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Structural Map of a MicroRNA-122:Hepatitis C Virus Complex
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MicroRNA-122 (miR-122) enhances hepatitis C virus (HCV) fitness via targeting two sites in the 5'-untranslated region (UTR) of
HCV. We used selective 2'-hydroxyl acylation analyzed by primer extension to resolve the HCV 5'-UTR’s RNA secondary struc-
ture in the presence of miR-122. Nearly all nucleotides in miR-122 are involved in targeting the second site, beyond classic seed
base pairings. These additional interactions enhance HCV replication in cell culture. To our knowledge, this is the first biophysi-
cal study of this complex to reveal the importance of ‘tail’ miR-122 nucleotide interactions.

MicroRNAs (miRNAs) are small endogenous RNAs that al-
ter cellular protein expression by targeting messenger
RNAs (mRNAs) (1, 21). The selective targeting of mRNAs by
miRNAs is thought to be partially mediated by canonical base
pairings between the first 2 to 8 nucleotides (nt) in the miRNA
(the “seed site”) and complementary nucleotides in the tar-
geted mRNA (1, 9).

Hepatitis C virus (HCV) has been found to coopt miR-122.
Based on genetic data, binding of miR-122 at these sites enhances
viral replication, and to a lesser extent, viral translation (7, 8). Two
genetically validated miR-122 target sites (S1 and S2) within the
HCV 5'-untranslated region (UTR) have been identified. No
structural studies to date have described the details of these miR-
122:HCV complexes.

Selective 2'-hydroxyl acylation analyzed by primer extension
(SHAPE) analysis is one of the most robust and well-characterized
chemical probing methods for mapping RNA secondary structure
(17,22, 24, 25). SHAPE quantifies the flexibility (base-paired ver-
sus single-stranded RNA) of every nucleotide in an RNA structure
with striking accuracy and speed compared to traditional enzy-
matic mapping methods (4). Here, we used SHAPE technology to
resolve the structure of a miR-122:HCV complex.

HCV 5'-UTR structure with and without miR-122. In vitro-
transcribed HCV 5'-UTR RNA (genotype [GN] 1b/conl; nt 1 to
377) was folded as previously described (10) (except the buffer was
100 mM HEPES [pH 8]), and this folded structure was interro-
gated using N-methylisotoic anhydride (NMIA; 10 mM final con-
centration; Invitrogen) (24). NMIA distinguishes single-stranded
from double-stranded nucleotides by covalently attaching only to
single-stranded nucleotides. NMIA-labeled nucleotides are then
identified by reverse transcription (RT) primer extension (with
SuperScript I1I; Invitrogen) (18). SuperScript III pauses at NMIA-
labeled nucleotides, resulting in a series of DNA fragments whose
lengths (relative to the primer site) correspond to the location of
single-stranded nucleotides in the target RNA. In this study, these
fragments can be resolved by capillary electrophoresis (17) by us-
ing an ABI 3100 Genetic Analyzer.

The ABI 3100 Genetic Analyzer (50-cm capillaries filled with
POP6 matrix; voltage, 15 kV; temperature, 60°C; injection time,
15 s) and GeneScan (ABI) were used to acquire the data for each
sample, which consisted of the purified RT DNA fragments resus-
pended in 9.75 ul of Hi-Di formamide, to which 0.25 ul of DNA
internal sizing standard (ROX 500; ABI catalog number 602912)
was added. Peaks in the resulting electrophoretic traces were inte-
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grated, and their fragment lengths were determined using Peak-
Scanner (ABI Biosystems).

The data from PeakScanner were then processed into SHAPE
data by using FAST (fast analysis of SHAPE traces), a custom
program that we built. FAST automatically corrects for signal dif-
ferences due to handling errors, adjusts for signal decay (11), and
converts fragment length to nucleotide position, using a ddGTP
ladder as an external sizing standard and the local Southern
method (20). This software is freely available at glennlab.stanford
.edu.

SHAPE-determined reactivities were then incorporated as a
pseudo-nearest-neighbor free-energy change parameter (4, 15) in
the program RNAstructure (14), resulting in the predicted 5’-
UTR structure (Fig. 1). Generally, SHAPE reactivities below ~0.3
are associated with nucleotides constrained by base pairing or
other interactions, while higher reactivities are associated with
flexible, single-stranded nucleotides (4, 23). RNA structures were
colored to reflect SHAPE reactivities by using RNAViz 2 (3) (Fig.
1). Notably, this proposed secondary structure model is in con-
cordance with all the subdomains of the HCV 5’-UTR that have
previously been resolved by nuclear magnetic resonance (NMR)
or crystallography studies (12). The benefit of having SHAPE-
derived information is also evident from a comparison of the sec-
ondary structures predicted using RNAstructure with (Fig. 1) and
without (see Fig. S2b in the supplemental material) SHAPE-
determined reactivities. We were unable to resolve the state of nt
17 to 28, which contain the S1 miR-122 binding site, due to a high
background signal.

To determine the effect of miR-122 on this structure, miR-122
was added to the folded HCV RNA at 37°C for 25 min. We used
miR-124, a microRNA shown to have no effect on HCV (7, 8), as
a control. As expected, miR-124 did not alter the structure of the
HCV 5'-UTR (red [panel a] — gray [panel b] = orange trace
[panel d]) (Fig. 2a). In contrast, miR-122 induced significant
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FIG 1 Secondary structure of the HCV 5'-UTR. The 5’-UTR consists of 4 domains, labeled I to IV. The proposed secondary structure is consistent with all
available crystallographic and/or NMR structural data (see Fig. S2a in the supplemental material). Colors denote SHAPE reactivity, as indicated, which is

proportional to the probability that a nucleotide is single stranded.

changes in the reactivity of the 5'-UTR (red [panel a] — green
[panel c] = purple trace [panel d]).

The most prominent decreases in SHAPE reactivities induced
by miR-122 occurred at the region of nt 29 to 42, which contains
the second miR-122 target site (S2). No reactivity changes were
seen in domain IIT (D-III) of the internal ribosome entry site (D-
IIL; nt 125 to 323), suggesting that binding of miR-122 to the
region between domains I and II does not affect D-III. Changes in
flexibility were observed for nucleotides in domain IV and are
discussed below.

Base paring between HCV nt 38 and 42 and the seed nucleo-
tides of miR-122 (nt 2 to 7) is likely responsible for the decreased
reactivity of HCV nt 38 to 42. The decrease in SHAPE reactivity for
HCV nt 29 to 37, however, was unexpected, since these nucleo-
tides fall outside the complementary seed region.

To further investigate these changes, SHAPE reactivities of the
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5'-UTR were determined in the presence of a series of miR-122
(3') tail mutants (Mutl to -5) (Fig. 2e). Each experiment was
performed in triplicate. Statistically significant differences in
SHAPE reactivity, calculated using the Tukey-Kramer multiple
comparisons test (InStat 3) are denoted with asterisks. Subse-
quently, to test the effects of these miR-122 tail mutants on HCV
replication, we constructed these miR-122 mutants and also mu-
tated the guanosine at position 3 (p3) to cytidine (p3miR-122),
similar to the approach taken by Machlin et al. (13). In parallel, an
HCV RNA mutant (HCV C42G) was constructed by mutating
position 42 froma C to a G (C42G), which disrupted its binding to
miR-122 at position 3 of site 2 (HCV site 2). This HCV mutant
failed to replicate in cell culture. Exogenous wild-type (WT) miR-
122 failed to rescue its replication defects. However, exogenous
complementary p3miR-122 allowed this HCV mutant to replicate
to WT levels (Fig. 2f). We then assessed the ability of all the
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FIG 2 MicroRNA-122-induced changes in the HCV 5'-UTR. (ato ¢) HCV 5'-UTR SHAPE reactivities in the presence of no microRNA (a, red), control miR-124
(b, gray), or miR-122 (¢, green) are shown. (d) The change in SHAPE reactivities [ASHAPE = (with miR) — (without miR)] induced by control miR-124 (d,
orange) and miR-122 (d, purple). (e) Heat map of SHAPE reactivities for HCV nt 29 to 45 in the presence of various miR-122 mutants. Boxes with an asterisk
indicate values were statistically different (P < 0.001) from the SHAPE reactivity determined in the presence of WT miR-122 (reference [r]). (f) Effects of the

miR-122 mutants on HCV translation and replication.

p3miR-122 tail mutants to rescue replication of the HCV C42G
viral RNA. Cell culture experiments were performed using the
J6/JFHI strain and the Renilla luciferase reporter (5). The miR
duplexes were transfected into Huh7 cells 1 day prior to transfec-
tion of in vitro-transcribed HCV C42G at time zero and 1 day
after. The luciferase signal was measured after 4 h for translation
and 48 h for replication. Alamar blue was used to assess cell via-
bility (5). In general, these miR-122 mutants had modest effects
on HCV translation (Fig. 2f) but more significant effects on rep-
lication, as described next.

122Mutl lacks the last 9 nt of miR-122. SHAPE analysis re-
vealed that 122Mut1 exhibits base pairing only with HCV nt 38 to
42 but not with HCV nt 29 to 34, suggesting that the terminal 9 nt
of miR-122 are required to decrease the flexibility of HCV nt 29 to
34. In complementary cell culture experiments, exogenous p3-
122Mutl failed to rescue the replication defect of HCV site 2,
suggesting that binding of the terminal 9 nt of miR-122 is impor-
tant for HCV replication.

122Mut2 is a substitution mutation in which the tail of miR-
124 has replaced the last 9 nt. This mutant resulted in a nearly
identical SHAPE reactivity pattern as for 122Mutl. This result
suggests that the specific sequence found in the tail of miR-122 is
required to decrease the flexibility of HCV nt 29 to 34. Together,
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these data suggest that a direct interaction between the tail of
miR-122 and HCV nt 29 to 34 is likely. In corresponding cell
culture experiments, exogenous p3-122Mut?2 failed to rescue the
replication defect of site 2 in HCV C42G, further confirming that
binding of the tail of miR-122 to HCV nt 29 to 34 is required for
HCV replication.

122Mut3 is a substitution mutant in which the middle 6 nt of
miR-122 have been swapped for the middle 6 nt of miR-124. If, as
speculated, these middle 6 nucleotides form a bulge when bound
to the miR-122 binding site (13), then the resulting miR-122:HCV
complex should not be affected by this swap. Instead, we found the
identity of these nucleotides to be relevant. The data obtained with
122Mut3 suggest that miR-122 nucleotides 8 to 13 bind to HCV
nucleotides 33 to 37, resulting in the decreased flexibility observed
for these HCV nucleotides. In complementary cell culture exper-
iments, exogenous p3-122Mut3 partially rescued the replication
defect of HCV site 2, although the replication efficiency was only
one-fifth that of the WT level. This suggests that binding of miR-
122 nt 8 to 13 to HCV nt 33 to 37 is not as critical for HCV
replication, although it may play an enhancing role.

122Mut4 is a substitution mutant in which the last 3 nt of
miR122 have been swapped for the last 3 nt of miR-124. The lack
of any difference in SHAPE reactivity between this mutant and

Journal of Virology


http://jvi.asm.org

Structural Map of a MicroRNA-122:HCV Complex

a 2.0 30 35 40 as
-] 0 U A
0.0 A —
ACCAUAGAUCACUCCC (&
e o o o o e o o o o o o HCV
GUAACAGGUGAG iR-
gUUGU G A S GU mMiR-122
G/1: mir-124
G/2: mir-124 .
G/1: mir-122 A

GA

G/2: mir-122 n

4\4\4\

FIG 3 MicroRNA-122:HCV complex strain specificity. (a) Naturally occurring HCV S2 target site polymorphisms, depicted as a WebLogo. Nucleotides 1 to 22
of miR-122 are depicted at the bottom, from right to left. The secondary structure of the proposed HCV:miR-122 complex is shown below, with HCV nucleotides
complementary to the seed region shown in bold and Watson-Crick base pairs indicated by filled circles. (b) HCV SHAPE reactivities as a function of HCV
genotype, as determined in the presence of either miR-124 (control) or miR-122. In the G/1 strain, nt 35 is a G. As predicted, in the J6 strain, a base pair did not
form between HCV nt 35 and miR-122 nt 11; this mismatch destabilized other nearby interactions (arrows).

wild-type miR-122 suggests that these nucleotides are not impor-
tant for binding. Indeed, as expected, exogenous p3-122Mut4 res-
cued the replication defect of HCV site 2 up to the WT level.

Together, this structural information is most consistent with
the proposed miR-122:HCV complex shown in Fig. 3a. To further
validate this structure, we made the 122Mut 5 in which miR-122
nt 16 and 17 were swapped. The SHAPE reactivity for 122Mut5
demonstrated both seed and tail binding, but it revealed a slight
increase in flexibility for HCV nt 34 and 36. Perhaps decreasing
the stability of miR-122 tail-HCV interactions increases the flex-
ibility of the A-A mismatches found at nt 34 and 36. In cell culture,
exogenous p3-122Mut5 can significantly rescue the replication
defect of HCV site 2 to 60% of the WT level. This result further
demonstrates that binding at nt 34 and 36 (which fall between nt
33 and 37) are not critical for HCV replication and may have a
modest enhancement effect. Taken together, our SHAPE data can
accurately predict the effects of the structural changes on HCV
replication and show that direct binding of HCV RNA and the tail
of miR-122 is important for HCV replication.

Effects of HCV natural polymorphisms. We next sought to
understand the effects of naturally occurring HCV mutations on
this miR-122:HCV complex. The conservation pattern of this re-
gion is depicted in Fig. 3a as a WebLogo (2). Naturally occurring
variations at HCV nt 29, 37, and 39 preserve the proposed base
pairing.

The natural variation that occurs at HCV nt 35, however, does
not. In the GN1b/conl construct, HCV nt 35 is a G. In other
strains, such as the GN2/J6 strain, HCV nt 35 is an A. This led us to
predict that the miR-122:HCV complex at site 2, for strains with
the A35 polymorphism, have greater flexibility in this region. To
test this hypothesis, we used SHAPE to determine the structure of
the GN2/J6 miR-122:HCV complex (Fig. 3b). As predicted, this
region of the complex, specifically HCV nt 35 to 37, was signifi-
cantly more flexible when the A35 polymorphism was present.
Most importantly, despite this increase in flexibility in the middle
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of the complex, the identified tail interactions between miR-122
and HCV were preserved.

Further demonstration of the importance of tail interactions
in HCV replication. To further confirm the importance of tail
interactions in HCV replication, we first mutated HCV nucleotide
31 froma CtoaGinorder to disrupt its proposed interaction with
miR-122 tail nucleotide G15. As expected, HCV mutant C31G
replicated less well than did WT HCV (Fig. 4) in the presence of
WT miR-122. However, the exogenous, complementary miR-122
mutant, G15C, was able to enhance the replication of the HCV
mutant C31G (Fig. 4, left panel) over that achieved in the presence
of WT miR-122, which lacks the compensatory mutation. This
experiment further confirms that the interaction of the tail of
miR-122 with HCV’s second target site is important for HCV
replication.

Also consistent with prior experiments, ectopic supplementa-
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FIG 4 Effect of the miR-122 3’-tail interaction on HCV replication. Values
were normalized to the signal obtained for WT HCV in the absence of addi-
tional microRNA (addition of miR-124 had no effect). Error bars denote 1
standard deviation, as determined from 5 separate experiments, with each
experiment consisting of four replicates, which were averaged together. Red
lines denote statistically significant differences (P < 0.001) between the indi-
cated conditions.
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tion of WT HCV with WT miR-122 did enhance WT HCV trans-
lation (7) (Fig. 4, middle panel), but it enhanced replication to an
even greater degree (8) (Fig. 4, left panel). Supplementation of WT
HCV with either the miR-122 mutant G15C or miR-124 had no
effect on translation or replication (data not shown).

Finally, changes in SHAPE reactivity in D-IV in the presence of
miR-122 were also observed. To explore how these D-IV changes
relate to the known target sites (S1 and S2), we mutated S1 and S2
and also generated an HCV deletion mutation that lacked both S1
and S2 target sites (ANT1-44) to prevent seed pairing. In the pres-
ence of miR-122, these HCV mutants were found to have the same
D-IV SHAPE reactivity patterns as WT HCV. This suggested that
the observed D-IV changes were independent of the S1 and S2
target sites. We therefore explored the possibility that these
changes were the result of direct binding of miR-122 to HCV RNA
(i.e., to a third miR-122 target site). We found that the base-
pairing scheme between miR-122 and D-1V illustrated in Fig. S1 of
the supplemental material would be consistent with the SHAPE
reactivities we observed. The ability of miR-122 to directly bind to
this region was subsequently confirmed by UV cross-linking ex-
periments (19). Preliminary studies, however, have not shown
that miR-122 binding at this site enhances translation or RNA
replication. Additional experiments aimed at identifying a poten-
tial role for this putative third binding site in the HCV life cycle are
ongoing.

In conclusion, this is the first use of structure-based mapping
to characterize a miR-122:HCV complex. Moreover, we were able
to exploit this structural technique to predict the importance of
miR-122 tail nucleotides for miR-122’s effect on HCV. While the
manuscript was in preparation, Machlin et al. (13) demonstrated,
using genetic techniques, that this same tail interaction at site 2 (as
well as site 1) is of functional importance to HCV RNA stability.

More generally, microRNA tail interactions with mRNA tar-
gets, termed 3’ supplemental sites, have previously been observed
(1, 6). However, such sites are thought to play only a limited role
in mRNA target recognition (1, 6). Nevertheless, we speculate that
the lack of structural tools to detect such interactions have limited
the ability to accurately characterize the importance of interac-
tions between microRNA tails and their mRNA targets. SHAPE
provides a structural means of overcoming this important limita-
tion and enables the direct mapping of microRNA:target com-
plexes in a high-throughput manner.
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