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Hepatitis C virus (HCV) protein translation is mediated by a cis-acting RNA, an internal ribosomal entry
site (IRES), located in the 5’ nontranslated region of the viral RNA. To examine proteins bound to the
IRES, which could include proteins important for its function as well as potential drug targets, we used
shotgun peptide sequencing to identify proteins in quadruplicate protein affinity extracts of lysed Huh7
cells, obtained using a biotinylated IRES. Twenty-six proteins bound the HCV IRES but not a reversed
complementary sequence RNA or vector RNA controls. These included five ribosomal subunits, nine
eukaryotic initiation factor 3 subunits, and novel interacting proteins such as the cytoskeletal-related
proteins actin, FHOS (formin homologue overexpressed in spleen) and MIP-T3 (microtubule interacting
protein that associates with TRAF3). Other novel HCV IRES-binding proteins included UNR (upstream
of N-ras), UNR-interacting protein, and the RNA-binding proteins PAI-1 (plasminogen activator inhibitor-
1) mRNA binding protein and Ewing sarcoma breakpoint 1 region protein EWS. A large set of additional
proteins bound both the HCV IRES and a reversed complementary IRES sequence control, including
the known HCV interactors PTB (polypyrimidine tract binding protein), the La autoantigen, and nucleolin.
The discovery of these novel HCV IRES-binding proteins suggests links between IRES biology and the

cytoskeleton, signal transduction, and other cellular functions.
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Introduction

As many as 170 million people worldwide may be infected
by the hepatitis C virus.! Infection can lead to hepatitis, which
cannot be efficiently cured, and is a major risk factor for liver
cirrhosis and hepatocellular carcinoma.?=® Hepatitis C virus
(HCV) is a single-stranded RNA virus containing a structured
internal ribosomal entry site (IRES)* in the 5'-noncoding region
of the viral RNA. This IRES mediates cap-independent initiation
of translation of the viral polyprotein during virus replication.
The HCV IRES interacts with eukaryotic initiation factor 3,°
elF2By and elF2y,% GTP, initiator tRNA and the 40S ribosomal
subunit,” to form a 43S preinitiation complex,® a property that
differs from the majority of cellular mRNAs.® The HCV IRES
recruits this complex to an internal initiation codon in the viral
mMRNA to form a 48S complex, with the help of cellular trans-
acting factors. Other proteins reported to interact with the HCV
IRES include polypyrimidine tract binding protein,’® the La
autoantigen,’* hnRNP-L,*? the proteasome subunit PSMA7,3
and nucleolin.** The mechanism of HCV IRES mediated
translation, particularly the involvement of host protein factors,
remains elusive. A survey of IRES-binding proteins by a
riboproteomics approach may provide valuable information for
the mechanism underlining HCV IRES-mediated cap-indepen-
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dent translation, and could identify potential drug targets
among proteins tightly and selectively coupled to translation
of viral mRNA.

Tandem mass spectrometry-based peptide sequencing has
revolutionized the analysis of cellular proteins. Microcapillary
hplc-tandem mass spectrometry peptide sequencing was ini-
tially utilized by Hunt et al.,*> and more recently has been used
to identify proteins in complex mixtures,! individual protein
complexes,'’~1° interacting proteins for a large number of
tagged protein baits in yeast,2°-2! interactors of novel peptides
found in cellular screens of large peptide libraries,? for large
scale analysis of the yeast proteome? and of the nucleolus.?
This approach has not, to our knowledge, been applied to
examine proteins interacting with IRESs.

Here, we extend earlier work on protein affinity extracts®?2°
to the identification of RNA-binding proteins, and modify our
data analysis to include proteins common to two affinity
extracts in addition to proteins unique to a single extract. We
use the program SEQUEST? for database searches, the Oracle
database Medusa?? for comparison to control extracts, and
support vector machine calculations? to predict correct matches
between 13 parameter mass spectrometry data and database-
matched peptide sequences. Affinity extracts of the 330 base
HCV IRES RNA sequence, a control reversed complementary
IRES sequence, and a control 347 base vector-derived RNA
sequence, were examined in quadruplicate to ensure reproduc-
ibility of the results. Proteins uniquely present in the HCV IRES
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affinity extracts were defined by comparison of IRES affinity
extracts with quadruplicate reversed complementary sequence
extracts. Proteins common to the hepatitis C extract and the
reversed IRES sequence were also examined. In addition to
identification of most of the known HCV IRES-interacting
proteins, we identify new IRES-binding proteins. Some are
known to interact with other IRESs, whereas others are novel
binding partners of the HCV IRES.

Experimental Section

Construction of Plasmids. A DNA fragment encoding the
HCV IRES (nucleotides 20 to 377 of the HCV type 1b genomic
RNA) was amplified from an HCV replicon plasmid pFK1389neo/
NS3-3'/adapt3-5A (kindly provided by Dr. Ralf Bartenschlager)
by PCR using primers HLR-14 and HLR-15 (see below). The
PCR product was purified with QIAquick PCR Purification Kit
(Qiagen) by following the manufacturer’s instructions, and
inserted into plasmid vector pPCDNA3.1 (Invitrogen) linearized
by the restriction enzyme EcoRV. The resulting plasmids have
the HCV IRES insert in either orientation: the plasmids
expressing HCV IRES RNA were designated pCD-377+, whereas
those expressing reverse complementary IRES RNA were
designated pCD-377-.

HLR-14: CGACACTCCACCATAGATCACTCC

HLR-15: TTTGGTTTTTCTTTGAGGTTTAGGATTCGTGC

HLR-17: CGCTAGCCAGCTTGGGTCTCCCAG-BIOTIN

In Vitro RNA Transcription. Both plasmids pCD-377+ and
pCD-377— were linearized by EcoRI to produce DNA templates
for T7 runoff transcription of the HCV IRES RNA or its reverse
complementary RNA (RC-IRES). Plasmid pCDND3.1 was lin-
earized by the restriction enzyme Bbs1, and used as a template
to transcribe a 347 nt-long, vector-derived RNA as an experi-
mental control. In vitro RNA transcription was performed using
the RiboMax T7 Transcription kit (Ambion, Austin, TX), and
the RNA products were further purified with Rneasy columns
(Qiagen, city) and quantified using a UV spectrometer.

Affinity Extractions Using Biotin-Tagged RNAs. Huh7 cells,
capable of supporting HCV RNA translation and replication,?
were grown in Dulbecco’s modified Eagle’s medium (Gibco/
BRL Life Technologies, Inc., Gaithersburg, MD) supplemented
with 10% fetal bovine serum, L-glutamine, nonessential amino
acids, penicillin, and streptomycin. The Huh7 cells were
scraped off of the culture flasks in phosphate buffered saline
(PBS). The cells were washed with cold PBS 4x and pelleted
by centrifugation at 1000 x g. Cells were lysed in ice-cold
hypotonic buffer (10 mM K—Hepes, pH 7.5, 10 mM KOAc, 1.5
mM MgOAc, and 2.5 mM dithiothreitol). Nuclei and other cell
debris were removed by centrifugation at 1000 x g for 5 min.
The supernatant was subject to further centrifugation at 10 000
x g for 20 min. The supernatant (cytoplasm fraction S10) was
stored in small aliquots at —80 °C.

Each in vitro transcribed RNA was annealed to the biotiny-
lated oligo HLR-17 in the presence of 270 mM NaOAc (pH 5.5).
Free HLR-17 and salt were removed by using an RNeasy kit
(Qiagen, Valencia CA). HLR-17 anneals to a 24-nt RNA sequence
common to in vitro transcripts of HCV IRES, RC-RNA, and the
vector RNA, attaching the biotin tag to the transcripts for
affinity purification of RNA-binding proteins.

Biotin-tagged HCV IRES, reversed-complementary RNA, and
the vector control RNA were incubated with the Huh7 S10
extract in a buffer containing 1X PBS, 70 mM KOAc, 2.5 mM
MgOAc, 2 mM DTT, 1 mM ATP, and 40 units of RNasin at 30
C for 20 min. RNA-protein complexes were affinity-purified
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employing immobilized streptavidin-agarose beads. The RNA/
protein/beads complexes were washed 3 times with cold PBS
containing 70 mM KOAc, 2.5 mM MgOAc, and 40 units of
RNasin.

Mass Spectrometry. A fraction of an affinity extracted
complex was run on a 1D SDS-PAGE gel and protein bands
unigue to the HCV IRES were excised, digested using trypsin®®
and identified by microcapillary LC—MS/MS on an LCQ mass
spectrometer (ThermoFinnigan, San Jose, CA). Two blank gel
areas were run as controls. The in-gel digests were introduced
into the LCQ using a pico-frit column (New Objective, Woburn
MA) self-packed with 5 cm of C18 resin. The rest of the affinity
extract in 8M urea was heated at 90 °C for 10 min., reduced by
dithiothreitol and alkylated by iodoacetamide. The solution was
diluted to 4M urea and digested with lys-C endoprotease
(Boehringer Mannheim, Germany) at 37 °C for 12 h; this allows
digestion under more denaturing conditions, with potentially
more complete proteolysis for some proteins, than under
conditions used for trypsin. This was followed by dilution to 2
M urea and digestion with modified trypsin (Boehringer
Mannheim, Germany) at 37 °C also for 12 h. The peptide
mixtures were desalted on an offline 1 mm i.d. x 5 mm
microbore C18 guard column (GraceVydac, Hesperia, CA). Half
of the resuspended sample was injected onto a biphasic column
packed in-house with 4 cm of Polysulfoethyl Aspartamide
strong cation exchange (SCX) media (PolyLC, Columbia, MA)
and 12 cm of 3 micron particle Aquasil C18 reversed phase
media (Keystone Scientific, Bellefonte, PA). Two-dimensional
strong cation exchange-C18 reversed phase LC—MS/MS experi-
ments were performed on a quadrupole time-of-flight mass
spectrometer (Micromass, Manchester, UK). The affinity ex-
traction experiments were run in quadruplicate and each
extract was analyzed separately by 2D-LC—MS/MS to check the
reproducibility of the identified proteins. Only proteins that
appeared in at least 2 out of the 4 affinity extractions were
considered to be specific IRES binding partners. The MS/MS
data were analyzed by SEQUEST (ThermoFinnigan, San Jose,
CA). All SEQUEST results were exported into the Medusa data
system.?? Medusa summarized the quadruplicate 2D-LC—MS/
MS data, evaluated each peptide identification, subtracted the
proteins in the control experiments, and generated a final
report including a list of identified proteins, the reproducibility
of each protein, other proteins that share the same peptides,
and related bioinformatics. The Protein Abundance Index® was
calculated for each protein as the ratio of the observed number
of tryptic peptides to the total observable tryptic peptides,
which were derived by in silico digestion of each protein using
Protein Prospector (http://prospector.ucsf.edu/ucsfbin4.0/
mssearch.cgi) allowing for oxidized methionine, alkylated cys-
teine, 2 missed tryptic cleavage sites, and a minimum peptide
length of 5 residues.

Support Vector Machine Learning. The SVM computes, for
each candidate peptide assignment produced by SEQUEST, the
probability that the given peptide generated the observed
spectrum. These probablities are computed by first training the
SVM, using a separate data set, to discriminate between correct
and incorrect peptide-spectrum pairs. In this case, the SVM
was trained using 1549 peptide-spectrum pairs predicted by
SEQUEST from data on the same type of QTOF instrument
from a tryptic sample derived from 45 known proteins. Among
the 1549 peptide-spectrum pairs, 1017 are correct matches (i.e.,
peptides that occur in the sample proteins), and 532 are
incorrect matches. Generation of this training set is described
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Figure 1. Secondary structure of the HCV IRES, modeled after
that shown by Lukavsky et al.3* The IRES is divided into 4
domains. Parts of domain Il and Ill are thought to bind the 40S
ribosome while other parts of domain Ill interact with elF3. The
biotinylated primer (dotted line) used for affinity extraction binds
a 24 base nucleotide (dashed line) added to the 5' end of the
IRES.

in detail.?” Each spectum-peptide pair is characterized via a
vector of 13 features, including properties of the observed
spectrum (total peptide mass, charge, total ion current and
peak count), properties that compare the observed and theo-
retical spectra (mass difference, percent of ions matched,
percent of peaks matched, percent of fragment ion current
matched, SEQUEST Sp score, cross-correlation coefficient) and
properties that compare this pair with other pairs in the
database (cross-correlation rank, change in cross-correlation
relative to the second-ranked peptide, and percent sequence
identity relative to the second-ranked peptide). Using this
collection of 1549 positively and negatively labeled 13-element
vectors, the SVM s trained using the freely available Gist
software (http://microarray.comc.columbia.edu/gist) to dis-
criminate between correct and incorrect matches. A small
portion of the training set (10%) is held out of the initial SVM
training and is used subsequently to fit a sigmoid curve to the
SVM discriminant values, thereby yielding probability esti-
mates. Finally, to assign a probability to a candidate spectrum-
peptide assignment produced by SEQUEST, the trained SVM
takes as input the corresponding 13-element vector and
produces as output a probability that the spectrum was
generated by the given peptide.

Results

Figure 1 illustrates the secondary structure of the HCV IRES
element employed in the riboproteomics analysis. The HCV
IRES contains the HCV genome sequence from nucleotides 20
to 377, that is functional in HCV IRES-driven translation.31—32
The IRES contains four domains. The 40S ribosome binds to
domains Il and 1V,*® while domain Il is required for IRES
activity and may modulate 40S subunit conformation.®* elF3
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Figure 2. SDS-PAGE gel of the HCV IRES affinity extract
compared to control extracts. A biotinylated primer was hybrid-
ized to the HCV IRES in Huh-7 cell lysates and extracted with
streptavidin beads. The reversed-complementary strand se-
quence of the IRES, and a PCD vector RNA sequence, were used
as controls. Multiple bands below 50 kDa present only in the IRES
affinity extract were visualized by silver staining, and subjected
to in-gel tryptic digestion and tandem mass spectrometry for
identification of the proteins present in the bands. Comparison
of the upper half of the gel lanes suggests that there are many
proteins which bind to both the HCV IRES and the reversed
complementary IRES, as well as to the vector-derived RNA.

may bind to domains Illb and Ilic.®®> The RC-RNA does not
possess any IRES activity (data not shown). The 347 nucleotide
vector-derived RNA served as an additional control. All three
RNA species had a vector-derived 24-nucleotide sequence at
their 5’ end that allowed annealing to the biotinylated oligo-
nucleotide HLR-17. Using BlastN 2.2.6, an expectation level of
1000, and omitting the common bases at the 5' ends, there was
no detectable pairwise homology between the HCV IRES,
reversed complementary sequence, and vector control se-
quences. It is possible that the reversed complementary and
vector sequences could still have complex RNA structures, but
due to the low levels of sequence homology, they likely would
be different than the HCV IRES structure.

Figure 2 shows a 1D gel comparing HCV IRES, RC-RNA, and
vector RNA affinity extracts from lysed Huh7 cells. An affinity
extract using only agarose-streptavidin beads served as an
additional control. After extraction in Huh7 cell lysate the beads
were washed with cold PBS containing potassium and mag-
nesium acetate and the RNAse inhibitor RNasin. Other ionic
and divalent cation conditions could be used to explore the
protein binding dependence of these variables. All three RNA
extracts contained bands not present in the beads-alone
control, as well as bands in common, especially above ca. 36
kDa. The HCV IRES extract had a number of unique bands
below 50 kDa. These were excised, in-gel digested by trypsin,
and identified by LC/MS/MS analysis using a spray tip capillary
column (Table 1). The 40S ribosomal proteins S3, S5, S7, S18,
p40, and actin were identified as associated with the HCV IRES.
Band 3 contained two proteins of very similar size, while band
4 contained one protein of the expected mass of ca. 36 kDa
and a smaller ribosomal subunit of 27 kDa. Peptides consistent
with - or y-actin were observed in both bands 6 and 7. It is
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Table 1. In-Gel Digest Identified HCV IRES Binding Proteins Absent in Reversed IRES and PCD Vector Controls
SVM
band protein peptides MWiheor MW ops probability
2 40S ribosomal protein S18 AGELTEDEVER 17.7 10 0.96
LREDLER 0.38
3 40S ribosomal protein S7 VHLDKAQQNNVEHK 219 19 0.93
HWFIAQR, RILPKPTR 0.39, 0.48
40S ribosomal protein S5 RQAVDVSPLR 22.8 0.86
YLPHSAGR 0.87
4 40S ribosomal protein S3 GLCAIAQAESLR 26.7 36 0.88
dual specificity phosphatase 12 MTPSSMLTTGR 37.7 0.55
6 f-or y actin VAPEEHPVLLTEAPLNPK 41.2 45 0.88
plus one other peptide
7 f- or y-actin SYELPDGQVITIGNER 41.2 a7 0.85
GYSFTTTAER 0.96
plus 2 other peptides
40S ribosomal protein SA/p40 AIVAIENPADVSVISSR 32.7 0.84
100 [NH,OAc] mM collected, representing 1090 unique peptides. While numerous
‘:] M-LM_, base peakintensity: 558 proteins of molecular weight below 50 kDa, such as ribosomal
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Figure 3. Base peak intensity chromatograms of individual
strong cation exchange 2D LC/MS/MS fractions. An affinity
extract of the hepatitis C IRES was digested with lys C endopro-
tease and trypsin, and loaded on a biphasic capillary strong
cation exchange/C18 reversed phase column. The first phase was
eluted with increasing concentrations of ammonium acetate, and
after each step elution an 80 min gradient elution of the peptides
off the second (reversed) phase of the column was done. Tryptic
peptides eluted off in all fractions but were most abundant in
fractions eluting at 100 mM salt or less. In total 3591 MS/MS
spectra were collected, representing 1090 unique tryptic peptides.
After subtraction of MS/MS spectra in control runs and filtering
for peptides present in at least two of four affinity extracts,
proteins uniquely present in the HCV IRES extract were identified
(Table 2).

unclear why actin was identified in two bands, but possible
that the differences could be due to the presence of both g
and y actin, or a covalent modification® of actin. There may
be additional HCV IRES-unique bands above 50 kDa that are
difficult to detect under these conditions; thus, micro-capillary
LC/MS/MS was used to further examine proteolytic digests of
each affinity extract.

Figure 3 shows the two-dimensional capillary hplc elution
of tryptic peptides from a digest of the entire HCV IRES affinity
extract from lysed Huh7 cells. Each chromatogram represents
elution of one strong cation exchange fraction over the C18
capillary reversed phase column, and is normalized to the ion
current of the largest peptide eluted, indicated as the base peak
intensity at the right edge of the chromatogram. A total of 7
fractions were eluted. MS/MS spectra from 3591 peptides were
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proteins, were observed, other IRES-unique proteins up to ca.
135 kDa, that would be difficult to visualize in the Figure 2 gel,
were also identified.

Table 2 lists 2D LC/MS/MS-identified proteins uniquely
present in the HCV IRES affinity extract. The reproducibility
of identification for each protein is listed, as well as the number
of unique peptides identifying each protein, and the SVM-
calculated probability of correct sequencing for examples of
peptides used to identify each protein. The reproducibility of
individual peptides varied from a presence in 1 to 4 of 4
extracts. The relative amount of each protein was roughly
estimated using the protein abundance index,*® which is the
ratio of the number of tryptic peptides identified here (in this
case by SEQUEST) to those that could theoretically be identified
using identical SEQUEST search conditions, for example al-
lowing possible met oxidation, cys alkylation, and a maximum
of 2 missed tryptic cleavage sites per peptide. In a number of
cases, the presence of a larger number of identified peptides
correlates with increased abundance of the corresponding
protein. On the basis of 13 parameter support vector machine
analysis of the peptides listed for these proteins, all peptides
had a high probability of a correct match to the SEQUEST-
selected database peptide used for the identification. Thus,
proteins identified by only a single peptide with a high
probability of being correctly sequenced should be well identi-
fied, as long as the peptide is present in the sequence of that
protein and not in other proteins. The reproducibility of
occurrence of individual peptides varied from presence in all
four affinity extracts to presence in one of four extracts. The
reproducibility listed is for identification of the protein and not
for individual peptides.

Identified proteins in Table 2 include both expected proteins
and novel interactors. In the former category were nine of the
twelve known subunits of eukaryotic initiation factor 3,5
identified by from 3 to 14 peptides for each subunit, and two
ribosomal proteins identified as 40S ribosome subunit protein
S18 and 60S subunit L29. A number of novel HCV IRES-
interacting proteins were also identified. These included RNA
binding proteins such as UNR (upstream of N-ras),% the type
1 plasminogen activator inhibitor mRNA binding protein PAI-
1, and the Ewing sarcoma breakpoint region 1 protein EWS,
which contains an RRM RNA recognition motif and a zinc
finger RNA binding region. PNAS-125 and the hypothetical
protein XP_034431 both contain predicted PINT domains.
Several novel proteins that may be connected to signaling
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Table 2. Unique Protein Binding Partners of the HCV IRES Identified Using 2D Strong Cation Exchange-Reversed Phase

Microcapillary LC/MS/MS on a QTOF Mass Spectrometer

reproducibility protein
identified of protein total unique SVM prob. of abundance
protein identification peptide example peptides listed peptide index
elF3 subunit 2 40f4 GHFGPINSVAFHPDGK 9 0.98 0.11
subunit 5 40f4 TMGVMFTPLTVK 5 0.97 0.078
subunit 7 40f4 YNFPNPNPFVEDDMDK 14 0.97 0.070
subunit 11 40of4 GIDRYNPENLATLER 3 0.96 0.064
subunit 6 40f4 LGHVVMGNNAVSPYQQVIEK 8 0.97 0.054
subunit 8 40f4 DAHNALLDIQSSGR 7 0.98 0.054
subunit 9 40f4 GYIFLEYASPAHAVDAVK 12 0.99 0.047
p40 subunit 40of4 HELLSLASSNHLGK 4 0.97 0.033
p110 subunit 40f4 GTEITHAVVIK 5 0.96 0.021
UNR-interacting protein 40of4 YDYNSGEELESYK 4 0.97 0.053
UNR protein 40f4 DQFGFINYEVGDSK 5 0.97 0.038
PAI-1 mRNA 40f4 FDQLFDDESDPFEVLK 2 0.92 0.034
binding protein
XP_034431 40f4 VAASCGAIQYIPTELDQVR 4 0.94 0.031
PNAS-125 40f4 DFIDSLGLLHEQNMAK 2 0.96 0.027
ribosomal protein L29 30f4 AQAAAPASVPAQAPK 2 0.93 0.018
XP_070867 20f4 KQQQPNEGIK 1 0.77 0.017
FH1/FH2 protein FHOS 3of4 KPSSEEGK 4 0.72 0.014
ribosomal protein S18 20f4 YSQVLANGLDNK 1 0.95 0.012
XP_076816 20f4 VASSHILGHIK 2 0.86 0.011
Ewing sarcoma 20f4 AGDWQCPNPGCGNQNFAWR 2 0.96 0.0093
breakpoint protein EWS
MIP-T3 20f4 PPLTEKLLSK 1 0.74 0.0034
NMDA receptor subunit 2C 20f4 DSGGLDEISSVAR 1 0.86 0.0039

functions were also identified, including the UNR-interacting
protein MAWD (MAP activator with WD repeats) and the
formin homology domain protein FHOS.3® No hepatitis C virus
proteins were detected in the HCV IRES affinity extract.

Table 3 identifies proteins common to the HCV IRES and
reversed IRES sequence extracts. Overall 69 proteins were
identified in several categories, including the known HCV IRES
interacting factors, La autoantigen, PTB and nucleolin. In
addition to the 9 elongation initiation factors that bind
selectively to the HCV IRES, 3 other factors also bind to the
reversed sequence. Eighteen additional RNA binding proteins
bound both sequences, including 4 polyA binding proteins.
Nine hnRNPs, 3 tRNA synthetases, 3 DNA binding proteins,
and 30 ribosomal proteins from both the small and large
subunits bound both RNAs. The most abundant proteins
common to the IRES and reversed complementary IRES
extracts included the 3 RNA binding proteins hnRNP E2,
CRDBP, hnRNP-U, and the three ribosomal proteins S13, S11,
and S9.

Discussion

In this paper, we have examined the interacting proteins of
the HCV IRES using in-gel digests of difference 1D gel bands,
and 2D LC/MS/MS analysis of quadruplicate affinity extracts.
As an initial step, we have compared HCV IRES-binding
proteins with proteins binding RNAs of significantly different
sequence. We have not addressed the structural basis for
interaction of these proteins with the HCV IRES. If proteins
binding to other IRESs were compared, host factors specific
for individual IRESs might be identified. Although sequence
variability of the HCV IRES may not affect translation ef-
ficiency® or have clinical significance,*® IRES sequence variants
could have different host protein interactions, which could be
examined for a correlation with other IRES functions.

In-gel digests and shotgun sequencing of affinity extracts can
be complementary for the identification of interactors of a

defined protein;* here, each method identified unique IRES
interactors. The overall picture of the HCV IRES that results
from this analysis is of a structured RNA with 90 or more bound
proteins, a quarter of which may bind specifically. A number
of known IRES binding proteins have been identified, providing
a level of validation of this riboproteomics analysis. We have
also identified a number of novel HCV IRES-interacting pro-
teins, discussed in detail below, which may suggest new
associations between HCV IRES biology and cellular functions.
The IRES interacting proteins can be divided into different
functional or structural categories, as summarized in Figure 4.
Some identified proteins belong to more than one category,
suggesting that these functions may be linked. Interacting
proteins identified here may bind directly to the IRES, which
might be the case for RNA binding proteins, or may bind
indirectly to another IRES-binding entity such as the ribosome
or elF3.

The protein abundance index is thought to roughly reflect
the relative amount of a protein that is present.®* HCV IRES-
unique binding proteins have relative abundances spanning a
28-fold range. This range may be due to proteins binding to a
single complex with a range of binding affinities (allowing
weaker binders to be depleted during isolation), or due to the
presence of more than one tightly bound complex, with each
present at different levels. Different bound stoichiometries may
further complicate analysis. Many IRES-unique interactors have
relative abundances similar to those of the known HCV IRES
binding proteins PTB, La and nucleolin, suggesting they could
be present in the same IRES complex or in IRES complexes
with similar stoichiometries. Eukaryotic initiation factor 3 is a
600 kDa multisubunit complex that binds mRNA to the 40S
ribosome, and binds the HCV IRES stem loop Il with a Kd of
35 nM.%% Nine elF3 subunits were identified by from 3 to 14
peptides each, and included the most abundant IRES-unique
interacting partners. The protein abundance indices for elF3
complex subunits are in a more restricted 5-fold range,
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Table 3. Proteins Binding to Both the HCV IRES and Reversed Complementary Sequence RNA

total total
unique unique
peptides  abundance protein peptides  abundance protein
identified protein >90% prob. >80% prob. index identified protein >90% prob. >80% prob. index
elongation factors tRNA synthetases
EIF1 a 4 6 0.082 isoleucyl-tRNA synthetase 10 11 0.043
elFlel 1 2 0.047 arg tRNA synthetase argrs 4 6 0.035
eif2 subunit 3 2 2 0.015 glutamine tRNA synthetase 2 2 0.007
known interacting proteins DNA binding proteins
nucleolin 12 12 0.059 dna binding protein mass = 35823 3 5 0.055
PTB (hnRNP I) 4 4 0.045 single stranded dna-binding domain of human
autoantigen La 5 5 0.020 replication protein A, Rpa70 subunit 2 2 0.051
RNA binding proteins DNA-binding protein B 2 2 0.025
poly(rC)binding protein 2 6 8 0.119 ribosomal proteins
isoform b; hnRNP E2
mMRNA binding protein CRDBP 16 18 0.109 S13 3 4 0.127
IGF—I11 mRNA binding protein 3 12 13 0.091 S11 4 7 0.111
IGF—I1 mRNA binding protein 2 6 9 0.079 40S rib prot S9 3 5 0.107
staufen isoform b 7 9 0.071 S3 5 7 0.090
polyA binding protein Il human 3 5 0.050 L23a 2 5 0.088
poly-A binding protein cyto 3 7 0.049 L26 1 3 0.076
4 inducible
poly(rC)-binding protein 1 2 4 0.047 S19 2 5 0.070
nuclear factor assoc. with 6 8 0.047 S16 2 3 0.068
dsRNA NFAR-1
rna binding motif protein 3 2 3 0.034 40s rib prot s5 1 5 0.065
thyroid autoantigen 70kD Ku 4 6 0.030 S28 1 2 0.056
RNA helicase 11/Gu protein 1 5 0.029 L27a 1 2 0.053
polyA binding protein 2 PABP2 2 2 0.016 L4 3 6 0.051
ATP-dependent RNA 0 2 0.011 rib prot S6, gi 15342049 2 4 0.041
helicase A,
nuclear dna helicase Il L11 1 1 0.041
similar to spermatid perinuclear 2 2 0.011 S27 1 0.037
rna binding prot.
similar to RNA binding protein 1 1 0.008 L3, gi 337580 5 8 0.037
Musashi2-S
polyA binding protein, cyto 1 1 1 0.008 L24 0 1 0.033
AUF1 1 1 0.007 similar to rib prot S3a; gi 12314263 2 4 0.033
hnRNP's L31 2 2 0.030
hnRNP U 15 24 0.104 similar to rib prot L21 0 1 0.028
hnRNP K 7 8 0.075 L23 1 2 0.028
hnRNP L 7 7 0.064 S12 1 1 0.024
hnRNP A0 2 4 0.045 S23 1 1 0.021
similar to hnRNP Al 0 1 0.043 L17 1 2 0.020
similar to hnRNP A2/B1 1 1 0.027 S26 1 1 0.020
hnRNP-D like 1 2 0.015 L6 1 1 0.016
hnRNP-G protein 2 3 0.014 L10 1 1 0.016
similar to hnRNP C 0 1 0.007 S2 1 1 0.015
s10 1 1 0.014
acidic rib prot PO 1 1 0.011

consistent with the possibility they could reside here in an IRES
bound complex. Two elF3 proteins, subunits 6 and pl10,
contain the PCI or PINT domain, which is also found in
components of two other multi-protein complexes, the 26S
proteasome and the COP9 complex. This domain is also present
in two novel HCV IRES interacting proteins discovered here,
PNAS-125, an apoptosis/differentiation related gene, and
XP_034431. Neither protein has an assigned function. The
relative abundances of the four PINT domain proteins lie within
a 2.6-fold range. Our results suggest that these proteins may
be part of an elF3—HCV IRES complex.

In-gel digests of difference gel bands revealed a number of
40S ribosomal proteins, which are involved in the translation
of HCV proteins. Ribosomal protein S5, present in gel band 3,
has been reported to interact with the HCV IRES.*? Two proteins
in HCV IRES-unique gel bands, 40S ribosomal proteins S5 and
S3, were also present in the reversed IRES extract when
examined by 2D LC/MS/MS, suggesting this latter technique
might be more a more sensitive method to examine affinity
extracts, and to further evaluate the specificity of the interac-
tions. The elF3 p44 subunit interacts with the 4.1R protein,
which anchors the membrane-cytoskeletal network structure,*
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connecting the cytoskeleton and translation apparatus. The
discovery of actin, present in two of the gel bands, also suggests
a potential link between translation and the cytoskeleton
(Figure 4). Actin and tubulin polymerization may be required
for HCV RNA synthesis.** The FH1/FH2 formin homology
domain cytoplasmic protein FHOS was present in the tryptic
digest of the entire affinity extract. FH proteins link cell
signaling pathways to the actin cytoskeleton, and FHOS is
thought to link the cytoskeleton with rho family GTPase
signaling.*® An additional link to the cytoskeleton involves the
protein MIP-T3, which binds both tubulin and TRAF3 and
recruits TRAF3 to microtubules.*s These results support direct
or indirect interactions between the HCV IRES and the cyto-
skeleton, but do not assign a function to the interactions.
Several proteins thought to be involved in signal transduction
pathways were identified in the HCV IRES affinity extracts. The
protein FHOS is discussed above. The UNR interacting protein
MAWD was also identified; its overexpression constitutively
activates MAP kinase and promotes anchorage-independent
cell growth, and it is frequently overexpressed in breast
cancer.*” The HCV core protein is also known to activate MAP
kinase.*®=%0 Further work will be necessary to examine the
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Figure 4. Summary of HCV IRES interacting proteins identified by affinity mass spectrometry. Known interacting proteins are in bold.
Proteins interacting with the HCV IRES but not the reversed complementary IRES or a vector RNA control are indicated in italics. The
observed interacting proteins can be placed in several different functional categories as indicated in boxes. New interactions, which
will require further study to examine their functional importance, involve links between the HCV IRES and the cytoskeleton, cellular

signaling, and perhaps apoptosis and cell cycle regulation.

relationship between IRES function, MAP kinase signaling, and
HCV-associated liver diseases such as hepatocellular carci-
noma. The UNR protein negatively regulates N-ras expression.5*
N-ras controls apoptosis, differentiation, and the cell cycle,5?
and could possibly, along with hnRNP C (below), be linked to
the observed cell cycle dependence of HCV translation.>® These
results suggest a further investigation of the role of these
identified proteins in HCV IRES function.

We have also discovered in the HCV affinity extract a number
of RNA binding proteins, several of which have been discussed
above, in addition to ribosomal or elF3 proteins. Some bind
only the HCV IRES, while others also bind control RNAs. One
is the UNR protein, which contains 5 cold-shock RNA binding
domains®"* and is required for the internal initiation of human
rhinovirus RNA translation.® The WD-repeat UNR-interacting
protein MAWD was also isolated. UNR, UNR-interacting pro-
tein, poly (rC) binding proteins 1 and 2, and hnRNP K, all
observed here with relative abundances within a ~3-fold range,
stimulate in vitro and in vivo activity of the c-myc cellular
IRES,%¢ and could potentially play a similar role for the HCV
IRES. UNR and PTB, suggested to act in combination as RNA
chaperones that change the structure of the Apaf-1 cellular IRES
to permit translation initiation,%” were both observed here with
similar protein abundance indices. Other IRES-unique RNA
binding proteins observed here do not have assigned functions
in IRES systems. One is the Ewing sarcoma breakpoint region
1 protein EWS, which may shuttle from the nucleus to the cell
surface®® and function as a transcriptional cofactor with CBP/
p300.5° A second is the plasminogen activator inhibitor-1 (PAI-
1) mRNA binding protein, which binds chromodomain helicase
DNA binding protein 3, and may confer cAMP regulation of
PAI-1 mRNA stability.® The most abundant RNA binding

proteins present (based on protein abundance indices) include
poly (rC) binding protein 2, CRDBP, and IGF—II binding
proteins 2 and 3. The relative abundances of RNA binding
proteins span an ~18-fold range, making inference of a single
type of bound complex difficult.

We have also isolated a large number of proteins that bind
both the HCV IRES and a reversed IRES control sequence,
suggesting they are not interacting in an IRES structure- or
sequence-specific fashion. Nonetheless, some could play in-
teresting roles in IRES biology. The confirmation of HCV IRES
binding to the nucleolar RNA binding protein and RNA and
DNA helicase nucleolin, which is involved in ribosome bio-
genesis and control of cell proliferation and growth,® is
particularly interesting in view of the proposed role of the
nucleolus as a gateway for viral infection and site of replication
for many viruses including DNA and RNA viruses, and retro-
viruses.5? The discovery of a variety of elongation factors,
ribosomal proteins, and tRNA synthetases is consistent with
the function of the IRES in protein production. HnRNPs are
involved in transcription, pre-mRNA processing, mature mRNA
transport to the cytoplasm, and translation; a total of 11
different hnRNPs were isolated here. HNRNP K® stimulation
of c-myc IRES translation was noted above. HnNRNP L may
enhance the translation of some IRES-dependent mRNAs.5
HNRNP E2 enhances poliovirus mRNA translation.®* HnRNP
C, also identified here, may modulate c-myc IRES translation
in a cell cycle-dependent fashion.®* HNRNP U, one of the most
prominent hnRNPs present, binds the leader RNA sequence
of vesicular stomatitis virus, and may play a role in the life cycle
of this virus.®® Their identification here as interacting proteins
for the HCV IRES suggests these hnRNPs could play similar
roles for HCV.
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Conclusions

The application of mass spectrometry-based shotgun peptide
sequencing to quadruplicate hepatitis C IRES affinity extracts
has confirmed the identification of a number of known HCV
IRES interacting proteins, and has significantly expanded the
number and types of proteins which interact with this func-
tional RNA. Some identified proteins binding the HCV IRES,
but not control RNAs, are known to bind to other cellular or
pathogen IRESs, whereas others have not to our knowledge
been reported to bind to any IRES. A large number of proteins
were identified that are less specifically bound, but which could
still have interesting roles in HCV IRES biology, such as
nucleolin. This IRES binds proteins in several defined functional
classes. Some proteins are members of more than one func-
tional class, suggesting a possible linkage between these
functions. This expanded view of cellular interacting proteins
suggests new cellular functional areas that might be involved
in IRES biology. Further examination of the coupling of some
of the identified proteins to IRES function or HCV replication,
by overexpression or by specific deletion of individual proteins
using siRNA, may identify drug targets for hepatitis C. The
“fingerprint” of interacting partners derived here may be useful
for further comparisons, for example between the HCV IRES
and other pathogen or host cell IRESs, or between different
HCV genotypes, to examine the relation between differences
in function and changes in cellular interacting proteins.
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