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Efficient Interaction between Arenavirus Nucleoprotein (NP) and
RNA-Dependent RNA Polymerase (L) Is Mediated by the Virus

Nucleocapsid (NP-RNA) Template

Masaharu lwasaki, Nhi Ngo, Beatrice Cubitt, Juan C. de la Torre

Department of Immunology and Microbial Science, The Scripps Research Institute, La Jolla, California, USA

In this study, we document that efficient interaction between arenavirus nucleoprotein (NP) and RNA-dependent RNA polymer-
ase (L protein), the two trans-acting viral factors required for both virus RNA replication and gene transcription, requires the
presence of virus-specific RNA sequences located within the untranslated 5" and 3’ termini of the viral genome.

everal arenaviruses, chiefly Lassa virus (LASV) and Junin virus

(JUNV), cause hemorrhagic fever disease in humans and pose
important public health concerns in regions where the viruses are
endemic (1-6). Moreover, evidence indicates that the worldwide-
distributed prototypic arenavirus lymphocytic choriomeningitis
virus (LCMV) is a neglected human pathogen of clinical relevance
especially in cases of congenital and immunocompromised-indi-
vidual infections (7-12). Arenaviruses are enveloped viruses with
a bisegmented, negative-strand RNA genome. Each of the two
RNA segments, S and L, uses an ambisense coding strategy to
direct the synthesis of two viral polypeptides in opposite orienta-
tions, separated by a noncoding intergenic region (IGR) (13). The
S segment encodes the nucleoprotein (NP) and the surface glyco-
protein precursor (GPC), whereas the L segment encodes the ma-
trix (Z protein) and the RNA-dependent RNA polymerase (L pro-
tein). We reported that the IGR of LCMV is necessary for
transcription termination and production of infectious progeny,
indicating that noncoding viral RNA sequences play different
functions during the arenavirus life cycle (14). In this work, we
further extended our studies on the functional roles played by
noncoding arenaviral RNA sequences by examining the contribu-
tion of these sequences to the interaction between the nucleocap-
sid template (NP-RNA) and L polymerase required for formation
of a functional virus ribonucleoprotein (vVRNP) responsible for
directing RNA replication and gene transcription of the arenavi-
rus genome.

To examine whether virus-specific RNA sequences affected
L-NP interaction, we used our LCMV minigenome (MG) system
(15, 16). We transfected human embryonic kidney (HEK) 293T
cells with NP- and L-expressing as well as T7 RNA polymerase (T7
pol)-expressing plasmids together with or without a plasmid that
directed T7 pol-mediated intracellular synthesis of an LCMV MG
RNA containing the chloramphenicol acetyltransferase (CAT)
gene in the NP locus (pT7-MG) (15-18) and examined L-NP
interaction by use of pulldown (PD) assays (Fig. 1). To facilitate
PD assays and protein detection, we used tagged versions of NP
and L that we had confirmed to be functionally active in the MG
rescue assay (Fig. 1F and G), although FLAG-tagged L appeared to
have some overall reduced activity in this assay. In the presence of
MG RNA, L protein was readily detected by Western blotting
(WB) in the complex PD by NP (Fig. 1B). In contrast, in the
absence of MG RNA, the complex PD by NP showed dramatically
reduced levels of L protein (Fig. 1B). Likewise, NP was efficiently
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pulled down with L protein in the presence, but not in the absence,
of virus-specific RNA (Fig. 1C). These results indicated that the
presence of virus-specific RNA sequences promotes L-NP inter-
action. As a control, we confirmed, consistent with previous find-
ings (19), that NP-NP interaction did not depend on the presence
of virus-specific RNA (Fig. 1D). We also found that expression of
LASV MG RNA promoted LASV L-NP interaction (Fig. 1E), sup-
porting the generality of this finding.

The IGR was shown to play a critical role in the control of
transcription termination by the arenavirus polymerase complex,
but overall levels of RNA replication were similar in the presence
and absence of the IGR (14), suggesting that the IGR does not
contribute significantly to the L-NP interaction required for RNA
synthesis. To further examine this issue, we compared the effects
of different IGR sequences on L-NP interaction. Consistent with
previous findings (14), the activity of the MG construct lacking the
IGR (MGAIGR) was decreased to about 20% of the wild-type
(WT) MG level (Fig. 2B). Moreover, replacement of the LCMV
IGR with the LASV or JUNV IGR resulted only in very modestly
decreased levels of CAT protein expression, which correlated with
levels of cMG (complementary polarity to MG) RNA and CAT
mRNA being not significantly affected (Fig. 2C). The MG con-
struct that we used contains the CAT open reading frame (ORF) in
the NP locus and an empty GPClocus that resulted in CAT mRNA
and cMG RNA species that differed only by about 180 nucleotides,
undistinguishable under our Northern blot conditions. Consis-
tent with the MG activity results, all MG RNAs supported with
similar efficiency L-NP interaction (Fig. 2D), suggesting that the
3" and 5’ termini were critical for the enhancement of L-NP inter-
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FIG 1 Efficient interaction of arenavirus NP and L requires the presence of virus-specific RNA. (A) Schematic diagrams of MG constructs. LCMV and LASV MGs were
placed under the control of a modified T7 promoter (T7pA2G) (15), followed downstream by an additional C residue (16), the hepatitis delta ribozyme (drz), and T7
RNA polymerase terminator (T7T). The additional C residue was introduced to allow for the generation of the authentic virus 3’ end (genome polarity) following
drz-mediated cleavage of unprocessed MG RNA produced intracellularly by the T7 RNA polymerase. The 3" untranslated region (3"UTR), 5'UTR, and IGR highlighted
in gray indicate cis-acting LCMV genomic sequences. Nr, residual NP ORF-derived sequence; Gr, residual GPC ORF-derived sequence; L1 to L3, linker sequences for
cloning. (B, C) LCMV NP-Linteraction. 293T cells were seeded (4.5 X 10° cells/10-cm plate) and cultured overnight prior to transfection with plasmids expressing either
WT or Strep-tagged NP (2 ng), FLAG- or Strep-tagged L (8 .g), T7 polymerase (T7 pol; 2 pg), and LCMV MG (pT7-MG, previously described as pMG#7A2G [15]; 2
pg), using 1 mg/ml polyethyleneimine Max (PEI Max) (2 pl PEI Max/pg of DNA). “+” or “—” indicates the presence or absence, respectively, of plasmid in the
transfection mixture. At 72 h posttransfection, cells were washed with phosphate-buffered saline (PBS) and lysed with 1 ml of cell lysis buffer (CLB; 50 mM Tris-HCI [pH
7.4], 150 mM NaCl, 0.5% NP-40, 1 mM EDTA) supplemented with protease and phosphatase inhibitor cocktail (Thermo Scientific). Cell lysates were clarified by
centrifugation at 15,000 rpm at 4°C for 10 min and incubated for 2 h at 4°C with Strep-Tactin resin (Strep-Tactin Super flow Plus, Qiagen). Beads were washed three times
(1 ml of CLB each wash) and the Strep-tagged protein complex was eluted using CLB containing 2.5 mM desthiobiotin. Proteins present in cleared cell lysates (Input)
and eluates (PD: Strep) were fractionated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using 4 to 20% gradient polyacrylamide gels and
electroblotted onto polyvinylidene difluoride membranes (Immobilon transfer membranes, Millipore). To detect FLAG-, Strep-, and hemagglutinin (HA)-tagged
proteins, membranes were incubated with anti-FLAG (rabbit polyclonal), anti-Strep (mouse monoclonal), and anti-HA (rabbit polyclonal) antibodies, respectively,
followed by the corresponding secondary antibodies conjugated with horseradish peroxidase. SuperSignal West Pico, Dura, or Femto chemiluminescent substrate
(Thermo Scientific) was used to produce chemiluminescent signals that were visualized using ImageQuant LAS 4000 (GE Healthcare Life Science). In some experiments,
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FIG 2 The IGR is not required for efficient L-NP interaction. (A) Schematic diagrams of MG constructs. LCMV MG constructs containing either the LASV or
the JUNV IGR or lacking the IGR were generated using PCR-based mutagenesis by replacing the IGR sequence of pT7-MG with LASV or JUNV IGR or deleting
the IGR and also deleting residual NP and GPC ORF-derived sequences and a linker sequence (L1). L4 and L5, linker sequences for cloning. (B, C) Effect of the
IGR on MG RNA synthesis and gene expression. 293T cells (4.5 X 10° cells/well; 12-well plate) were transfected with plasmids expressing NP (0.3 p.g), L [L(+);
0.3 pg], and T7 RNA polymerase (0.5 pg) together with the indicated LCMV MG-expressing plasmid (0.5 .g) containing different IGR sequences or lacking the
IGR (AIGR) (14). Empty pCAGGS plasmid was used instead of L-expressing plasmid [L(—)] as a negative control. At 72 h posttransfection, cells were collected
and analyzed for CAT expression by ELISA and RNA synthesis by Northern blotting using a CAT antisense probe. 285 rRNA was detected by methylene blue
staining. Representative Northern blot data from triplicate samples are shown. CAT and viral RNA expression levels in cells transfected with WT LCMV MG
plasmid were set to 100%. Data represent means = SD of results from triplicate samples. (D) Pulldown assay was performed as described for Fig. 1B. Values for
input and PD samples correspond to 0.5% and 10%, respectively, of values for whole-cell lysates.

action. These results also support the view that structural features, be observed by providing in frans an in vitro-transcribed RNA
rather than specific sequences, within the IGR contribute to the containing the virus-specific 3" and 5’ termini of the MG RNA
regulation of arenavirus gene transcription. sequences in the absence of an active vVRNP. For this, we prepared

We next examined whether enhanced L-NP interaction could lysates of 293T cells transfected with NP- and L-expressing plas-

amouse monoclonal antibody to FLAG (clone 2H8) was used for the detection of FLAG-tagged proteins. (D) Virus-specific RNA is not required for NP-NP interaction.
293T cells were seeded (9.0 X 10° cells/M6 well) and cultured overnight prior to transfection with pPCAGGS-NP-HA (2 pg) and 2 pg of either pC-NP (WT NP) or
pC-Strep-NP (Strep-NP) (18, 20). At 72 h posttransfection, pulldown assays were performed as described for panel B. (E) LASV L-NP interaction. 293T cells were seeded
(6.6 X 10° cells/T75 flask) and cultured overnight prior to transfection with 3 g of either pC-LASV-NP (WT LASV-NP) or pC-Strep-LASV-NP (Strep-LASV-N), 12
pg of pC-FLAG-LASV-L (FLAG-LASV-L), and 3 pg of pPCAGGS-T7pol (T7 pol), together with 3 pug of pT7-LASV-MG (pT7-LASV-MG), using PEI Max. “+” or “—”
indicates the presence or absence, respectively, of plasmid in the transfection mixture. At 72 h posttransfection, cleared cell lysates (Input) were prepared as described for
panel B, and two-thirds of the cell lysate was subjected to Strep-Tactin-based PD performed as described for panel B. One-third of the cell lysates was incubated for 2 h
at 4°C with protein A+G Sepharose beads (1:1 mixture) pretreated with anti-FLAG antibody (2H8). After three washes of the Sepharose beads with 1 ml of CLB,
FLAG-tagged protein was detached from the Sepharose beads by boiling in SDS loading buffer (IP: anti-FLAG). (F) MG activity of tagged LCMV NP and L proteins. 293T
cells were seeded (4.0 X 10° cells/M12 well) and cultured overnight prior to transfection with pT7-MG (0.5 pg), pPCAGGS-T7pol (0.5 pg), and NP-expressing plasmid
(WT, pC-NP; HA, pC-NP-HA; Strep, pC-Strep-NP) (0.3 .g), together with L protein-expressing plasmids (WT, pC-L; FLAG, pC-FLAG-L; Strep, pC-Strep-L) (0.3 pg).
Empty pCAGGS was used as a negative control [L(—)]. At 72 h posttransfection, CAT expression levels were measured using a CAT enzyme-linked immunosorbent
assay (ELISA) kit (Roche). CAT expression levels of WT NP- and L-transfected cells were set to 100%. Data represent means * standard deviations (SD) of results from
triplicate samples. (G) MG activity of tagged LASV NP and L proteins. 293T cells were seeded (4.5 X 10° cells/M12 well) and cultured overnight prior to transfection with
pT7-LASV-MG (0.5 pg), pPCAGGS-T7pol (0.5 pg), and 0.3 pg of NP-expressing plasmid (WT, pC-LASV-NP; Strep, pC-Strep-LASV-NP), together with 0.6 pg of L
protein-expressing plasmid (WT, pC-LASV-L; FLAG, pC-FLAG-LASV-L). pCAGGS-Empty, instead of L protein-expressing plasmid, was used as a negative control
[L(—)]. At 72 h posttransfection, CAT expression levels were measured using a CAT ELISA kit (Roche). CAT expression levels of WT NP- and L-transfected cells were
set to 100%. Data represent means = SD of results from triplicate samples. The total amount of DNA represented in panels B to G was adjusted using empty pCAGGS.
For panels B to D, values for input and PD samples correspond to 1% and 20%, respectively, of values for whole-cell lysates. For panel E, values for input, IP, and PD
samples correspond to 0.5%, 6.7%, and 6.7%, respectively, of values for whole-cell lysates. DNA fragments containing full-length ORFs of NP and L protein of either
LCMV or LASV tagged at their N termini with either FLAG or two Strep sequences connected by the GGGS? linker sequence were subcloned into the expressing plasmid
PCAGGS. pT7-LASV-MG was generated using the backbone of LCMV MG plasmid pT7-MG. LCMV-specific sequence was removed by digestion with AvrIl and
replaced with commercially synthesized, AvrII-flanked LASV (Josiah strain) S segment-specific sequence containing 5" and 3" UTRs, the IGR, and BstI and BsmBI
restriction sites at the NP and GPC loci, respectively, for cloning. The CAT reporter gene was cloned in to substitute for the NP ORF.
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FIG 3 L-NP interaction is not supported by in vitro-transcribed MG RNA. (A)
Effect of in vitro-transcribed virus-specific RNA on LCMV NP-L interaction. A
DNA fragment containing the LCMV MG construct with enhanced green
fluorescent protein (EGFP) and CAT genes in GP and NP loci, respectively,
was amplified using a forward primer containing the T7 promoter sequence (5'-
GAAATTAATACGACTCACTATAGGGCGCACCGG-3), a reverse primer
(5'-CGCACAGTGGATCCTAGGCATTTGATTGCG-3'), and pMG/S-CAT/
GFP (14) as a template by PCR. Using this DNA fragment as a template, LCMV
MG RNA in the genome polarity was transcribed using the T7 polymerase
system (MAXIscript, Ambion) (MG-RNA). 293T cells (4.0 X 10° cells/10-cm
dish) were cultured overnight and transfected with 3 g of either pC-NP (WT
NP) or pC-Strep-NP (Strep-NP) and 10 pg of pC-FLAG-L (FLAG-L), together
with 3 pug of pCAGGS-T7pol (T7-pol) and 3 pg of pT7-MG using PEI Max.
“+” or “—” indicates the presence or absence, respectively, of plasmid in the
transfection mixture. Total amount of DNA was adjusted using empty
pCAGGS. At 72 h posttransfection, cells were washed with PBS and lysed with
1 ml of CLB supplemented with a protease and phosphatase inhibitor cocktail.
Cell lysates were clarified by centrifugation (15,000 rpm at 4°C for 10 min) and
incubated with (+) or without (—) 500 ng of MG RNA at 4°C for 16 h, prior to
PD with Strep-Tactin resin (Strep-Tactin Super flow Plus, Qiagen) at 4°C for 2
h. Beads were washed three times with 1 ml of CLB and the associated protein
complex was eluted using CLB containing 2.5 mM desthiobiotin. Protein lev-
els present in cleared cell lysate (Input) and eluate (PD: Strep) were deter-
mined by Western blotting. Values for input and PD-analyzed samples corre-
spond to 0.5% and 10%, respectively, of values for whole-cell lysate. (B) The
quality of RNA transcript (500 ng) used for panel A was examined by agarose
gel electrophoresis.

mids and added to them an in vitro-transcribed MG RNA
(Fig. 3B). Subsequently, samples were subjected to PD assay as
described in the legend to Fig. 1B. Consistent with our previous
findings, L-NP interaction was enhanced in cells that supported
vRNP-mediated viral RNA synthesis, whereas exogenously added
in vitro-transcribed MG RNA failed to promote L-NP interaction
(Fig. 3A), suggesting that the formation of an active RNP is re-
quired for support of L-NP interaction.

To further confirm that L-NP interaction required for RNA
synthesis is enhanced by virus-specific RNA sequences, we used
the LCMV NP mutant with a D-to-A change at position 382
(D382A), which was shown to be dramatically affected in NP 3'-5’
exonuclease activity and ability to interfere with induction of type
I interferon (IFN-I), without being significantly affected in NP
activity in the LCMV MG rescue system (20). We predicted that
although the D382A mutation had a great impact on a biologically
important function of NP, this mutation should not affect L-NP
interaction in the presence of virus-specific RNA. Both the WT
and the D382A NPs were similarly efficient in their ability to PD L
protein in the presence of virus-specific RNA (Fig. 4A). Consistent
with our previous findings, D382A substitution did not signifi-
cantly affect MG activity (Fig. 4B).
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FIG 4 L-NP interaction is not affected by a mutation that abrogates the anti-
IFN activity of NP. (A) Interaction between NP (D382A) and L in the presence
of virus-specific RNA. To construct a plasmid expressing Strep-tagged NP
D382A, a DNA fragment containing the D382A substitution of pC-NP D382A
HA was subcloned into the corresponding region of Strep-tagged NP-express-
ing plasmid used for Fig. 1B by digestion with EcoNTI and Bbsl, followed by a
ligation step (20). 293T cells (4.5 X 10° cells/10-cm dish) were cultured over-
night prior to transfection with 8 pg of FLAG-L-expressing plasmid, 2 pg of
untagged WT (WT NP) or Strep-tagged WT (Strep-NP) or D382A NP-ex-
pressing (Strep-NP D382A) plasmid, 2 pg of LCMV MG plasmid, and 2 g of
T7 pol-expressing plasmid, using PEI Max. “+” or “—” indicates the presence
or absence, respectively, of plasmid in the transfection mixture. The total
amount of DNA was adjusted using empty pCAGGS. At 72 h posttransfection,
cells were lysed and PD was performed as described for Fig. 1B. Protein levels
present in cleared cell lysate (Input) and eluate (PD: Strep) were examined by
Western blotting. Values for input and PD-analyzed samples correspond to
0.5% and 10%, respectively, of values for whole-cell lysate. (B) Strep-tagged
NP-D382A retained WT-like activity in the MG rescue assay. 293T cells (4.5 X
10 cells/well; 12-well plate) were cultured overnight and transfected with 0.5
pg of pT7-MG, 0.5 pg of pPCAGGS-T7pol, and 0.3 g of the indicated NP-
expressing plasmid together with 0.3 pg of L protein-expressing plasmid.
Empty pCAGGS was used instead of L protein-expressing plasmid as a nega-
tive control [L(—)]. At 72 h posttransfection, CAT expression levels were mea-
sured by a CAT ELISA kit (Roche). CAT expression levels of WT NP- and
L-transfected cells were set to 100%. Data represent normalized means *+ SD
of results from triplicate samples.

Our results have shown that virus-specific RNA promotes are-
navirus L-NP interaction. Intriguingly, a previous study reported
coimmunoprecipitation (co-IP) of L-NP in the absence of arena-
virus-specific RNA with the use of a vaccinia virus system (MVA-
T7pol)-based expression system for L and NP (21). These appar-
ently conflicting findings can be explained considering that the
MVA-T7pol-based expression system results in hyperphysiologi-
cal levels of L and NP that may overcome the requirement for
virus-specific RNA. Expression levels of L protein are very low in
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infected cells, and direct L-NP interaction may also be of low
affinity. Therefore, it is plausible that efficient VRNP-directed viral
RNA synthesis is promoted by an enhanced interaction of L with
the bona fide virus nucleocapsid template where NP tightly inter-
acts with the viral RNA. On the other hand, a low affinity of the
direct L-NP interaction might facilitate travel of the L protein
through NP-encapsidated viral genomic and antigenomic RNA
species during the biosynthetic processes of RNA replication and
gene transcription.
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