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Abstract
Ribonuclease L (RNase L) is an antiviral endoribonuclease that cleaves hepatitis C virus (HCV) RNA
at single-stranded UA and UU dinucleotides throughout the open reading frame (ORF). To determine
whether RNase L exerts evolutionary pressure on HCV we examined the frequencies of UA and UU
dinucleotides in 162 RNA sequences from the Los Alamos National Labs HCV Database (http://
hcv.lanl.gov). Considering the base composition of the HCV ORFs, both UA and UU dinucleotides
were less frequent than predicted in each of 162 HCV RNAs. UA dinucleotides were significantly
less frequent than predicted at each of the three codon positions while UU dinucleotides were less
frequent than predicted predominantly at the wobble position of codons. UA and UU dinucleotides
were among the least abundant dinucleotides in HCV RNA ORFs. Furthermore, HCV genotype 1
RNAs have a lower frequency of UA and UU dinucleotides than genotype 2 and 3 RNAs, perhaps
contributing to increased resistance of HCV genotype 1 infections to interferon therapy. In vitro,
RNase L cleaved both HCV genotype 1 and 2 RNAs efficiently. Thus, RNase L can cleave HCV
RNAs efficiently and variably reduced frequencies of UA and UU dinucleotides in HCV RNA ORFs
are consistent with the selective pressure of RNase L.

Introduction
Hepatitis C virus (HCV) has infected more than 4 million adults in the United States and 3.2
million are chronically infected at present (Armstrong et al., 2006). Although HCV provokes
both innate and acquired immune responses, HCV effectively evades host defenses in most
people to establish subclinical chronic infections (Thimme et al., 2006). After decades of
inapparent infection, accumulating liver damage becomes clinically relevant in the forms of
cirrhosis, liver failure, and hepatocellular carcinoma (Alter, 1997).
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Interferon, in combination with the antiviral drug ribavirin, can cure chronic HCV infections
(McHutchison et al., 1998). Unfortunately, many HCV infections are resistant to interferon
therapy (reviewed in (McHutchison and Hoofnagle, 2000)). In particular, HCV genotype 1
infections resist interferon therapy more often than HCV genotype 2 and 3 infections
(McHutchison et al., 1998). 48 weeks of pegylated interferon and ribavirin therapy results in
a sustained viral response (SVR) in 42% of patients with HCV genotype 1 infections while 24
weeks of therapy results in a SVR in >80% of patients with genotype 2 or 3 infections (Manns
et al., 2001). Compounding the problem of poor SVR for genotype 1 infections is the fact that
HCV genotype 1 infections are much more common in the US than HCV genotype 2 or 3
infections. In addition to HCV genotype several clinical factors correlate with failure of
interferon therapy including high viral load, obesity, and increased age (McHutchison and
Hoofnagle, 2000). The magnitude of decrease in viral load initially after beginning interferon
therapy correlates well with successful therapy (Davis et al., 2003; McHutchison et al., 2001;
Terrault et al., 2005) yet little is known about the specific molecular factors that affect the
alternate magnitudes of viral load decrease following induction of interferon/ribavirin therapy.

Interferon activates the expression of numerous antiviral proteins and HCV replicons are
sensitive to interferon in vitro (Guo et al., 2001; Guo et al., 2003). Nonetheless, HCV encodes
several mechanisms to evade both the production of interferon and individual interferon-
regulated antiviral pathways (Gale and Foy, 2005). HCV NS3/4a protease cleaves Cardif/
IPS-1/MAVS, a protein in a viral-RNA-triggered signal transduction cascade associated with
the production of interferon (Evans and Seeger, 2006; Meylan et al., 2005). The 5′ triphosphate
of HCV RNA may be a viral ligand recognized by RIG-I before subsequent interaction of RIG-
I with Cardif/IPS-1/MAVS (Hornung et al., 2006; Pichlmair et al., 2006). Cleavage of Cardif/
IPS-1/MAVS in HCV infected cells inhibits the activation of NF-kB and IRF-3, thereby
inhibiting the expression of several important chemokines and cytokines, including interferon
(Foy et al., 2005; Johnson and Gale, 2006; Loo et al., 2006). Furthermore, HCV can directly
inhibit PKR, an interferon-regulated dsRNA-activated antiviral protein (Gale et al., 1998).
HCV NS5a binds to and inhibits the antiviral activity of PKR, however, polymorphisms in
NS5a do not correlate with outcomes of interferon therapy (Sarrazin et al., 2000; Yang et al.,
2003). Likewise, HCV genotype 1 E2 can bind and inhibit PKR (Pavio et al., 2002; Taylor et
al., 1999; Taylor et al., 2001). Nonetheless, polymorphisms in the PKR-eIF2a phosphorylation
homology domain of HCV E2 do not correlate with the variable efficacy of interferon therapy
in HCV genotype 1 infections (Watanabe et al., 2003). Thus, molecular explanations for the
variable response of individual HCV infections to interferon therapy are incomplete and there
are no viral or host polymorphisms which reliably predict the success of interferon therapy.

RNase L is a latent endoribonuclease in an interferon-regulated dsRNA-activated antiviral
pathway (reviewed in (Player and Torrence, 1998)). 2-5A, the product of dsRNA-activated
oligoadenylate synthetase (OAS), binds to ankyrin repeats within monomeric RNase L leading
to the dimerization and activation of RNase L endoribonuclease (Dong et al., 2001; Tanaka et
al., 2004). RNase L is expressed in most tissues, including liver (Zhou et al., 2005). In
chimpanzees, the magnitude of HCV infection correlates with the magnitude of 2′-5′ OAS
expression (Thimme et al., 2002). Using cytoplasmic extracts from HeLa cells, we discovered
that HCV RNA was detected and destroyed by the interferon-regulated dsRNA-activated 2′-5′
OAS/RNase L antiviral pathway (Han and Barton, 2002). In contrast to HCV, we found that
group C enteroviruses possess an RNA structure that inhibits the endoribonuclease activity of
RNase L (Han et al., 2007). RNase L cleaves HCV RNA efficiently at several single-stranded
UA and UU dinucleotides throughout the viral RNA ORF (Han et al., 2004); however, the
RNase L cleavage sites identified in one HCV genotype 1a strain are not conserved in the
majority of HCV ORFs due to the large amount of sequence variability among HCV strains.
HCV RNA sequences vary by as much as 31 to 34%, with a significant amount of the variation
at wobble positions of codons (Simmonds, 2004) (Smith and Simmonds, 1997). Intriguingly,
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we observed that several representative HCV RNAs had fewer UA and UU dinucleotides than
expected and that UA and UU dinucleotides within wobble positions of codons in HCV RNAs
evolved rapidly in patients during interferon therapy (Han and Barton, 2002).

Individual HCV isolates are related to one of six major genotypes (HCV 1, HCV 2, HCV 3,
etc.) and more than 50 subtypes (HCV 1a, 1b, 1c; HCV 2a, 2b, etc) (Simmonds, 2000). In this
study we report that all strains of HCV RNA have fewer UA and UU dinucleotides than
expected, consistent with the selective pressure of RNase L, and that most genotype 1 strains
have fewer UA and UU dinucleotides than genotype 2 and 3 strains. The frequency of UA and
UU dinucleotides in particular HCV RNAs could affect the efficiency of cleavage by RNase
L and thereby contribute to the efficacy of interferon therapy.

Methods
HCV RNA Sequences

162 full-length HCV RNA sequences were collected from the HCV Sequence Database hosted
through Los Alamos National Labs (http://hcv.lanl.gov) (Kuiken et al., 2005). The ORF from
each sequence was isolated with “getorf”, a utility from the European Molecular Biology Open
Software Suite (http://emboss.sourceforge.net) using the EMBOSS graphical controls hosted
at the Singapore Biomedical Computing Resource (http://sbcr.bii.a-star.edu.sg/emboss/) (Rice
et al., 2000). CLC FreeWorkbench (http://www.clcbio.com) was also used to isolate ORFs
from sequences.

Base composition and dinucleotide analyses (Methods 1 & 2)
HCV RNA ORF sequences were packaged by HCV genotype in FASTA format. Nucleotide
analyses were performed using the “Simmonics” application (Simmonds and Smith, 1999).
The composition scan utility was used and results were presented as base composition and
dinucleotide frequency as a function of either the base composition of the ORF (Method 1) or
base composition of the three codon positions [1-2, 2-3 (wobble), 3-1 (between codons)]
(Method 2). For Method 1, the predicted frequency of particular dinucleotides within an ORF
was calculated by multiplying the fractional frequency of each base in the ORF by the length
of the ORF [ for instance, 0.213 U × 0.199 A × 9036 bases in the ORF = 383 predicted UA
dinucleotides for the ORF of AF009606]. The observed frequency of dinucleotides in each
ORF were counted directly. The observed to predicted dinucleotide ratios presented in Tables
1S and Figure 1 were generated using Method 1. Alternatively, predicted dinucleotide
frequency was determined considering the base composition of the codon position of each ORF
by the formula: (frequency of base in codon position 1) × (frequency of base in codon position
2) × (number of codons in ORF) = predicted frequency of dinucleotide in codon position 1-2.
The comparable formula was used for codon positions 2-3 and 3-1 respectively. (Supplemental
Data in Figure 1S were derived using Method 2).

Permuted HCV RNA ORF sequences (Method 3)
HCV RNA ORF sequences were permuted to provide control sequences for comparison with
real HCV ORFs. HCV RNA ORF sequences were permuted randomly at each codon position.
The permutation procedure created new HCV ORF-like sequences which preserved the size
of the ORF, the absence of stop codons in the ORF, and the cummulative base composition of
each codon position in the ORF. The permutations did not preserve dinucleotide biases or
codon usage. The observed dinucleotide counts for each permuted ORF were then obtained
and compared to the dinucleotide frequencies in the HCV ORF from which the permuted
sequences were generated. We compared the average of 100 permuted ORF sequences to each
real HCV ORF (as in Figures 2 and 6). The ratio of observed dinucleotide frequencies in real
HCV ORFs to dinucleotide frequencies in 100 permuted sequence controls were similar to the
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ratios derived by mathematical calculations (Compare data in Figures 1 A-C with that in
Figures 2 A-C). A key advantage of Method 3 relative to Methods 1 & 2 is that Method 3
excludes stops codons within the permuted ORFs used to predict dinucleotide frequencies,
whereas Methods 1 & 2 do not exclude stop codons from the predicted frequencies. Because
of this advantage, statistical significance was determined with data derived using Method 3
(Figures 3 & 6).

Statistical analyses
We tested whether the observed dinucleotide frequencies were significantly different from the
predicted dinucleotide frequencies derived from permuted sequences using the prop.test
function in the statistical software R (R Development Core Team, 2006). We tested the
dinucleotide frequencies separately by codon positions (Figure 6) and also averaged over all
codon positions (Figure 3). The prop.test was applied to all ORFs simultaneously. This test
assumes that the ORFs are independent. However, there are complex dependencies between
the sequences that are difficult to model. Therefore, to reduce any biases introduced by these
dependencies in our statistical tests, we removed all ORFs that have sequence similarity greater
than 94% with another ORF. Similarity percentages were determined by aligning the complete
set of sequences using the CLC FreeWorkbench. This cutoff excluded 60 ORFs and was chosen
to balance the amount of sequence similarity with the number of ORFs that were removed from
the analysis. The results did not change qualitatively if we altered the cutoff.

We tested for genotype effect for the data presented in Figure 5 using a regression framework
that predicts the observed to predicted dinucleotide ratio from genotype. The ratio is used
instead of the observed values displayed in Figure 5 to account for any ORF-specific
dinucleotide biases. We obtained a p-value from the F-test which evaluates whether there is a
significant genotype effect on the ratio. Computations and permutations were performed in the
statistical software package R (R, 2006).

HCV RNA transcripts
HCV 1a and HCV 2a RNA transcripts were made by T7 transcription from cDNA clones as
previously described (Han and Barton, 2002). Briefly, p90/HCVFLlong pU, an infectious clone
of HCV 1a (Kolykhalov et al., 1997), and pJ6CF, an infectious clone of HCV 2a (Yanagi et
al., 1999), were linearized with Mlu I and used as templates in T7 transcription reactions
(Epicentre, Madison, WI). α-32P[CTP] was included in reactions to make radiolabeled RNA.
HCV RNAs were precipitated with ammonium acetate, dissolved in water, and quantified by
OD260nm.

HCV RNA cleavage by activation of endogenous 2′-5′ OAS and endogenous RNase L in
cytoplasmic extracts of HeLa cells

HCV RNA (10 nM) was incubated in reactions containing cytoplasmic extracts from HeLa
cells as previously described (Han and Barton, 2002). These reactions faithfully mimic the
physiologic conditions of infected cells as evidenced by their ability to support all of the
biosynthetic steps of poliovirus RNA translation and replication (Barton et al., 1995; Barton
and Flanegan, 1993; Barton et al., 1996; Murray and Barton, 2003), however, while HCV RNA
translates within these reactions it does not replicate (data not shown). Poly I:C, a synthetic
dsRNA, was added to the reactions at the indicated concentrations to activate endogenous 2′-5′
OAS (as in (Han and Barton, 2002)). Poly I:C activation of 2′-5′ OAS results in the production
of 2-5A which subsequently activates RNase L. Reaction products were purified by
phenol:chloroform extraction and ethanol precipitation before fractionation by electrophoresis
in 1% agarose. Radiolabeled RNAs were detected and quantified by phosphorimaging.
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HCV RNA cleavage in reactions containing purified 2-5A and RNase L
2-5A and RNase L were purified as previously described (Han et al., 2004; Rusch et al.,
2001; Silverman et al., 2000). HCV RNA (100 nM) was incubated at 30°C in 50 ul reactions
containing 25 mM Tris-HCl, pH 7.4, 100 mM KCl, 10 mM MgCl2, 50 uM ATP, 7 mM 2-
mercaptoethanol and the indicated concentrations of 2-5A and RNase L. Reaction products
were purified, spiked with tRNA carrier, and fractionated by electrophoresis in 1% agarose.
HCV RNA and HCV RNA fragments were stained with ethidium bromide and detected by
UV light. Densitometry was used to quantify the amounts of intact HCV RNA.

Results
HCV RNA ORF dinucleotide frequencies

RNase L can manifest antiviral activity via two mechanisms: by promoting apoptosis and by
cleaving viral RNA (Zhou et al., 1997). If RNase L were to cleave HCV RNA during infection
it would likely exert selective pressure on the sequence of HCV RNA, leading to lower
frequencies of single-stranded UA and UU dinucleotides. Enomoto et al. sequenced viral RNA
from three patients infected with interferon-resistant HCV 1b strains (Enomoto et al., 1995).
UA and UU dinucleotides were less frequent than predicted in the ORFs of these interferon-
resistant virus (Fig. 1 A-C, Patients 1-3). There were ∼10% fewer UU dinucleotides than
predicted and more than 20% fewer UA dinucleotides than predicted for each of these HCV
RNAs (Fig. 1A-C, observed to predicted dinucleotide ratios were determined using the base
composition of the ORF as described in Materials and Methods, Method 1). As previously
reported for all single-stranded RNA viruses (Rima and McFerran, 1997), CpG dinucleotides
were also less frequent than predicted for each of these HCV RNAs (Fig. 1A-C). Many
dinucleotides were present at near predicted frequencies and several dinucleotides were present
more frequently than predicted (Fig. 1).

Permuted HCV ORF sequences provide an alternative method for examining the expected
dinucleotide frequencies in HCV ORFs (Figure 2A-C, Patients 1-3). Using permuted sequence
controls, UA and UU dinucleotides were less frequent than predicted in the ORFs of HCV1b
interferon-resistant virus (Fig. 2, observed to predicted dinucleotide ratios were determined by
comparing the HCV RNA ORF with 100 permuted ORFs as described in Methods, Method
3). Thus, using two approaches, UA and UU dinucleotides were less frequent than predicted
in the ORFs of HCV 1b interferon-resistant virus from pateints 1-3 [observed:predicted
dinucleotide frequencies based on the base composition of ORF (Fig. 1, Method 1) and
observed:predicted dinucleotide frequencies based on the average dinucleotide frequencies of
100 permuted RNA sequences derived from each HCV ORF (Fig. 2, Method 3)].

To expand upon these observations we analyzed the dinucleotide frequencies of 162 HCV
RNA ORFs from the Los Alamos National Labs HCV Database (Supplemental Data Tables
1S & 2S). Sequences were selected to be unique and isolates from non-human sources were
excluded. The collected sequences were sorted by genotype and subtype. 11 HCV 1a sequences
were analyzed along with 95 HCV 1b sequences, 3 HCV 1c sequences, 15 HCV 2a sequences.
23 HCV 2b sequences, 4 HCV 3a sequences, 2 HCV 6b sequences and 1 HCV 2c, 3k, 4a, 5a,
6a, 6g, 6h, 6k sequence respectively (Supplemental Data Tables 1S & 2S). UA and UU
dinucleotides were less frequent than predicted for each of the 162 HCV RNA ORFs
(Supplemental Data Tables 1S & 2S, Observed to Predicted Ratios less than 1.0). Across all
ORFs, dinucleotide frequencies for UA (p-value < 10-300) and UU (p-value = 4.6×10-4) were
significantly smaller than the predicted frequencies obtained from the permuted sequences
(Fig. 3). As previously reported for all single-stranded RNA viruses (Rima and McFerran,
1997), CpG dinucleotides were also significantly less frequent than predicted (p-value <
10-300) across the 162 HCV RNA ORFs (Supplemental Data Tables 1 & 2 and Fig. 3).
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Relative to the other dinucleotides, UA and UU dinucleotides were among the least abundant
dinucleotides in HCV RNA ORFs (Fig. 4). Notably, UA and UU dinucleotides were also among
the least abundant dinucleotides in the (-) strand complement of the ORF (Fig. 4, note that AA
and AU in the ORF would represent UU and UA in the complementary strand). Thus, relatively
low UA and UU dinucleotide frequencies were a common feature of each HCV RNA ORF,
consistent with the predicted selective pressure of RNase L.

To explore the relationship between HCV genotype and UA/UU dinucleotide frequency we
sorted the HCV RNA ORF sequences from lowest to highest observed frequency of UA & UU
(Fig. 5). Cumulative UA + UU dinucleotide frequencies ranged in a continuum from 69 to 93
per kb of HCV RNA ORF. Notably, most HCV genotype 1 strains had fewer UA and UU
dinucleotides per kb of ORF than the other HCV genotypes (Fig. 5, HCV genotype 1 sequences
in red, HCV 2 and 3 sequences in blue, other HCV genotypes in yellow). We found that there
was a significant genotype effect on the ratio of observed UA/UU counts compared to the
predicted counts (p-value = 1.0×10-09, see Methods). UA dinucleotides were significantly less
frequent than predicted at all three codon positions (Fig. 6A-C), while UU dinucleotides were
significantly under-represented only at wobble positions (Fig. 6D-F). Comparable data were
obtained using the base composition of the codon position as described in Methods (Method
2, Supplemental Data Fig. 1S). The redundancy of codons for specific amino acids makes it
relatively easy to accomodate selection against specific bases in the wobble position of codons.

HCV RNA cleavage by RNase L
Despite different frequencies of UA and UU dinucleotides both HCV 1a and HCV 2a RNAs
were cleaved efficiently in vitro (Fig. 7). HCV RNAs were susceptible to cleavage by RNase
L in both cytoplasmic extracts (which contain endogenous 2′-5′ OASes and endogenous RNase
L) and in reactions containing purified RNase L (Han and Barton, 2002;Han et al., 2004). The
reactions containing cytoplasmic extracts are advantageous because the conditions are more
physiologic while the reactions containing purified RNase L are advantageous because there
are no confounding variables. We used both conditions to compare the sensitivity of HCV 1a
RNA and HCV 2a RNA to cleavage by RNase L. HCV 1a RNA has 73 UA + UU dinucleotides
per kb of ORF while HCV 2a RNA has 81 UA + UU dinucleotides per kb of ORF.

HCV mRNA can activate 2′-5′ OAS above particular threshold concentrations (> 20 nM HCV
mRNA ); however, specific HCV RNA elements involved in the activation of 2′-5′ OAS are
not yet fully defined (Han and Barton, 2002). Therefore, we chose to use 10 nM HCV RNA,
a concentration below the threshold associated with the activation of 2′-5′ OAS, in conjunction
with increasing amounts of defined dsRNA [poly(I:C)] to activate 2′-5′ OAS and thereby
activate RNase L in reactions containing cytoplasmic extracts (Fig. 7A). HCV RNA remained
intact in reactions without dsRNA (Fig. 7A, lanes 1 and 8). At concentrations greater than 3
μg per ml poly(I:C) led to the activation of RNase L and the degradation of HCV RNA (Fig.
7A, lanes 3-7 and 10-14). Both HCV 1a and 2a RNAs were cleaved into fragments ∼ 200 to
2000 bases in length (Fig. 7A, lanes 7 and 14). Similar results were obtained in reactions
containing purified RNase L (Fig. 7B-7D). In the absence of 2-5A, 12 nM of RNase L was
unable to cleave HCV RNA (Fig. 7B, lanes 1 and 7). Increasing amounts of 2-5A up to 10 nM
led to increased degradation of HCV RNAs by purified RNase L (Fig. 7B, lanes 2-6 and 8-12).
Likewise, in the absence of RNase L, 0.5 nM 2-5A had no effect on HCV RNA (Fig. 7C, lanes
1 and 7). Increasing amounts of RNase L up to 20 nM led to increased degradation of HCV
RNA (Fig. 7C, lanes 2-6 and 8-12). In reactions containing 12 nM RNase L and 0.5 nM 2-5A,
HCV RNA was cleaved into progressively smaller fragments over a 10 minute time course
(Fig. 7D). The amounts of intact HCV 1a and 2a RNAs decreased with indistinguishable
kinetics (Fig. 7D). Thus, reduced frequencies of UA and UU dinucleotides within HCV 1a
relative to those in HCV 2a RNA did not prevent cleavage by RNase L.
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Discussion
Our analyses are consistent with the possibility that RNase L exerts evolutionary pressure on
the sequence of HCV RNA ORFs. Furthermore, variably reduced frequencies of UA and UU
dinucleotides in HCV RNA ORFs, as shown in Figure 5, could contribute to the variable
efficacy of interferon therapy.

Various selective forces can influence the base and dinucleotide composition of RNA virus
ORFs: mutational bias of viral RNA-dependent RNA polymerases, host and tissue specific
codon bias, and host antiviral responses (Harris and Liddament, 2004; Hartwig et al., 2006;
Jenkins and Holmes, 2003; Plotkin et al., 2004). The elevated expression of 2′-5′ OAS in HCV-
infected livers (Thimme et al., 2002), in conjunction with the expression of RNase L in liver
(Zhou et al., 2005), is consistent with the possibility that RNase L could be active in HCV-
infected livers. HCV RNA ORFs are relatively GC rich (range from 54.7 to 59.4 % GC) and
every isolate of HCV RNA examined had fewer UA and UU dinucleotides than predicted
should be present (Supplemental Data Tables 1 & 2), consistent with the selective pressure of
RNase L (Han et al., 2004). UA dinucleotides are infrequent in most ORFs (Beutler et al.,
1989), including those of positive-strand RNA viruses (Rima and McFerran, 1997); however,
the paucity of both UA and UU dinucleotides in HCV RNAs (Figs. 1-3) is consistent with the
selective pressure of an endoribonuclease like RNase L.

It is extremely uncommon for positive-strand RNA viruses to possess both fewer UA and fewer
UU dinucleotides than expected by their base composition (Rima and McFerran, 1997). Only
2 out of 46 representative positive-stranded RNA viruses from the Picorna-, Flavi-, Toga-,
Corona-, Calici-, and Astroviridae families had notably decreased UA and UU dinucleotide
frequencies; HCV and the genetically related hepatitis G virus (HGV) (Rima and McFerran,
1997). 20 to 30% of HCV infections are associated with HGV co-infection because both viruses
are transmitted in contaminated blood (Alter et al., 1997). Interferon therapy in HCV/HGV co-
infected patients revealed that persistent HGV infections, like chronic HCV infections, are
often resistant to interferon therapy (Kao et al., 1998; McHutchison et al., 1997; Tanaka et al.,
1999; Yu et al., 2001). Thus, the paucity of both UA and UU dinucleotides in HCV and HGV
ORFs is a unique feature relative to other positive-strand RNA viruses and is consistent with
the predicted selective pressure of RNase L. ADAR, interferon-regulated dsRNA-activated
adenosine deaminase, could select against UA dinucleotides; however, ADAR functions
predominantly in the nucleus and targets the adenosine of UA dinucleotides within dsRNA
(Casey, 2002; DeCerbo and Carmichael, 2005; Hartwig et al., 2006; Sato et al., 2001).

RNase L is one of several antiviral proteins potentially responsible for diminished viral loads
during interferon therapy. Hyper-variation at wobble position UA and UU dinucleotides within
the quasispecies of HCV RNAs during interferon therapy is consistent with the selective
pressure of RNase L [Fig. 10 in (Han and Barton, 2002)] as are reduced frequencies of UA and
UU dinucleotides at wobble postions of HCV ORFs (Figs. 6B&E). Because HCV genotype 1
RNAs have fewer UA and UU dinucleotides per kb of ORF than other HCV genotypes (Fig.
5) and HCV genotype 1 infections are more resistant to interferon therapy than genotypes 2
and 3 (Manns et al., 2001; McHutchison et al., 1998) it seems reasonable to speculate that
RNase L could play an important role in the variable efficacy of interferon therapy.
Nonetheless, in vitro, HCV 1a and HCV 2a RNAs were equally sensitive to cleavage by RNase
L (Fig. 7). These results partially contradict previously published results where HCV 2a mRNA
appeared to be more readily cleaved by RNase L (Han and Barton, 2002). Thus, if variably
reduced frequencies of UA and UU dinucleotides make HCV RNAs partially resistant to
cleavage by RNase L, in vitro assays appear too blunt to detect such differences.
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Although the RNA sequences of HCV ORFs could vary because of codon redundancy, there
are evolutionary constraints even at wobble positions of codons (Chamary et al., 2006). Small
portions of the HCV ORF encode phylogenetically conserved RNA structures needed for
replication (You et al., 2004). In addition, Simmonds et al. described genome-ordered RNA
structure (GORS) in HCV ORFs (Simmonds et al., 2004). A significant feature of GORS is
lower than expected evolution at wobble positions of codons. Another feature of GORS is the
increased stability of seemingly random RNA structures across HCV ORFs. UA and UU
dinucleotides cannot be cleaved when sequestered within dsRNA portions of RNA structures
and many of the UA and UU dinucleotides within HCV RNA ORFs are resistant to cleavage
by RNase L due to their presence in dsRNA portions of the ORF (Han et al., 2004). Thus,
perhaps RNase L is an important selective force underlying GORS.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Observed to predicted dinucleotide ratios in HCV RNA ORFs
A-C There are 16 potential dinucleotides in an ORF (x-axis). The ratio of observed to predicted
dinucleotide frequency (y-axis) was calculated (as described in Methods, Method 1) for three
interferon-resistant HCV 1b isolates (Enomoto et al., 1995). Ratios below 1.0 correspond to
fewer observed dinucleotides than predicted while ratios above 1.0 correspond to more
observed dinucleotides than predicted by the base composition of the codon position.
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Figure 2. Observed to permuted dinucleotide ratios in HCV RNA ORFs
A-C There are 16 potential dinucleotides in an ORF (x-axis). The ratio of observed to permuted
dinucleotide frequency (y-axis) was calculated (as described in Methods, Method 3) for three
interferon-resistant HCV 1b isolates (Enomoto et al., 1995). Ratios below 1.0 correspond to
fewer observed dinucleotides than in the average of 100 permuted sequences while ratios above
1.0 correspond to more observed dinucleotides than in the average of 100 permuted ORF
sequences.
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Figure 3. Observed to predicted dinucleotide frequencies in composite dataset
A statistical analysis was performed to test whether the observed frequency of each
dinucleotide was equal to the predicted frequency (for all ORFs simultaneously). The p-values
for each dinucleotide are indicated in the graph (0 means that it is less than 10-300). For all
dinucleotides except “AC”, “UC”, “AA”, the observed frequencies are significantly lower
(“CG”, “UA”, “GU”, “AU”, “UU”, “GA”, “GC”) or higher than expected (“CC”, “AG”, “GG”,
“CA”, “UG”, “CU”) at the 0.05 level.
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Figure 4. Dinucleotide frequencies in HCV RNA ORFs
Box-plots for the observed dinucleotide frequencies in the 162 HCV RNA ORFs (isolates
identified in Supplemental Data Tables 1S & 2S) were plotted. The solid line indicates the
median value, the box shows the range where 25% to 75% of the data fall (called the inter-
quartile range IQR). The “whiskers” show points that are within 1.5 × IQR and finally, the dots
indicate outliers.
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Figure 5. Variable frequencies of UA & UU dinucleotides within HCV RNA ORFs
The predicted and observed UA and UU dinucleotides frequencies for 162 HCV RNA ORFs
were plotted from lowest to highest observed frequencies (isolates identified in Supplemental
Data Tables 1S & 2S). Predicted UA & UU frequencies were derived using Method 1 (Black
circles). For observed UA & UU dinucleotide frequencies, points on the line are colored based
on the genotype of each HCV RNA ORF: red, genotype 1; blue, genotype 2 or 3; yellow,
genotype 4-6. Note that HCV genotype 2 and 3 strains tend to have substantially more UA and
UU dinucleotides than HCV genotype 1 strains.
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Figure 6. Predicted and observed UA and UU dinucleotide frequencies based on codon position
The predicted and observed UA (A-C) and UU (D-F) dinucleotide frequencies were plotted
versus codon position: codon position 1-2 (A, D); codon position 2-3 (B, E); and codon position
3-1 (C, F). The frequencies per kb of ORF (y-axis) were plotted versus the order of strains
established in Figure 5 (x-axis). Predicted dinucleotide frequencies were obtained using
permuted sequences as described in Methods (Method 3). The aggregate results for all strains
for each codon position were analysed to evaluate the null hypothesis that the predicted and
observed frequencies are the same. The p-values from this test are displayed in each figure.
For UA, the observed frequency is significantly different than the predicted for all positions
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(p-value < .01). While for UU, the observed frequency is only significantly different for
position 2-3 (p-value < .01).
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Figure 7. HCV 1a and HCV 2a RNA cleavage by RNase L
A. 32P-labeled HCV 1a and HCV 2a RNAs were incubated along with the indicated amounts
of poly I:C at 30°C in reactions containing cytoplasmic extracts from HeLa cells with
endogenous 2′-5′ OAS and RNase L as described in Methods. RNAs from the reactions were
separated by electrophoresis in 1% agarose and radiolabeled HCV RNAs were detected and
quantified by phosphorimaging. B-D. HCV 1a and HCV 2a RNAs (100 nM) were incubated
in reactions containing purified 2-5A and purified RNase L as described in Methods. B. HCV
1a and HCV 2a RNAs (100 nM) in reactions with 12 nM RNase L and variable concentrations
of 2-5A as indicated. 30°C for 30 min. C. HCV 1a and HCV 2a RNAs (100 nM) in reactions
with 0.5 nM 2-5A and variable concentrations of RNase L as indicated. 30°C for 30 min. D.
HCV 1a and HCV 2a RNAs (100 nM) in reactions with 12 nM RNase L and 0.5 nM 2-5A as
indicated. 30°C for 0 to 10 min as indicated.
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