha-cyano-4-hydroxycinnamic in acetone:ethanol 1:3 and spotted
directly on a 600 wm AnchorChip MALDI target plate (Bruker Daltonics, Bremen,
Germany) and allowed to dry. MALDI-ToF(-ToF) analyses were performed on an
Ultraflex II time-of-flight mass spectrometer (Bruker Daltonics, Bremen, Germany)
controlled by the Flexcontrol 2.0 software package. Spectra were recorded in the
positive ion reflectron mode at a laser frequency of 50 Hz. For MS/MS analysis,
precursors were accelerated and selected in a time ion gate after which laser-
decomposed fragments were further accelerated in the LIFT cell and their m/z were
analysed after passing the ion reflectron.

Nano-LC-iontrap MS
Tryptic digests were separated on a C , pepmapl100 column (75 wm LD., 15 cm
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long; Dionex, Amsterdam, The Netherlands) coupled to an electrospray ionisation
(ESI)-iontrap mass spectrometer (HCTultra, Bruker Daltonics, Bremen, Germany).
The gradient profile started with 100% solvent A (20% ACN/0.1% formic acid) for
10 min. This was followed by a 20 min linear gradient from 20% solvent B (95%
ACN/0.1% formic acid) up to 60% solvent B. The system remained at 60% solvent B
for 25 min followed by a second linear gradient up to 90% solvent B in 10 min. After
30 min at 90%, solvent B the gradient was changed to 0% solvent B. The flow rate
was maintained at 200 nL./min during the entire run. Eluting peptides were analysed
in data dependent MS/MS mode over a 400—1600 m/z range. The five most abundant
ions in each MS spectrum were selected for MS/MS analysis by collision-induced
dissociation, using helium as collision gas. Mass spectra were evaluated using the
DataAnalysis 3.1 software package (Bruker Daltonics, Bremen, Germany).

Results

Purification of NS3 from HCV selectable replicons

Besides methylation of the helicase domain of NS3 no other post-translational
modifications (PTMs) of NS3 have been reported. Our objective was to identify
novel NS3 PTMs in the context of actively replicating HCV RNA. For this purpose,
we introduced a His6-tag to NS3 in the HCV replicon (Conl genotype 1b containing
NS3 to NS5b, see Methods), providing an unlimited source of HCV proteins actively
replicating HCV RNA (Supplemental figure 1). Addition of the His6-tag did not
influence replicon colony formation efficiency (Supplemental figure 1). RT-PCR
sequencing of the replicon cell-line furthermore confirmed that the six histidines
remained unchanged at passage 30 at which stage our experiments were conducted
(Supplemental figure 1). In addition, lysates of the His6-NS3 replicon cell line show
that the extra tag resulted in a slightly higher molecular weight compared to the
control cell line (Fig.1A, lanes 1 and 2). Based on western blot, using NS3 antibody
(NCL-HCV-NS3, Novagen) similar amounts of NS3 are expressed by both cell lines
(Fig.1A).

An additional advantage of a His6-tag is that it allows for affinity purification under
denaturing conditions. Hence, to maximise yields of purified NS3, an ureum/NP40-
based buffer was used to lyse the cells and, following centrifugation, the His6-NS3
was purified from the supernatant using Cobalt®* beads (See Methods). Figure 1 shows
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Figure 1 - Affinity purification and 2D-PAGE analysis of NS3 isoforms from Huh7 replicon
cell line

A. Lysates of Huh7 replicon cells containing non-tagged NS3 (Control, lane 1) or His6-tagged NS3
(His6-NS3, lane 2), standardised to protein concentration using Bradford reagent (Biorad), were
separated by SDS-PAGE, followed by western blot analysis with anti-NS3. These lysates were sub-
jected to affinity purification under denaturing conditions, using Cobalt**-beads (See Methods for
further details). Lanes 3 and 4 represent (His6-)NS3 bound to the beads from control or His6-NS3
cell lines, respectively. Lanes 5 to 8 contain increasing volumes of total cell lysate from His6-NS3
cells, with 100% corresponding to the total amount of His6-NS3 used for pulldown.

Isolated His6-NS3 was separated on 2D-PAGE, followed by either silver staining (B) or western
blotting using NS3-antibody (C). Each His6-NS3 spot is labelled with a number. Basic and acidic
indicate where the negative and positive pole are positioned.
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Figure 2 - MALDI-ToF analysis of affinity purified and 2D-PAGE separated NS3-isoforms

His6-tagged NS3 was affinity purified and separated using 2D-PAGE. Six individual proteins spots
(3-8, Fig.1B) were digested with trypsin and analysed by MALDI-ToF MS. A. MALDI-ToF spectrum
showing individual tryptic peptides from NS3. B. Primary sequence of His6-tagged NS3 with the
sequence coverage obtained with MALDI-ToF MS in bold. C. Comparison of MALDI-ToF spectra
showing two of the most abundant NS3 tryptic peptides (see A) in all the six protein spots.

specific pulldown of NS3, only when it is His6-tagged (compare lane 3 (control) and
lane 4 (His6-NS3)). When relating the amount of purified His6-NS3 (lane 4) to the
total amount of His6-NS3 in the lysate (lane 8), it is apparent that almost all the NS3
is pulled down under these purification conditions. This high yield makes it likely
that all NS3 isoforms, if present, are isolated using this method.

2D-PAGE separation of NS3 isoforms

Protein isoforms may arise from PTMs, which introduce a variation in the molecular
mass and/or charge of a protein. These isoforms can be efficiently separated on the
basis of isoelectric point and molecular weight in 2D-PAGE (two-dimensional poly-
acrylamide gel electrophoresis). To examine possible isoforms of NS3, we analysed
purified His6-NS3 using this approach. His6-NS3 was visualised by means of silver
staining (Fig.1B) or western blot using NS3 specific antibodies (Fig.1C). With both
techniques, at least 11 NS3 protein spots were resolved, with a pl ranging from
approximately 7 to 9 and with an apparent molecular mass around 70 kDa. Lower
molecular weight products were considered to be NS3 breakdown products. The
split of NS3 into multiple pl variants indicate several NS3 protein modifications in
the context of replication.

Tryptic digestion and MALDI-ToF analysis of individual NS3 spots

To unravel possible PTMs, responsible for the appearance of multiple spots of His6-
NS3 after 2D-PAGE separation, tryptic digestion followed by mass spectrometric
analysis was performed on spots 3 to 8. As an example, the MALDI-ToF spectrum
of spot 5 is shown in Figure 2A. Additionally, samples were measured in a higher
mass range (between m/z 3000-6000, data not shown). In total, peptides assigned to
HCV NS3 add up to 60% coverage (Fig.2B, bold sequence). Although the sequence
coverage was much lower in the digests of spots 7 and 8, NS3 specific peptides were
also observed in these spectra (Fig.2C), confirming the results from the western blot
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Figure 3 - Mass spectrometric characterization of NS3 mutation and post-translational
modification

A. Comparison of MALDI-ToF spectra from NS3 isoforms in spots 3-6 (Fig.1B) The unique pres-
ence of a peptide at m/z 2314.2 in the tryptic digest of spot 3 and absence of the tryptic peptide
at m/z 2343.3 in spot 6 are shown. MALDI-ToF-ToF revealed that the peptide at m/z 2343.3 corre-
sponds to the acetylated N-terminal tryptic peptide of NS3, Ac-SRHHHHHHAPITAYSQQTR (data
not shown)

B. MALDI-ToF-ToF analysis of the peptide at m/z 2314.2 showing that it matches with the peptide
SFLATCVNGVCWTVYHGAGSK, corresponding to amino acid 51-71 in NS3 (Fig.2B). C. Identifica-
tion of a peptide in the LC-MS run from the digest of protein spot 3, confirming Gin to Arg substitu-
tion at position 50 within NS3.

(Fig.1C). Since we observed similar intensities and comparable sequence coverages
for the spots 3-6 (Fig.2C), these spectra were used for side-by-side comparison.

Identification of a GIn to Arg mutation in NS3

In the MALDI-ToF MS spectrum of spot 3, a peptide at m/z 2314.2 was observed,
which was absent in the other spectra (Fig.3A). This mass could not be matched to
an in silico tryptic peptide of NS3. MALDI-ToF-ToF analysis revealed that this ion
corresponds to the peptide SFLATCVNGVCWTVYHGAGSK (aa 51-71, Fig.3B).
This was unexpected because at position 50 within NS3 there is no tryptic cleavage
site (Arg or Lys). We therefore speculated that NS3 corresponding to this spot was
mutated at position 50. Indeed, using LC-MS, a peptide was observed with an Arg at
position 50 (NQVEGVQVVSTATR (Fig.3C). Altogether, this revealed a Gln to Arg
mutation in NS3 at position 50, corresponding to position 1067 of the polyprotein
(HCV type 1b genome Con-1, AJ238799), which is likely to alter the isoelectric
point of NS3.

Molecular mass based identification of HCV NS3 N-terminal
acetylation.

During further analysis of the spots by MALDI-ToF a unique peptide at m/z 2343.3
was observed in spots 3, 4 and 5, which was absent in spot 6 (Fig.3A). This mass
could not be assigned to any in silico tryptic peptide belonging to NS3. MALDI-
ToF-ToF and manual inspection of the spectrum revealed a series of His residues
in this peptide (data not shown). This indicates that the peptide corresponds to
the N-terminus of NS3 and suggests that an N-terminal modification can explain
these results. Indeed N-terminal acetylation (including removal of the Met) would
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generate a m/z of 2343.3 (Acetyl-SRHHHHHHAPITAYSQQTR) corresponding
to the observed mass and also would explain the MALDI-ToF-ToF fragmentation
pattern (data not shown). This modification, which occurs on approximately 85%
of all eukaryotic proteins *°, could therefore at least explain some of the different
spots we observed. It should be noted that normally the N-terminal end of NS3
is generated by (auto-) proteolytic cleavage of the HCV polyprotein and that the
initiator methionine is added for construction in the HCV replicon *'.

Additional comparison of the MALDI-ToF spectra derived from the separate
spots yielded no qualitative differences that could be explained by modifications.
In conclusion, using this mass spectrometry based approach, we elucidated one
modification and a mutation, but still lack an explanation for the other different
isoforms observed.

HCV NS3 is phosphorylated

Oneofthemostcommonpost-translationalmodifications ofproteinsis phosphorylation
(estimated one third of all cellular proteins *?), which leads to a change of the net
charge of proteins and thus the migration behaviour during 2D-PAGE. Consequently,
comparison of 2D-gel spot patterns before and after treatment of the sample with a

A) Without phosphatase
basic (pH10) acidic (pH6.5)
- +

70
kDa

Figure 4 - NS3 phosphorylation
Purified His6-NS3 from Huh7 repli-
cons was incubated without (A, C) or
with alkaline phosphatase (B) at 37°C
70 - * ‘ for 1 h. The samples were then con-
kDa . centrated, followed by separation on
isoelectric point and molecular weight.
Subsequently western blot detection
C) Phospho specific staining was performed using anti-NS3 (A,
& g B). Alternatively, the gel was directly
i i - stained with a phospho-specific stain
"ﬂ (See Methods) (C). The negative and
s - l ‘ iti I iti indicated
kDa d positive pole position are indicate

with basic and acidic, respectively.

B) With phosphatase

82



Hepatitis C virus NS3 modifications

phosphatase can be utilised to assess the phosphorylation state of a protein **.
Therefore, phosphatase treated and untreated His6-NS3 samples were analysed by
2D-PAGE and stained with NS3 antiserum. In the untreated sample, we detected
several spots in a similar pattern as shown before (Fig.4A). Upon treatment with
phosphatase, the two most acidic spots disappeared and one extra spot appeared
at the alkaline (basic) side of the gel (compare Fig.4A and B). This shift of spots
towards the basic pole, after removing negatively charged phosphate group, clearly
indicates phosphorylation of His6-NS3. Distinct spots resembling spots 9, 10 and 11
in Figure 1C were not detected in these experiments. This might be due to the long
phosphatase procedure before separation in the two-dimensional gel electrophoresis
(see Methods).

To further corroborate these results, we stained the 2D-PAGE gels directly with proQ
diamond, a dye that selectively stains phosphorylated proteins in polyacrylamide
gels (Fig.4C). The phospho-specific stain mainly coloured the acidic spots, which are
the low abundant isoforms of NS3. Conversely, highly abundant NS3 isoforms were
hardly stained. This is in accordance with the phosphatase treatment experiment, as
the most acidic spots are lost after addition of phosphatase.

Taken together, the phosphospecific staining and the de-phosphorylation assay
strongly suggest phosphorylation of NS3.

Discussion

Identification of NS3 modifications in the context of self-replicating HCV RNA is
complicated, given that only low amounts of protein are available and a combination
of processes can influence the modification states of NS3. For that reason we
designed an isolation method to purify NS3 from replicon cells. A His6-tag was
added to the N-terminus of NS3 in this system that comprises HCV proteins NS3
to NS5b. With this approach, high amounts of NS3 can be isolated (Fig.1A) and
is thus likely to include all NS3 isoforms. Since modifications can induce changes
in the isoelectric point (pI) and molecular weight of proteins, NS3 variants were
visualised by two-dimensional gel electrophoresis (2D-PAGE). Purified NS3 was
found to show multiple pl variants (Fig.1B and C), indicating several NS3 protein
modifications in the context of replication. We uncovered protein modifications for
some NS3 isoforms using various approaches.
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Using mass spectrometry, we analysed four NS3 spots (spots 3-6) for modifications.
Comparison of MALDI-ToF spectra from spots 3, 4 and 5 with spot 6 resulted in
the identification of N-terminal acetylation of His6-NS3 (Fig.3A, m/z 2343.3).
N-terminal acetylation is the most common covalent modification of eukaryotic
proteins *° and can affect protein-protein interactions, activity or stability of proteins
3436 Viral proteins can also be acetylated at their N-terminus, such as mature Core
protein from HCV and Gag protein from L-A double-stranded RNA virus ¥ *. In
the latter virus acetylation affects viral assembly *%. Since we use the HCV replicon
system acetylation might be the result of the introduced starting methionine used in
this construct. However, we cannot exclude N-terminal acetylation on proteolytically
processed NS3 derived from the polyprotein.

Another change we observed was a GIn to Arg mutation at position 50 (corresponding
to 1067 in the polyprotein), which would add a significant charge difference to
the NS3 protein (pI 7.5 versus 7.8). This mutated arginine residue introduced an
extra trypsin cleavage site resulting in two peptides (NQVEGVQVVSTATR at m/z
808.9 [M+2H]** and SFLATCVNGVCWTVYHGAGSK at m/z 2314.2 [M+H+],
respectively) in spot 3 of NS3 (Fig.3). This Q1067R is located close to the active site
of the NS3 protease **. An identical mutation at this position was described fora HCV
genotype la replicon *°. Interestingly, this mutation was shown to compensate for a
negative effect located in the proximal NS3 protease region of the HCV genotype
la and found to enhance the replication capacity of the viral RNA #°. Surprisingly,
we now observe this compensating mutation at the protein level in the Conl HCV
genotype 1b, which is normally not down modulated and does not accumulate
mutations at this position.

Protein phosphorylation is an important regulator of diverse intracellular processes.
HCV NS5a is a phosphoprotein, involved in replication and virus particle formation.
In both processes the phosphorylation status of NS5a was shown to be critical ® *-
4, The multifunctional protein NS3 might be regulated in a similar way. Since we
observed a train of spots, which might indicate phosphorylation, we investigated
this possibility for NS3. Both treatment with phosphatase and specific staining
of phosphate groups by ProQ diamond illustrate phosphorylation of NS3 (Fig.4).
Multiple phosphorylation sites are suggested within NS3 using the phosphorylation
prediction program NetPhos 2.0, i.e. 17 serine-, 13 threonine- and 4 tyrosine-
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phosphorylation sites. As illustrated in Figure 4 phosphorylated NS3 protein is low
abundant, therefore concentration of phosphorylated peptides was necessary to try to
identify the phosphorylated amino acid in NS3. Phosphorylated peptides, generated
from a pool of NS3 isoforms, were enriched using TiO,-beads prior to analysis by
mass spectrometry. However, using this approach no phosphorylated peptides could
be identified. As illustrated in Figure 3 phosphorylated NS3 protein is low abundant.
Additionally lower signal intensities are often observed for phosphopeptides,
possibly due to low ionisation efficiency *. Moreover, the phosphorylation site
might be located within a tryptic peptide that is not well suited for our standard
mass spectrometric analysis (Fig.2B). Usually tryptic digestions are measured in the
mass range of 500 to 3500 Da. When only peptides between 500 and 3500 Da from
the in-silico digest of His6-NS3 were taken into account, we observed coverage
around 92%. Altogether, this might explain the difficulty to identify the site of
phosphorylation.

pl heterogeneity of a protein can be generated by PTMs, chemical reactions like

deamination ¥

, or it could be due to conformational isomers of a protein *. All
result in multiple isoforms observed in 2D-PAGE. In contrast a PTM that does not
affect the pI of proteins is methylation . Methylation was described to take place on
amino acid 1493 and/or 1490 of NS3 (Fig.2B, aa 473 and 475) 2!. In our experiment,
we were not able to detect specific peaks in this region, since digestion with trypsin
in the area of NS3 methylation generates very small peptides (5 amino acids), which

are difficult to assign specifically to NS3.

Taken together we identified modifications of His6-NS3 in the context of self-
replicating HCV RNA, such as N-terminal acetylation, a Q1067R point mutation and
phosphorylation. Resolving the precise sites of phosphorylation and determining their
function will be the next challenging step. Generation of replicons with mutations in
the predicted phosphorylation sites, in total around 34 sites, followed by 2D-PAGE
analysis could result in identification of specific phosphorylation sites, which might
help our understanding of the orchestration of the HCV life cycle.
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Supplemental figure 1 - Analysis of the His6-NS3 replicon cell line.

A. [®*H] uridine labeling of total RNA isolated from 1x10° cells incubated for 12 hours in the presence
of 50 uCi of [*H] uridine and 5mg/ml Actinomycin D.

B. Isolated RNA from the His6-NS3 replicon was subjected to sequence analysis after reverse
transciptase and PCR amplification of the 5’ region of NS3.

C. Coomassie stained culture dish 3-weeks after electroporation of Huh-7 cells with no (top) or 10
ng of in vitro transcribed His6-NS3 tagged replicon RNA (middle) or untagged control replicon RNA
in the presence of 500 ug/ml G418 (bottom).

D. MALDI-ToF and MALDI-ToF-ToF of 2058 [M+H]* corresponding to N-terminal tryptic peptide of
NS3 showing the presence of the consecutive histidines.
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