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Hantaviruses, members of the Bunyaviridae family, are emerging category A pathogens that initiate the
translation of their capped mRNAs by a novel mechanism mediated by viral nucleocapsid protein (N). N
specifically binds to the mRNA 5� m7G cap and 40S ribosomal subunit, a complex of 18S rRNA and multiple
ribosomal proteins. Here, we show that N specifically interacts with the ribosomal protein S19 (RPS19), located
at the head region of the 40S subunit. We suggest that this N-RPS19 interaction facilitates ribosome loading
on capped mRNAs during N-mediated translation initiation.

Hantaviruses, members of the Bunyaviridae family, are
emerging category A pathogens that cause hemorrhagic fever
with renal syndrome (HFRS) and hantavirus cardiopulmonary
syndrome (HCPS) in humans, with mortality rates of 12% and
60%, respectively (1, 6, 12, 26–28). The hantaviral genome is
composed of three negative-sense genomic RNA segments, S,
M, and L, that encode nucleocapsid protein (N), glycoprotein
precursor (GPC), and RNA-dependent RNA polymerase
(RdRp), respectively (7, 8, 29). Glycoprotein precursor is
cleaved into two glycoproteins, Gn and Gc. Multiple studies
have suggested that N is involved in diverse viral functions,
including the encapsidation and packaging of viral RNA (10,
13, 18, 20, 23, 30–33), apoptosis (22), and replication of the
viral genome (2, 3, 5, 9, 11, 23, 25). We have recently shown
that N binds to the 5� caps of cellular mRNAs and protects
their degradation in cellular P bodies (14). The rescued 5�-
capped oligoribonucleotides of host cell mRNAs are stored by
N in P bodies that are later used as primers by viral RdRp
during transcription initiation. This suggests that N has a role
in cap snatching (14). We have also reported that N augments
the translation of capped mRNAs (15) and preferentially fa-
vors the translation of viral transcripts due to high-affinity
binding of N with the viral mRNA 5� untranslated region
(UTR) (19). N-mediated translation is initiated by the specific
interaction between N and the 40S ribosomal subunit and the
subsequent loading of 40S subunits onto the 5� mRNA termi-
nus. Since the 40S ribosomal subunit is a massive ribonucleo-
protein complex composed of 18S rRNA and 32 ribosomal
proteins (34), it was evident that we needed to identify the
exact component of the 40S subunit that specifically binds to N.

We purified the 40S subunit from HeLa cells as previously
reported (15). Sin Nombre hantavirus (SNV) nucleocapsid
protein was expressed in Escherichia coli and purified as a
C-terminal His-tagged fusion protein, as previously described
(14–18, 20, 21). To determine whether N interacts with 18S
rRNA or protein components of the 40S subunit or both,

immunoprecipitation experiments were undertaken. Since the
40S subunit is a very stable protein-RNA complex, pulling
down N, either by an immunoprecipitation assay using an anti-
N antibody or by a His tag using Ni-nitrilotriacetic acid (NTA)
beads, copurified the whole 40S subunit, thereby creating hur-
dles in the identification of the exact component of the 40S
subunit that specifically interacts with N. Conversely, immuno-
precipitation of the 40S subunit with an antibody against any
40S ribosomal protein resulted in copurification of N. There-
fore, neither approach permitted the identification of the exact
component of the 40S subunit that specifically interacts with N.

As an alternative approach, 15 �g of purified 40S ribosomal
subunits were mixed with 0.5 �g of purified N in HEPES
buffer, pH 7.4, and incubated with 0.5% formaldehyde at room
temperature for 5 min to allow the protein-protein and pro-
tein-RNA cross-linking to occur. The cross-linking reaction
was terminated by the addition of glycine to a final concentra-
tion of 250 mM, followed by incubation at room temperature
for 5 min. Half of the cross-linked mixture was immunopre-
cipitated with an antibody against ribosomal protein S13
(RPS13). Immunoprecipitated material was examined by
Western blotting, using anti-N antibody. As expected, the im-
munoprecipitated material contained the copurified N (Fig.
1A, lane 1). Similar results were obtained without prior cross-
linking of N-40S subunit complexes (Fig. 1A, lane 2). In a
control experiment, the remaining half of cross-linked N-40S
subunit mixture was digested with RNase A (100 �g/ml) at
room temperature for 4 h to degrade the 18S rRNA prior to
immunoprecipitation with the RPS13 antibody. Real-time
PCR analysis using four sets of primers targeted to different
regions of 18S rRNA confirmed the complete degradation of
18S rRNA (Fig. 1B). It was expected that immunoprecipitation
with the RPS13 antibody would not copurify N if it selectively
bound to 18S rRNA and not to ribosomal proteins. However,
it is clear from Fig. 1A (lane 3) that immunoprecipitation with
RPS13 antibody copurified N, suggesting that N interacts with
ribosomal proteins. When the same experiment was performed
without cross-linking (Fig. 1A, lane 4), immunoprecipitation
with RPS13 antibody did not copurify N due to the loss of
structural integrity of the 40S subunit after RNase A treat-
ment. Taken together, these analyses clearly demonstrate that
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N interacts with ribosomal proteins, although the possibility
that N bound to both ribosomal proteins and 18S rRNA cannot
be excluded.

Since the 40S ribosomal subunit is a complex of 32 ribosomal
proteins, we used far-Western blot analysis to identify the exact
protein that selectively interacts with N. Purified 40S ribosomal
subunits were resolved by SDS-PAGE and transferred to a
polyvinylidene difluoride (PVDF) membrane, followed by in-
cubation with phosphate-buffered saline (PBS) containing 330
nM purified N for 1 h. Nonspecific background was decreased
by a gradual increase in NaCl concentration. Membrane was
incubated with anti-N antibody, and bands were detected with
alkaline phosphatase-conjugated secondary antibody. Under
low-stringency conditions (140 mM NaCl), N interacted non-
specifically with multiple ribosomal proteins (Fig. 2A). At 200
mM NaCl, there was a slight decrease in nonspecific binding of
N with ribosomal proteins (Fig. 2B). However, when the NaCl
concentration was raised to 500 mM, nonspecific background
was significantly reduced, and a single band was detected on

the PVDF membrane (Fig. 2C). This band was precisely ex-
cised from the PVDF membrane and digested with trypsin (4).
The resulting peptides were extracted and separated on a mi-
crocapillary C18 column coupled to the nanospray ionization
source of a Deca XP Plus ion trap mass spectrometer (MS;
Thermo Finnigan). Full MS as well as MS/MS spectra were
obtained, and the BioWorks 3.2 program based on the
SEQUEST algorithm was used for data analysis. This liquid
chromatography (LC)/MS/MS analysis identified peptides that
matched three ribosomal proteins, RPS19, RPS17, and RPS13
(Fig. 2D), all structural constituents of the 40S subunit.

We used coimmunoprecipitation analysis to determine
which of the three target proteins specifically interacts with N.
Since 18S rRNA bridges the interaction between multiple ri-
bosomal proteins in the 40S subunit, we incubated the purified
40S subunit with RNase A to completely degrade the 18S
rRNA and dissociate the structural integrity of the 40S subunit.
The mixture of ribosomal proteins obtained after the degra-
dation of 18S rRNA was incubated with purified N and immu-

FIG. 1. (A) Purified 40S subunits were incubated with bacterially expressed and purified N. The ribosome-N mixture was cross-linked with
formaldehyde and immunoprecipitated with anti-RPS13 antibody (Ab). Immunoprecipitated material was examined by Western blotting using
anti-N antibody (lane 1). The same experiment was performed without cross-linking (lane 2). The experiment performed for lane 3 was same as
that for lane 1, except the reaction mixture was treated with RNase A prior to immunoprecipitation. The experiment performed for lane 4 was
same as that for lane 3, except that N-40S subunit complexes were not cross-linked. Control immunoprecipitation experiments lacking the ribosome
(lane 5) and the anti-RPS13 antibody (lane 6) show the nonspecific binding of N to the beads. However, lane 7 does not show such nonspecific
background, due to the lack of N protein in the reaction mixture. (B) To confirm that 18S rRNA was completely digested with RNase A treatment
in the samples used in panel A, total RNA was purified from both RNase A-treated and untreated samples and reverse transcribed using random
primers. The cDNA was used as the template, and a PCR analysis was performed using four sets of primers targeted to different regions of 18S
rRNA. The PCR products generated using primer pairs 5�-ATGCTTGTCTCAAAGATTAAG-3� and 5�-CGAAAGAGTCCTGTATTGTTA-3�
(lanes 1 and 5), 5�-AGGCCCTGTAATTGGAATGAG-3� and 5�-TGCGCCGGTCCAAGAATTTCA-3� (lanes 2 and 6), 5�-AGACGGACCAG
AGCGAAAGCA-3� and 5�-AGCATGCCAGAGTCTCGTTCG-3� (lanes 3 and 7), and 5�-AACTAGTTACGCGACCCCCGA-3� and 5�-TAAT
GATCCTTCCGCAGGTTC-3� (lanes 4 and 8) are shown.

FIG. 2. Far-Western blot analysis showing the interaction of N with ribosomal proteins from the 40S subunit. To reduce the nonspecific
background, the experiment was carried out at increasing salt concentrations. Representative Western blots at three NaCl concentrations, 140 mM
(A), 200 mM (B), and 500 mM (C), are shown. The single band from the PVDF membrane, shown in panel C, was excised and analyzed by mass
spectrometry. The LC/MS/MS study detected peptides matching three ribosomal proteins, RPS13, RPS17, and RPS19 (D). The exact locations of
the peptides in RPS19 are shown at the bottom.
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noprecipitated with an anti-N antibody. Immunoprecipitated
material was examined by Western blot analysis, using an an-
tibody against RPS13, RPS17, or RPS19. This analysis showed
that N interacts with RPS19 and not with RPS13 or RPS17
(Fig. 3A to C). Conversely, we carried out immunoprecipita-
tion with an antibody against RPS13, RPS17, or RPS19 and
asked whether N copurifies with immunoprecipitated material.
This analysis again demonstrated that N interacts with RPS19
and not with RPS13 or RPS17.

These in vitro studies were followed by in vivo studies of cells
to confirm the N-RPS19 interaction. HeLa cells were trans-
fected with an N expression plasmid and lysed 48 h posttrans-
fection. The cell lysate was incubated with RNase A to degrade
the total RNA, including 18S rRNA, and disrupt the 40S sub-
unit. Degradation of 18S rRNA was confirmed by reverse tran-
scription-PCR (RT-PCR) analysis (not shown). After RNase A

treatment, the cell lysate was immunoprecipitated with anti-N
antibody, and the immunoprecipitated material was examined
by Western blotting, using an anti-RSP19 antibody. As shown
in Fig. 3G, RPS19 copurified with immunoprecipitated N pro-
tein. Conversely, immunoprecipitation of the RNase-treated
HeLa cell lysate with an anti-RPS19 antibody copurified N
(Fig. 3H). This in vivo study further confirms the specific in-
teraction between N and RPS19. A similar in vivo analysis
performed with RPS13 and RPS17 showed that N did not
interact with these two proteins in vivo (not shown), consistent
with the in vitro data.

To determine the relative affinity of N with 40S subunits, we
purified 40S subunits from HeLa cells expressing N. Purified
40S subunits were boiled in SDS loading buffer, and ribosomal
proteins were separated by SDS-PAGE and transferred to a
PVDF membrane. Western blot analysis with an anti-N anti-

FIG. 3. Purified 40S ribosomal subunits were treated with RNase A and incubated with bacterially expressed and purified N. The reaction
mixture was immunoprecipitated (IP) with anti-N antibody and examined by anti-RPS19 antibody (A), anti-RPS17 antibody (B), or anti-RPS13
antibody (C). Conversely, immunoprecipitation was carried out with anti-RPS19 antibody (D), anti-RPS17 antibody, (E) or anti-RPS13 antibody
(F) followed by Western immunoblot (I B) analysis with anti-N antibody. Cell lysate from HeLa cells transfected with N expression plasmid (pSNV
N TriEx1.1) or empty vector (pTriEx1.1) was treated with RNase A to degrade the total RNA, including 18S rRNA. After RNase A treatment,
cell lysate was immunoprecipitated with anti-N antibody, and the immunoprecipitated material was examined by Western blot analysis using
anti-RSP19 antibody (G). Conversely, immunoprecipitation was carried out with anti-RPS19 antibody, followed by Western blot analysis using
anti-N antibody (H). In panel I, the 40S ribosomal subunit was purified from HeLa cells expressing N. The purified 40S subunit was run on
SDS-PAGE and transferred to a PVDF membrane. Western blot analysis was carried out using anti-N antibody. Bacterially expressed and purified
N was used as the positive control (lane 1). Purified 40S subunits from HeLa cells transfected with N expression plasmid (lane 2) or transfected
with the empty vector (lane 3) clearly show that N remains associated with the 40S subunit. Purified 40S subunits from panel I were examined for
the presence of eIF2� by Western blotting using anti-eIF2� antibody (J). Cell lysate from HeLa cells expressing N was used as the positive control
(lane 1). Purified 40S subunits prepared from HeLa cells expressing N (lane 2) clearly show that eIF2� is not copurified along with 40S subunits.
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body showed the presence of N in the purified 40S subunit
sample, suggesting that N remains tightly associated with the
40S subunit and copurifies with it (Fig. 3I). As expected, a
similar Western blot analysis showed that purified 40S subunits
lack initiation factor eIF2 (Fig. 3J), consistent with the removal
of all initiation factors by the protocol used for the purification
of the 40S subunit (24). This observation suggests that the
interaction of N with RPS19 is stronger than the interaction of
many eukaryotic initiation factors with the 40S subunit. Since
N is highly expressed in comparison to viral RdRp and glyco-
proteins Gn and Gc in virus-infected cells, it is likely that
high-affinity N-RPS19 interaction reserves a population of 40S
subunits in the cell cytoplasm that remains dedicated for the
translation of hantaviral mRNAs. It would be interesting to
examine whether virus-directed ribosome selection that favors
viral multiplication exists in virus-infected cells.

Since N is an RNA binding protein, its interaction with 18S
rRNA cannot be excluded. It is possible that simultaneous
binding of N with RPS19 and 18S rRNA stabilizes the inter-
action of N with the 40S subunit. It is likely that the N-RPS19
interaction mediates the loading of the 40S ribosomal subunit
on capped mRNA during N-mediated translation initiation.
On the basis of the crystal structure of RPS19 from Pyrococcus
abyssi and cryo-electron microscopy (cryo-EM) mapping, the
location of RPS19 has been mapped to the head region of the
40S subunit (34), suggesting that N is recruited to the head
region of the 40S subunit. However, the formation of the
translation-competent 80S ribosome requires the loading of
the 60S subunit at the head region of the 40S subunit. Further
studies are required to determine if N dissociates from the 40S
subunit during translation initiation or elongation. It is prob-
able that hantaviruses have evolved with this unique transla-
tion initiation strategy to lure the host cell translation machin-
ery to preferentially translate their mRNAs.

This work was supported by research grant 5R21AI083672-02 from
the NIH and grant P20RR016443 from the NCRR COBRE program.
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