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ABSTRACT

The arenavirus nucleoprotein (NP) is the main protein component of viral nucleocapsids and is strictly required for viral ge-
nome replication mediated by the L polymerase. Homo-oligomerization of NP is presumed to play an important role in nucleo-
capsid assembly, albeit the underlying mechanism and the relevance of NP-NP interaction in nucleocapsid activity are still
poorly understood. Here, we evaluate the contribution of the New World Tacaribe virus (TCRV) NP self-interaction to nucleo-
capsid functional activity. We show that alanine substitution of N-terminal residues predicted to be available for NP-NP interac-
tion strongly affected NP self-association, as determined by coimmunoprecipitation assays, produced a drastic inhibition of
transcription and replication of a TCRV minigenome RNA, and impaired NP binding to RNA. Mutagenesis and functional anal-
ysis also revealed that, while dispensable for NP self-interaction, key amino acids at the C-terminal domain were essential for
RNA synthesis. Furthermore, mutations at these C-terminal residues rendered NP unable to bind RNA both in vivo and in vitro
but had no effect on the interaction with the L polymerase. In addition, while all oligomerization-defective variants tested exhib-
ited unaltered capacities to sustain NP-L interaction, NP deletion mutants were fully incompetent to bind L, suggesting that,
whereas NP self-association is dispensable, the integrity of both the N-terminal and C-terminal domains is required for binding
the L polymerase. Overall, our results suggest that NP self-interaction mediated by the N-terminal domain may play a critical
role in TCRV nucleocapsid assembly and activity and that the C-terminal domain of NP is implicated in RNA binding.

IMPORTANCE

The mechanism of arenavirus functional nucleocapsid assembly is still poorly understood. No detailed information is available
on the nucleocapsid structure, and the regions of full-length NP involved in binding to viral RNA remain to be determined. In
this report, novel findings are provided on critical interactions between the viral ribonucleoprotein components. We identify
several amino acid residues in both the N-terminal and C-terminal domains of TCRV NP that differentially contribute to NP-NP
and NP-RNA interactions and analyze their relevance for binding of NP to the L polymerase and for nucleocapsid activity. Our
results provide insight into the contribution of NP self-interaction to RNP assembly and activity and reveal the involvement of
the NP C-terminal domain in RNA binding.

Viruses belonging to the Arenaviridae family are classified into
two main groups, Old World (OW) and New World (NW),

according to phylogeny, serological properties, and geographical
distribution (1). Several members of this family, such as the NW
Junin virus (JUNV) and the OW Lassa virus (LASV), produce
serious hemorrhagic fever in humans. Tacaribe virus (TCRV), the
prototype of NW arenaviruses, is nonpathogenic, closely related
to JUNV, and has been used as a model in numerous studies (1–4).
Arenaviruses are enveloped, and their genome is organized in two
single-stranded negative-sense RNA segments, called S and L.
Both genomic RNAs exhibit an ambisense strategy to encode two
proteins: (i) the RNA-dependent RNA polymerase (L protein)
and the matrix Z protein in the L RNA and (ii) the precursor of the
envelope glycoproteins (GPC) and the nucleoprotein (NP) in the
S RNA (2, 5).

NP is the most abundant viral protein in both infected cells and
virions and exhibits multiple functions throughout the viral life
cycle. Association of NP with the viral RNA segments not only
confers protection to the genome but also is essential for synthesis
of viral RNA. Indeed, multiple copies of NP associate with the viral
genomic and antigenomic RNAs forming ribonucleoprotein

(RNP) complexes called nucleocapsids, which along with the L
polymerase are the biologically active units for transcription of
nonencapsidated, subgenomic viral mRNAs and for viral genome
replication (6–8). Besides, interaction between NP and the matrix
Z protein has been shown to be an important element for packag-
ing of RNPs into viral particles during virion morphogenesis (9–
13). Arenavirus NP has also been linked to inhibition of type I
interferon induction (14–19) and in the case of JUNV, NP has
been proposed to act as a decoy substrate for apoptosis inhibition
in infected cells (20).

Received 31 January 2014 Accepted 18 March 2014

Published ahead of print 2 April 2014

Editor: S. R. Ross

Address correspondence to Nora Lopez, nlopezcevan@centromilstein.org.ar.

* Present address: Maria Eugenia Loureiro, University of California, San Diego,
Division of Biological Sciences, La Jolla, California, USA.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.

doi:10.1128/JVI.00321-14

6492 jvi.asm.org Journal of Virology p. 6492– 6505 June 2014 Volume 88 Number 11

 on July 4, 2017 by guest
http://jvi.asm

.org/
D

ow
nloaded from

 

http://dx.doi.org/10.1128/JVI.00321-14
http://jvi.asm.org
http://jvi.asm.org/


The crystal structure of full-length NP, determined for a
unique member of the Arenaviridae family, LASV, revealed that
this protein is composed of two folding domains: N terminal (N-
ter [residues 1 to 338]) and C terminal (C-ter [residues 364 to
569]) (21, 22). Furthermore, recombinant LASV NP purified
from bacteria or insect cells was crystallized as an RNA-free trimer
exhibiting two possible conformations (21, 22). One is a symmet-
ric trimer displaying a head-to-tail (N-ter-to-C-ter) arrangement
of monomers; the alternative configuration (asymmetric trimer)
consists of two chains exhibiting a head-to-head (N-ter-to-N-ter)
dimerization interface, which are loosely connected with the third
NP monomer. In solution, the predominant conformation was
identified as being similar to the symmetric trimer (21). Binding
of RNA to the LASV NP monomer has been predicted in a posi-
tively charged groove between the N- and C-terminal domains
(22). Also, crystal structures of the N-ter domain of LASV NP in
complex with RNA have shown the RNA bound in a basic crevice
between the head and body regions that comprise this domain
(23). However, no structural information is available on full-
length NP in complex with RNA, and the participation of the
C-ter domain in binding to viral RNA remains to be determined.

By means of mutagenesis analysis, we previously defined two
(N-ter and C-ter) independent functional domains within TCRV
NP, which is consistent with the two-domain structure described
simultaneously for the full-length LASV NP monomer. Our stud-
ies demonstrated that TCRV NP is able to self-oligomerize with a
yet undefined molecularity and identified the N-ter domain (res-
idues 1 to 332) as being essential for NP self-interaction (11).
Biochemical evidence supporting the relevance of the N-ter do-
main in self-association has also been reported for the NP of the
OW arenaviruses lymphocytic choriomeningitis virus (LCMV)
and LASV (24, 25). Although NP homo-oligomerization is pre-
sumed to play a role in assembly of viral nucleocapsids, the under-
lying mechanism and the role of NP self-association in the multi-
ple activities of the RNP remain poorly understood.

Here, we report evidence demonstrating a distinct critical role
of specific TCRV NP N-terminal and C-terminal amino acid res-
idues in self-interaction and viral nucleocapsid functional activity.
By combining mutagenesis analysis and biochemical and func-
tional assays, we identify several N-terminal residues that are es-
sential for NP-NP interaction and for the participation of NP in
sustaining RNA transcription and replication mediated by the L
polymerase, as well as for RNA binding. Our results also reveal
that key C-terminal residues that are not required for NP self-
association are critically important for RNA binding. Addition-
ally, our findings provide novel insight into the requirements of
the interaction between NP and the L polymerase.

MATERIALS AND METHODS
Cells and virus. BSR (a clone of BHK-21) and CV1 cells were grown in a
5% CO2 atmosphere at 37°C, using Glasgow minimum essential medium
(GMEM; Invitrogen) and Dulbecco’s modified Eagle’s medium (DMEM;
Invitrogen), respectively. Growth media were supplemented with glu-
tamine (2 mM), 10% fetal calf serum (FCS) (Invitrogen), and penicillin
(100 U/ml)-streptomycin (100 �g/ml) (Invitrogen). Recombinant vac-
cinia virus vTF7-3, which expresses the T7 RNA polymerase (26), was
kindly provided by Bernard Moss (National Institutes of Health, Be-
thesda, MD).

Plasmids. Plasmids expressing the Flag- or c-Myc-tagged versions of
TCRV NP (pTCRV N-Flag and pTCRV N-myc, respectively) and plas-
mids pN�1–359, pN�334 – 476, and pN�477–570, which express TCRV

NP deletion mutants, were generated previously (9, 11). Amino acid sub-
stitutions were introduced in the TCRV NP full-length sequence using a
QuikChange site-directed mutagenesis kit (Stratagene), with pTCRV N-
Flag as the template and primers containing the mutated sequences. The
pTM1 vector-based plasmid pTacV L (referred to as “pTCRV L” hereaf-
ter) encoding the TCRV L protein was constructed previously (9). Plas-
mid pS-CAT expresses a minigenome (MG) RNA, here designated “MG-
CAT,” which is an analogue to the TCRV S genomic segment. This MG
comprises the complete S genome 5= untranslated region (UTR) followed
by a linker sequence, the S intergenic region, the chloramphenicol acetyl-
transferase (CAT) open reading frame (ORF) in an antisense orientation,
and the complete S genome 3=UTR (9). Plasmid pMG-FLUC expresses an
MG (designated “MG-FLUC”) that includes the firefly luciferase (FLUC)
reporter gene in the negative sense. To generate plasmid pMG-FLUC, the
CAT ORF was replaced by the FLUC coding sequence in plasmid pS-CAT
by standard PCR and cloning methods. Plasmid pGenCAT, which ex-
presses an MG (GenCAT) containing the negative-sense copy of the CAT
reporter gene flanked by the TCRV S 5= and 3=UTRs (8), was modified as
follows. A KpnI site was first introduced downstream of the 3= end of the
MG sequence by site-directed mutagenesis. Next, a 461-bp fragment of
the CAT sequence was deleted from the mutated construction by cleavage
with EcoRI, followed by treatment with Klenow to fill in the ends, diges-
tion with SnaBI, and gel purification and religation of the largest frag-
ment. The resulting plasmid, pGenCAT�, encodes a truncated version of
MG GenCAT (designated MG-CAT�) that was employed as bait for in
vitro RNA-binding assays (see below). All constructs were checked by
dideoxynucleotide double-stranded DNA sequencing (Macrogen, Inc.).
All primer sequences and vector maps are available upon request. Plasmid
pCMV-T7pol expresses the bacteriophage T7 RNA polymerase under cy-
tomegalovirus promoter control (27) and was kindly provided by Martin
A. Billeter (University of Zurich, Irchel, Switzerland).

DNA transfections. Mammalian cell monolayers grown in 12-well
plates were transfected with the indicated amounts and combinations of
plasmids using Lipofectamine 2000 reagent (Invitrogen), according to the
manufacturer’s instructions. Expression of viral proteins from transfected
plasmids was driven by the T7 RNA polymerase supplied in trans. To this,
transfections of BSR cells always included 1 �g of pCMV-T7pol per well,
and transfections of CV1 cells were preceded by infection with vTF7-3 (3
to 5 PFU per cell) for 1 h at 37°C, as described before (8). In all transfec-
tions, the total amount of transfected DNA was kept constant by the
addition of empty pTM1 vector DNA.

Analysis of protein-protein interactions by coimmunoprecipita-
tion. For NP-NP interaction analysis, vTF7-3-infected CV1 cell monolay-
ers were transfected with 3 �g of pTCRV N-myc and 3 �g of pTCRV
N-Flag or each of the indicated NP mutant-expressing plasmids. At 24 h
posttransfection (hpt), cells were washed with 1� phosphate-buffered
saline (PBS) and then lysed in buffer TNE-N (50 mM Tris [pH 7.4], 150
mM NaCl, 1 mM EDTA, 0.5 mM dithiothreitol, 0.2% Nonidet P-40)
containing protease inhibitors (20 �g/ml phenylmethylsulfonyl fluoride,
50 �g/ml N-�-tosyl-L-lysine chloromethyl ketone [Sigma-Aldrich]). Cell
lysates were clarified by centrifugation at 16,000 � g for 20 min at 4°C.
Aliquots of cytoplasmic extracts (corresponding to about 2 � 105 cells)
were immunoprecipitated with either rabbit anti-c-Myc polyclonal anti-
body (Santa Cruz Biotechnology) or mouse anti-Flag M2 monoclonal
antibody (MAb) (Sigma-Aldrich), using protein A-Sepharose CL-4B Fast
Flow (Sigma-Aldrich), as previously described (28).

For NP-L interaction analysis, vTF7-3-infected CV1 cells were trans-
fected with 3 �g of pTCRV L or were cotransfected with 3 �g of pS-CAT
and 3 �g of pTCRV N-Flag or each of the indicated NP mutant-expressing
plasmids. Cells were lysed at 24 hpt as indicated above. Then lysates from
pTCRV L-transfected cells were pooled, and an aliquot (corresponding to
about 4 � 105 cells) was combined with an equivalent amount of lysate
from cells expressing either wild-type (WT) or mutant NP or, as a control,
from mock-transfected cells. Mixtures were incubated overnight at 4°C
with constant rocking. Then protein complexes were immunoprecipi-
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tated with a rabbit anti-L polyclonal antibody (29) and protein A-Sephar-
ose beads, as indicated above. To control for unspecific binding of NP to
protein A-beads, an aliquot of lysate containing WT NP was mixed with
an equal volume of mock-transfected cell lysate and subjected to the same
incubation procedure, in the absence of anti-L antibody.

All immunoprecipitation experiments were followed by analysis of the
precipitated proteins by Western blotting.

Western blotting. Proteins were resolved by SDS-PAGE in gels con-
taining 10% (for NP) or 8% (for L) polyacrylamide and then transferred
to a nitrocellulose membrane (Hybond-ECL; GE Healthcare). Blots were
stained with Ponceau-S (Sigma-Aldrich) to control for gel loading and
correct transference (data not shown). Immunodetection was performed
according to a protocol previously described (9), employing rabbit anti-
c-Myc antibody, mouse anti-Flag M2 MAb, anti-TCRV L, or a rabbit
anti-TCRV NP polyclonal serum (29) as the primary antibody. Horserad-
ish peroxidase-conjugated anti-mouse or anti-rabbit secondary antibod-
ies (Jackson ImmunoResearch) were used according to the supplier’s
specifications. Protein bands were visualized with SuperSignal West Pico
chemiluminescent substrate (Thermo Scientific) and quantified by den-
sitometry using ImageJ software (30).

MG assay. The experimental conditions set for intracellular MG tran-
scription and replication were previously reported (9). Briefly, BSR cells
were transfected in duplicates with (per well) 3 �g of plasmid pMG-FLUC
and 1 �g of pTCRV L along with 3 �g of either pTCRV N-Flag or each of
the NP mutant-expressing plasmids. To control for transfection effi-
ciency, 80 ng per well of the Renilla luciferase (RLUC) reporter vector
phRL-TK (Promega) was added to the transfection mixture. At 4 hpt,
supernatants were removed and cells were washed twice with 1� PBS and
further incubated with GMEM containing 2% FCS for 48 h at 37°C. Cell
lysis and quantification of FLUC and RLUC activities on a Biotek FLx800
luminometer were performed using a Promega dual-luciferase reporter
assay system according to the manufacturer’s instructions. For each sam-
ple, FLUC activity was normalized against RLUC activity. The mean value
determined for cells coexpressing MG-FLUC and L with wild-type NP was
defined as 100%.

Northern blot Analysis. BSR cells were transfected to allow MG tran-
scription and replication under the conditions described above, with the
exception that plasmid pMG-FLUC was replaced by plasmid pS-CAT at
the same amounts. Total cellular RNA was purified at 24 hpt using TRIzol
reagent (Invitrogen), following the manufacturer’s instructions. One mi-
crogram of purified RNA was resolved per lane on 1.5% agarose–MOPS
(morpholinepropanesulfonic acid) gels containing 2.2 M formaldehyde.
At the end of the run, ribosomal RNAs were UV visualized upon gel
staining with ethidium bromide. RNA transference to a positively charged
nylon Hybond-N membrane (Roche) and detection of either miniantig-
enome and CAT mRNA or minigenome with in vitro-synthesized 32P-
labeled CAT riboprobes was performed as described previously (8).

In vivo RNA encapsidation assay. CV1 cells were transfected with
(per well) 3 �g of plasmid pS-CAT and 3 �g of either pTCRV N-Flag or
the indicated NP mutant-expressing plasmid. At 24 hpt, cells were lysed in
buffer TNE-N containing protease inhibitors and clarified, as described
above. Cell lysates were incubated with anti-NP antibody-coupled protein
A-Sepharose 4B Fast Flow, and immunocomplexes were collected by cen-
trifugation, as previously reported (8). Then immunocomplexes were
treated with TRIzol (Invitrogen) to isolate both RNA and proteins, as
indicated by the manufacturer. The RNA was ethanol precipitated from
the aqueous phase after addition of 1 �g of total RNA from mock-infected
CV1 cells as carrier, which also served as an internal control for the fol-
lowing step. Purified RNA was retrotranscribed with SuperScript reverse
transcriptase (Invitrogen) using a CAT-specific primer and a primer spe-
cific for the glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
housekeeping gene. The resulting cDNA was employed as the template to
amplify either a CAT- or a GAPDH-specific 110-bp DNA fragment by
real-time PCR using Power SYBR green (Invitrogen). Amplification reac-
tions were run in triplicate under the following conditions: 10 min at 95°C

followed by 40 cycles of 94°C for 15 s and 60°C for 60 s. For each sample,
average threshold cycle (CT) values determined for CAT were normalized
to the average CT values for GAPDH. The level of MG-CAT RNA associ-
ated with mutant NP relative to the amount of MG-CAT RNA encapsi-
dated by wild-type NP was estimated using the 2���CT equation. Gene-
specific primers were designed with the Primer Express software (Applied
Biosystems); sequences are available upon request.

In vitro RNA-binding assay. Plasmid pGenCAT� was linearized with
KpnI followed by Klenow fragment treatment to remove overhanging
nucleotides and then purified by phenol-chloroform extraction and eth-
anol precipitation. Linearized pGenCAT� DNA was used as the template
for in vitro transcription employing a T7 RNA polymerase-based tran-
scription kit (MegaScript-Ambion). The RNA transcript (MG-CAT�),
which contains the complete TCRV S 5= and 3=UTRs flanking a truncated
version of the CAT gene, was purified by Illustra MicroSpin G-50 columns
(GE Healthcare Life Sciences) and then immobilized onto agarose beads
according to a well-established procedure (31, 32). Briefly, 10 �g of syn-
thetic RNA was activated by incubation in 5 mM sodium m-periodate
(Sigma-Aldrich)–100 mM sodium acetate (pH 5.0) for 1 h at room tem-
perature in the dark. After ethanol precipitation, the RNA was resus-
pended in 500 �l of 100 mM sodium acetate (pH 5.0) and mixed with 300
�l of a 50% slurry of adipic acid dihydrazide-agarose beads (Sigma-Al-
drich) previously equilibrated in 100 mM sodium acetate (pH 5.0). Fol-
lowing incubation for 18 h at 4°C with constant rotation, RNA-coupled
beads were pelleted by centrifugation, extensively washed (three times
with 1 ml of 2 M NaCl plus three times with 1 ml of TNE-N containing
protease inhibitors), and resuspended in 300 �l of the final washing buf-
fer. Fifty microliters of the RNA-bead slurry was mixed with aliquots
(corresponding to about 4 � 105 cells) of lysates from CV1 cells expressing
either wild-type or mutant NP as indicated and then incubated overnight
at 4°C. Protein-RNA-bead complexes were collected after low-speed cen-
trifugation for 2 min, washed four times with 1 ml of TNE-N, and pelleted
by a final centrifugation step. Proteins bound to the immobilized RNA
were eluted by addition of 25 �l of 3� SDS-PAGE loading buffer and
analyzed by Western blotting to detect NP.

Sequence analysis and prediction of TCRV NP structure. All arena-
virus sequences were retrieved by BLAST, using TCRV NP (Uniprot ac-
cession no. L7X3T1_TACV; www.uniprot.org/uniprot/L7X3T1) as the
query in the NCBI nonredundant database. Multiple sequence alignments
were done by t_coffee (33) on a set of 116 nonredundant NP sequences
and on a subset of 23 representative NP sequences. Amino acid conserva-
tion scores were retrieved at the ConSurf server (http://consurf.tau.ac.il
/index_proteins.php). Both alignments gave comparable conservation
scores at the positions analyzed. Data are available upon request.

A three-dimensional (3D) model of TCRV NP (Uniprot accession no.
L7X3T1_TACV), restricted to the region comprised between residues 7
and 563, was created with MODELLER (34, 35), based on the full-length
LASV NP crystal structure (Protein Data Bank [PDB] code 3MWP) (22).
Validation of the model was carried out by ProSA (36) and Verify3d (37).
Also, the stereochemical quality of the model was assessed by Ramachan-
dran plot using PROCHECK (38). Superimposition (39) with 3MWP
gave a global root mean square deviation (RMSD) of 0.352 Å across 506
equivalent positions. The symmetric trimer of TCRV NP was modeled
using PDB coordinates kindly provided by Markus Perbandt (University
of Hamburg) as the template. Modeling of the TCRV NP asymmetric
trimer was based on the X-ray structure 3MWP. The methodology de-
scribed above was also employed to generate and validate the molecular
model of the TCRV NP N-terminal domain based on the structure of the
LASV NP N-ter domain bound to RNA (PDB code 3T5N) (23). The
N-terminal structure gave a global RMSD of 0.36 Å across 281 equivalent
positions. All of the evaluations supported the correctness of the models.

RESULTS
Effect of N-terminal and C-terminal mutations on TCRV NP
self-interaction. Previous studies on TCRV and LCMV demon-
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strated that NP self-associates in mammalian cells into oligomers
and that the NP N-ter domain plays a relevant role in homo-
oligomerization (11, 24). Furthermore, a 28-residue region pre-
dicted to fold into an �-helix (helix 5) within the N-ter domain
was identified as being essential to sustain TCRV NP self-associa-
tion (11). However, the mechanism by which NP homo-oli-
gomerization contributes to RNP assembly as well as to viral tran-
scription and replication remains unclear. In order to investigate
the impact of TCRV NP self-interaction in active nucleocapsid
assembly, and based on these precedents, we first aimed at further
defining N-terminal residues engaged in NP-NP contacts and
evaluating their participation in RNA synthesis. Considering that
no full-length structure of any NW arenavirus NP is already avail-
able, we generated molecular models of both the monomer and
the symmetric trimer of TCRV NP employing the 3D structure
of LASV NP (50% sequence identity) as the template. On the basis
of the location in these models as well as on the conservation score

of individual positions across the Arenaviridae in multiple se-
quence alignments (data not shown), amino acid residues that
were candidates for mutagenesis were identified at both the head
and body regions of the N-ter domain (Fig. 1A and 2A). Specifi-
cally, three sets of targets were selected. One of them comprises
residues located at the protein surface outside any interface found
in the trimer. Within this group, the strictly conserved amino
acids M286 and F287 and nearby positions were mutated to obtain
the NP G285A/M286A, F287A/I288A, and D290A/R291A vari-
ants. Likewise, a set of highly conserved amino acid residues,
Q195, L202, T205, D213, and L217, also potentially accessible for
NP-NP interactions, were individually replaced by alanine (Fig.
1A). A second set of single- or double-point alanine substitutions
were introduced at conserved charged residues within �-helix 5 to
generate the R96A/E98A, D105A/K108A, K110A, K110A/K112A
and R115A mutants (Fig. 1B). Finally, a third group of selected
targets included residues K56 and Q185, which lie at the presumed

FIG 1 Location of amino acid residues selected as targets for mutagenesis in the TCRV NP model. (A) The modeled NP monomer is shown as a ribbon diagram;
relevant residues at the protein surface are indicated. (B) Ribbon representation centered at �-helix 5. (C) (Top) Schematic representation of the NP symmetric
trimer; the head-to-tail intermonomeric interface is indicated with a dashed circle. (Bottom) Predicted interface between monomers A and B, rendered as
ribbons. (D) Ribbon representation centered at the NP C-ter domain. The mutated residues are located outside the head-to-tail interface. (A to D) The head and
body regions of the N-ter domain and the C-ter domain are shown in dark gray, white, and light gray, respectively. Mutated amino acid residues are shown as
sticks. In panels A and B, N-terminal �-helices 5 (�5), 6, and 15 and C-terminal �-helix 19 are indicated.

Tacaribe Arenavirus Nucleocapsid Activity

June 2014 Volume 88 Number 11 jvi.asm.org 6495

 on July 4, 2017 by guest
http://jvi.asm

.org/
D

ow
nloaded from

 

http://jvi.asm.org
http://jvi.asm.org/


head-to-tail interface within the trimeric model (Fig. 1C). Wild-
type and mutant NPs were expressed fused to the Flag epitope at
the N terminus, as we have previously shown that Flag-tagged
TCRV NP (NP-Flag) is fully functional in a minireplicon system
(9). Subsequently, the ability of mutant proteins to self-interact
was evaluated by coimmunoprecipitation assays, as previously de-
scribed (11). Briefly, a c-Myc-tagged version of TCRV NP was
coexpressed with either wild-type NP-Flag or each of the NP vari-
ants in mammalian cells. Aliquots of the cell lysates were incu-
bated with either anti-Flag or anti-c-Myc antibody, and the pre-
cipitated proteins were analyzed by Western blotting (Fig. 2B).
Controls indicated that the antisera did not cross-react and that
NP-myc coimmunoprecipitated with wild-type NP-Flag specifi-
cally (see lanes 1 to 3 in the immunoprecipitation [IP] and lysate
panels). The results also showed that mutant proteins, which were

expressed at levels similar to WT NP (lysate panels, lanes 4 to 24),
displayed two distinct phenotypes. While a few NP mutants ex-
hibited almost unmodified capacities to self-associate, ranging
around 80 to 90% of that of the NP WT (the K110A, R115A,
Q195A, and D290A/R291A mutants in lanes 6, 8, 9, and 16 in the
IP panels), most mutations clearly reduced or abrogated NP-self-
interaction (IP panels, lanes 4, 5, 7, 10 to 15, 21, and 22). Overall,
these results confirmed the participation of the TCRV NP N-ter
domain in self-association, suggesting that several residues lo-
cated at the NP surface, being engaged or not in head-to-tail in-
teractions in a putative trimer, as well as a subset of the examined
residues placed at �-helix 5, are involved in NP-NP contacts.

Because the C-terminal residue D471, which is strictly con-
served across the Arenaviridae, has been recently reported to be
essential for homo-oligomerization of LCMV NP (40), we next

FIG 2 Identification of amino acids critical for TCRV NP self-interaction. (A) Schematic representation of wild-type TCRV NP. Numbers on top indicate
positions on the TCRV NP amino acid sequence that were replaced by alanine. The numbering of the corresponding residues on LASV NP sequence is indicated
below the scheme. Boxes represent regions comprised in the head (H, dark gray) or the body (B, white) of the N-ter domain; numbers indicate their boundaries.
The C-ter domain is represented with a light gray box. (B) CV1 cells were transfected to express a c-Myc-tagged version of wild-type TCRV NP (NP-myc) and
either NP-Flag (WT) or each of the indicated Flag-tagged NP mutants. As a control, NP-Flag and NP-myc were expressed alone (lanes 1 and 2). Cell extracts
obtained at 24 hpt were immunoprecipitated using either anti-Flag (IP: �-Flag) or anti-c-Myc (IP: �-cMyc) antibody. Precipitated proteins (IP panels) and
aliquots of input cell lysates were examined by Western blotting, using anti-Flag (WB: �-Flag) or anti-c-Myc (WB: �-cMyc) antibody, as indicated. To estimate
NP self-interaction (NP-NP%), the amount of NP-Flag (WT or mutant) coimmunoprecipitated with NP-myc using anti-c-Myc antibody was normalized for
NP-Flag (WT or mutant) expression. Conversely, the amount of NP-myc coimmunoprecipitated with NP-Flag (WT or mutant) using anti-Flag antibody was
normalized for NP-myc expression. For each set of data (IP: �-cMyc and IP: �-Flag), the ratio calculated for each mutant was expressed as a percentage of that
calculated for the WT, taken as 100%. Mean values from at least two independent experiments are presented; standard deviations ranged from 0 to 12%, except
for the R96A/E98A, Q185A, L202A, and T205A mutants, which displayed self-interaction values of 35% � 11%, 14% � 8%, 3% � 1%, and 11% � 3%,
respectively. (�), undetectable; �, anti. Arrowheads on top in panel A show the mutations associated with the self-association-defective phenotype.
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sought to analyze the involvement of the corresponding position
(D475) and its local environment in TCRV NP-NP contacts. To
this end, a double-alanine substitution was engineered to obtain
the TCRV NP D475A/L476A mutant. Residues G472, R473, and
K474, placed at the loop harboring amino acid D475, as well as
nearby residues P452 and N453, located in the neighboring loop
(Fig. 1D), were mutated to generate NP G472A/R473A, K474A,
and P452A/N453A variants. Likewise, alanine substitutions were
introduced within the C-ter domain at conserved residues D434
and D497, which are located far apart from D475 and predicted to
be placed at the head-to-tail interface in the TCRV NP trimeric
model (Fig. 1C). When analyzed by coimmunoprecipitation, all
C-terminal mutants displayed unaltered self-binding capacities
compared to the NP WT (Fig. 2B, IP panels, lanes 17 to 20, 23, and
24). Thus, the C-terminal residue D475, corresponding to LCMV
NP D471, and those in its vicinity (G472, R473, K474, L476, P452,
and N453), as well as distant, conserved residues D434 and D497,
appear to be unnecessary for TCRV NP-NP interactions.

Effect of NP mutations on RNA synthesis, interaction of NP
with the L polymerase, and NP binding to RNA. Based on the
hypothesis that NP oligomerization must be essential for viral
RNA encapsidation, disruption of NP-NP contacts is expected to
cause impairment in the synthesis of viral RNA. However, there is
still little evidence on how NP self-association impacts viral repli-
cation and transcription. To shed light on this, we examined the
ability of NP mutants to support viral RNA synthesis (Fig. 3). To
this end, we used a TCRV minigenome system, in which NP and L
proteins are sufficient to promote full-cycle replication of S RNA
genome analogs (8, 9, 41). Plasmid pMG-FLUC was designed to
encode a minigenome (MG-FLUC) containing the firefly lucifer-
ase reporter gene and the complete TCRV S RNA noncoding se-
quences (Materials and Methods). As expected, coexpression of

MG-FLUC along with TCRV L and NP WT resulted in high levels
of luciferase activity, while omission of the L protein caused re-
porter gene expression to drop to levels less than 1% of those in the
presence of L (see the legend to Fig. 3). N-terminal mutants that
exhibited impaired or markedly reduced capacities to self-associ-
ate (K56A, R96A/E98A, D105A/K108A, K110A/K112A, Q185A,
G202A, T205A, D213A, L217A, G285A/M286A, and F287A/
I288A variants) mediated reduced or background levels of re-
porter gene activity (marked with arrowheads in Fig. 3). In con-
trast, with the exception of the Q195A mutant, which had a
limited capacity to promote minigenome expression, NP mutants
with changes at the N-ter domain that did not affect protein self-
interaction, supported luciferase activity at levels similar to
(K110A and R115A variants) or even higher than (D290A/R291A
variant) those of wild-type NP. Overall, these results demon-
strated that key residues pertaining to both the head and body
regions of the N-ter domain and which are critically involved in
NP self-association are also required for viral RNA synthesis, sug-
gesting that they might therefore participate in protein-protein
contacts relevant for active nucleocapsid assembly. Remarkably,
mutations G472A/R473A, K474A, and D475A/L476A at the C-ter
domain, which did not impact NP self-interaction, caused a
severe inhibition in FLUC activity, while substitution at other
C-terminal positions (P452, N453, D434, and D497) had no
effect (Fig. 3). These results indicated that the C-terminal res-
idues G472, R473, K474, D475, and L476 are critically involved
in viral RNA synthesis.

Levels of reporter gene expression measured in the context of
the TCRV minireplicon system reflect multiple rounds of tran-
scription and replication of the virus RNA analog. Since muta-
tions abrogating FLUC activity could be only preventing RNA
transcription (and reporter gene expression) without altering

FIG 3 Effect of NP mutations on TCRV minigenome expression. Duplicate monolayers of BSR cells were transfected with the MG-FLUC-expressing plasmid
and pTCRV L, along with pTCRV N-Flag or each of the indicated NP mutant-expressing plasmids. All transfection mixtures included a plasmid expressing
Renilla luciferase (RLUC) to control for transfection efficiency. In control cell monolayers, plasmid pTCRV L was omitted. Cytoplasmic extracts obtained at 48
hpt were used to measure FLUC and RLUC activities; FLUC activity data were normalized against the corresponding RLUC levels, as indicated in Materials and
Methods. Normalized FLUC background levels, determined in extracts from control cells expressing MG-FLUC and NP WT in the absence of L (data not shown),
were subtracted from all normalized data. Mean values (�standard deviations) from three independent experiments are shown as a percentage of those
corresponding to wild-type NP, taken as 100%. Arrowheads indicate values corresponding to the self-association-defective mutants characterized in Fig. 2.
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RNA replication, we wanted to address the capacity of FLUC-
negative NP mutants to promote transcription, replication, or
both. To this end, mammalian cells were transfected to express
MG-CAT (Materials and Methods) and L protein along with ei-
ther NP WT or each of the NP mutants. Total cellular RNA was
purified 24 h later, and accumulation of mRNA and miniantig-
enome was analyzed by Northern blotting using a strand-specific
radiolabeled riboprobe that hybridizes to the CAT� sequence
(Fig. 4A). RNA species corresponding to CAT mRNA and min-
iantigenome were clearly detected in cells expressing wild-type NP
and L (lanes 1, 15, and 19) and were undetectable in the absence of
L protein [“L(�)” in lanes 2 and 20], as expected. N-terminal NP
variants that were defective for reporter gene expression mediated
either reduced levels (K56A and T205A, lanes 7 and 11) or virtu-
ally no CAT mRNA and miniantigenome accumulation (R96A/
E98A, D105A/K108A, K110A/K112A, Q185A, L202A, D213A,
L217A, G285A/M286A, and F287A/I288A variants, lanes 3 to 5, 8,
10, 12 to 14, and 17). Similar results were obtained for C-terminal
NP mutants unable to sustain FLUC expression, having the mu-
tations G472A/R473A, K474A, and D475A/L476A (lanes 16, 21,
and 22). The diminished replicative ability of most of these NP
variants was confirmed upon analysis with a riboprobe comple-
mentary to the CAT� sequence. As depicted in Fig. 4B, nearly
background levels of minigenome accumulation were mediated
by the D105A/K108A, L202A, T205A, D213A, L217A, G285A/
M286A, F287A/I288A, G472A/R473A, K474A, and D475A/L476A
mutants (compare lanes 3, 5 to 10, and 12 to 14 to lane 1). Alto-
gether, these results showed that mutations blocking the ability of

NP to support reporter gene expression had an overall effect on
RNA synthesis, impairing the capacity of NP to mediate both RNA
transcription and replication.

Experimental data on TCRV and several Old World arenavi-
ruses have demonstrated that L and NP proteins interact with each
other (28, 42). Based on the assumption that NP-L interaction is
essential for the activity of the RNP, the inability of NP mutants to
support RNA synthesis may be caused by a disruption of the in-
teraction with the L polymerase. To evaluate this possibility, rep-
resentative NP mutants were examined for their capacities to in-
teract with the L protein in vitro, in the presence of a TCRV RNA
minigenome. NP variants defective for RNA synthesis and dis-
playing either impaired or unaffected self-interaction capacities
were selected for these experiments. In addition, the D497A mu-
tant, exhibiting a wild-type phenotype for both functions, was
included as control. Aliquots of a cytoplasmic extract pool from
L-expressing cells were pairwise combined with lysates from cells
coexpressing the MG-CAT minigenome and either wild-type or
mutant NP. The mixtures were incubated with anti-L antibody;
immunocomplexes were precipitated with agarose-coupled pro-
tein A and analyzed by Western blotting to detect NP (Fig. 5A).
Analysis of input lysates by immunoblotting indicated that L pro-
tein and both the NP WT and NP mutants were expressed at
readily detectable levels (lysate panel). These experimental condi-
tions allowed us to confirm the specific interaction between NP
and L, as the NP WT coprecipitated with anti-L antibody only
when L protein was present in the lysate mixture, and no NP was
detected when the anti-L antibody was omitted (IP panel, lanes 1

FIG 4 Analysis of the ability of NP mutants to support viral RNA transcription and replication. Subconfluent cultures of BSR cells were transfected with the
MG-CAT-expressing vector (pS-CAT [Materials and Methods]), and pTCRV L along with either pTCRV N-Flag or each of the indicated NP mutant-expressing
plasmids. In control cell monolayers, plasmid pTCRV L was omitted from the transfection mixture [L(�)]. Total intracellular RNA was purified and analyzed
by Northern blotting using a negative-sense (A) or positive-sense (B) 32P-labeled CAT riboprobe. In panels A and B, the lower panels show the ethidium
bromide-stained 18S rRNA as a control for gel loading. The positions of mRNA, miniantigenome (MiniAG), or minigenome (MG) bands are indicated on the
right. Blots in panel A were exposed longer than those in panel B to visualize the mRNA band.
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to 3). All of the NP mutants examined could precipitate with L
protein at levels comparable to those of the NP WT (IP panel,
compare lanes 6 to 9 with lane 5 and lanes 11 to 12 with lane 10).
These results indicated that none of the substitutions affected
NP-L interaction irrespective of whether they dampened RNA
synthesis (D105A/K108A, L202A, F287A/I288A, D475A/L476A,
and K56A) or not (D497A, lane 12). Additionally, the observation
that probed NP variants deficient for self-interaction (D105A/
K108A, L202A, F287A/I288A, and K56A) showed wild-type abil-
ities to bind L suggested that these NP mutants are likely to pre-
serve correct overall folding and that NP self-association is not
strictly necessary for the interaction with the L polymerase.

To further characterize the NP-L interaction, previously gen-
erated Flag-tagged NP deletion mutants (11) were evaluated for
their capacity to bind L. The �1–359 mutant, which lacks the
entire N-ter domain, and mutants carrying deletions that span the
complete C-terminal domain (�334 – 476 and �477–570) were
tested in similar coimmunoprecipitation experiments (Fig. 5B).
Expression of the NP WT and NP variants was confirmed by

Western blotting of input lysates (lysate panel). Analysis of pro-
teins immunoprecipitated with anti-L antibody revealed that the
three NP variants failed to associate with L (IP panel, lanes 6 to 8),
whereas the interaction between L and NP WT could be evidenced
as expected (IP panel, lanes 5 and 9). These results indicated that
deletion of the entire N-terminal domain or truncation of large
regions in the C-terminal domain abrogates the interaction be-
tween NP and L, suggesting that both protein domains (N-ter and
C-ter) are required for the interaction with the L polymerase.

We next asked whether failure of NP mutants to support RNA
synthesis may be related to defective binding to RNA. To address
this question, two RNA synthesis-defective NP variants that show
distinct self-association phenotypes (L202A and D475A/L476A)
were first evaluated for their RNA binding capacities in a cellular
context. BSR cells were transfected to express MG-CAT along with
either wild-type or mutant NP. As a control, cell monolayers were
transfected to express MG-CAT and L protein in the absence of
NP. Transfected-cell lysates were immunoprecipitated with an ex-
cess of anti-NP antibody coupled to protein A-agarose for recov-

FIG 5 (A) NP point mutants are able to interact with the L polymerase. CV1 cells were transfected to express L or to coexpress the TCRV MG-CAT minigenome
along with either NP WT or each of the indicated NP mutants. Control monolayers were mock transfected. In the IP panel, an aliquot of the L-expressing cell
extract (pool L) was mixed with an equivalent amount of lysate from mock-transfected cells (lane 4) or from either wild-type- or mutant NP-expressing cells, as
indicated on top. As a control, an aliquot of lysate containing NP WT was combined with an equivalent aliquot of mock-transfected cell extract (lane 2). Upon
incubation for 16 h at 4°C, polyclonal anti-L serum (�-L) was added (�) or not (�) to each mixture, followed by immunoprecipitation with protein A-agarose.
Precipitated proteins were analyzed by Western blotting using anti-Flag (WB: �-Flag) antibody. In the lysate panel, NP and L protein levels in transfected-cell
lysates were analyzed by immunoblotting, using anti-Flag (WB: �-Flag) or anti-L (WB: �-L [inset]) antibody, respectively. (B) NP deletion variants fail to interact
with L protein. CV1 cells were transfected to express L alone or to coexpress MG-CAT and either the NP WT or each of the indicated NP mutants. Immuno-
precipitation of lysate mixtures containing L and NP (WT or mutant) with anti-L antibody and Western blotting of precipitated proteins and input lysates were
carried out as in panel A. (The control for L protein expression is not shown.) The molecular masses of protein markers (in kDa) are indicated to the right of the
lysate panel.
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ery of both free NP and NP-RNA complexes. Analysis by real-time
RT-PCR of the RNA fraction isolated from immunocomplexes
(Fig. 6A, bar graph) revealed levels of precipitated minigenome
RNA from cells expressing either the L202A or D475A/L476A NP
that were around 40% of those precipitated from wild-type NP-
expressing cells. The specificity of the immunoprecipitation was
demonstrated by the fact that only low levels of minigenome were
precipitated from cells expressing L in the absence of NP (Fig. 6A,
bar graph). Immunoblotting evaluation of input cell lysates
confirmed that the NP WT and NP mutants were expressed at
comparable levels (Fig. 6A, lysate panel), and analysis of the
precipitated protein fraction demonstrated that NP was immu-
noprecipitated with similar efficiency from all samples (Fig. 6A, IP
panel). Taken together, these results indicated that the L202A
mutant, which is incompetent to self-associate, as well as the
D475A/L476A mutant, displaying self-interaction ability com-
parable to that of the NP WT, similarly exhibited reduced ca-
pacities to bind RNA.

To further validate and extend our results, an in vitro RNA-
binding assay was developed to assess the ability of NP mutants to
interact with a single-stranded virus-like RNA. As described
above, mutants inactive for RNA synthesis and either capable or
unable to self-associate were evaluated in these experiments, and
the D497A mutant was included as a control. Since we have pre-
viously demonstrated that the 5= and 3= UTRs of the S RNA con-
tain all signals required in cis for minigenome encapsidation (8),
we employed a synthetic RNA (MG-CAT�), consisting of a trun-
cated version of the CAT gene flanked by the complete TCRV S 5=
and 3= UTRs, to be immobilized on agarose beads (Materials and
Methods). RNA-agarose complexes were incubated with cyto-
plasmic extracts from cells expressing either WT or mutant NP.
To control for non-RNA binding, bare agarose beads were incu-
bated with an aliquot of the lysate containing the NP WT. Follow-
ing extensive washing, beads were collected by centrifugation, and
the associated NP was detected by Western blotting. As shown in
Fig. 6B, the NP WT was readily precipitated with RNA-agarose

FIG 6 RNA binding assays. (A) CV1 cells were transfected with the MG-CAT-expressing plasmid, along with pTCRV N-Flag or the indicated NP mutant-
expressing plasmids. Control monolayers were transfected to express MG-CAT and L protein in the absence of NP. An aliquot of the cell lysates, obtained at 24
hpt, was analyzed by Western blotting with anti-Flag antibody (WB: �-Flag [lysate panel]). Another aliquot was immunoprecipitated with anti-NP antibody-
coupled protein A-agarose, and the precipitated complexes were subjected to RNA and protein extraction. In the IP panel, the protein fraction was analyzed by
immunoblotting with anti-Flag antibody. For the bar graph, precipitated MG-CAT RNA was quantified by real-time RT-PCR. Mean values and standard
deviations from 3 independent experiments are shown, presented as the level of MG-CAT RNA associated with mutant NP relative to that encapsidated by WT
NP, defined as 1. (B) Monolayers of CV1 cells were transfected with 3 �g of the appropriate plasmid to express the NP WT or each of the indicated NP mutants
and then lysed at 24 hpt. In the RNA binding panel, aliquots of the cell lysates were incubated with agarose beads previously coupled (�) or not (�) with in
vitro-synthesized MG-CAT� RNA (Materials and Methods), as indicated on top. Proteins bound to RNA-agarose complexes were analyzed by Western blotting
using anti-NP serum (WB: �-NP). In the lysate panel, expression levels of wild-type and mutant NPs were examined by Western blotting using the anti-NP
antibody. The asterisk denotes a degradation product of NP. Images in panel B are representative of at least two independent experiments.
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complexes through binding to the immobilized RNA, as no NP
was captured upon incubation with agarose beads in the absence
of RNA (RNA binding panel, lanes 1 and 2). Likewise, the D497A
control mutant exhibited RNA binding capacities, determined as
the ratio of precipitated NP to NP in the corresponding lysate,
ranging around 130% that of the NP WT (lane 10). The K56A NP
variant, having reduced replication and self-association activities,
could bind RNA at nearly wild-type levels (lane 9). In contrast, the
D105A/K108A, F287A/I288A, L202A, and D213A N-terminal
mutants, which were fully defective for both RNA synthesis and
self-interaction, failed to precipitate with the immobilized RNA
(lanes 3 to 6). Notably, the results also showed that the G472A/
R473A and D475A/L476A mutants, defective for replication and
displaying wild-type abilities to self-associate, were unable to in-
teract with MG-CAT� RNA as well (RNA binding panel, lanes 7
and 8). Input levels of NP variants did not substantially differ from
that of the NP WT (lysate panel). Taken together, these results
indicated that while K56 would not be crucial, regions harboring
residues D105, K108, L202, D213, F287, and I288 could contrib-
ute to RNA binding. Interestingly, the finding that mutations
G472A/R473A and D475A/L476A disrupted the RNA binding
ability of NP suggested that the C-ter domain of NP may be in-
volved in the interaction with the viral RNA.

DISCUSSION

For several negative-strand RNA viruses, assembly of the RNP has
been shown to involve nucleocapsid protein polymerization to
enwrap the entire viral RNA genome (43–47). Arenavirus nucleo-
protein homo-oligomerization, which has been documented for
members of both the Old World (LASV and LCMV) and New
World (TCRV) groups, has been proposed to be an essential ele-
ment for arenavirus RNP assembly (11, 23–25). However, the
mechanism involved and the role of NP self-interaction in RNP
functionality remain poorly understood. To gain insight into the
process of active nucleocapsid assembly, here we provide novel
information on the interplay between NP-NP, NP-L, and NP-
RNA interactions.

Importance of TCRV NP N-terminal residues for active RNP
assembly. Because the N-terminal domain of NP from both
TCRV and LCMV has been implicated in NP homo-oligomeriza-
tion (11, 24), we started by characterizing the role of individual
residues within the N-terminal domain, required for NP self-as-
sociation, in competent nucleocapsid assembly. Due to the lack of
the atomic structure of full-length NP from TCRV or any other
NW arenavirus, we used a molecular model of TCRV NP based on
the reported crystal structure of full-length LASV NP, to presume
the location of individual residues both in the monomer and
within a putative TCRV NP trimer. Also, we generated a molecu-
lar model of the TCRV NP N-terminal domain based on the struc-
ture of the LASV NP N-ter domain bound to RNA (23) as an
approach to whether any of the mutated amino acids might be
important for RNA binding.

For LASV NP, the C-terminal and N-terminal domains within
each monomer have been reported to interact with each other.
This interaction, involving �-helices 5 and 6 in the N-ter domain,
has been suggested to contribute to the stability of NP trimer,
which might represent a close arrangement keeping NP in an
RNA-free form (23). Notably, we found that double-alanine sub-
stitution at positions within �-helix 5, R96/E98 and D105/K108,
altered NP self-association and also impaired the capacity of NP to

promote RNA transcription and replication (Fig. 2 to 4). The phe-
notype exhibited by these NP variants confirmed previous results
indicating that a 28-residue region spanning �-helix 5 is required
for TCRV NP self-interaction (11). Furthermore, these studies
showed that hydrophobic residues (mostly leucine) arranged in a
putative coiled-coil motif within this region, are important for
NP-NP interaction (11). As in the TCRV NP model, these hydro-
phobic residues appear to be buried and are likely committed to
local intradomain interactions (Fig. 7A); our previous observa-
tions may reflect the involvement of such residues in maintaining
�-helix 5 stability and, probably, the overall N-ter domain folding.
In contrast, amino acids R96, D105, and K108 are potentially
available for interaction between the N-ter and C-ter domains in
the modeled TCRV NP monomer (Fig. 7A). Hence, the phenotype
of the R96A/E98A and D105A/K108A mutants would be consis-
tent with observations on LASV NP supporting an important role
of N-ter-to-C-ter intramonomeric interactions in RNA synthesis
(23). Our finding that residues K110 and R115, also located at the
predicted interface (Fig. 7A), are dispensable for TCRV NP self-
association and RNA synthesis may imply that a distinct subset of
amino acid residues are engaged in such intramonomeric contacts
in phylogenetically distant arenavirus species.

In contrast to the wild-type phenotype exhibited by the K110A
mutant, a double substitution of residues K110 and K112 abro-
gated NP self-association and RNA synthesis (Fig. 2 to 4), suggest-
ing a critical role of amino acid K112. This residue, which is placed
at �-helix 5 and strictly conserved across the Arenaviridae, appears
to be in contact with the RNA in the LASV NP structure (PDB
code 3T5N) and is also predicted to be in close proximity to the
RNA in the modeled TCRV NP N-ter domain structure (Fig. 7B).
Similarly, the strictly conserved amino acids M286 and F287 are
comprised in a mobile loop close to �-helix 15 (Fig. 7B), the latter
structure being part of the RNA-binding crevice in the N-ter do-
main (23). It seems likely that residues K112, M286, and F287
(and possibly G285 and I288) may be directly or indirectly in-
volved in binding of TCRV NP to the RNA, a notion that appears
to be supported by the RNA-binding-defective phenotype exhib-
ited by the F287A/I288A mutant (Fig. 6). Considering this, the fact
that mutations K110A/K112A, G285A/M286A, and F287A/I288A
abolished NP self-association might suggest that RNA binding
facilitates NP self-interaction.

In the case of LASV NP, a model has been proposed in which,
in the context of the symmetric trimer, structural changes of NP,
triggered by yet unknown factors, lead to RNA binding and nu-
cleocapsid assembly. An implication of this model is that a pro-
tein-protein interaction or interactions other than the head-to-
tail contacts observed in the LASV NP symmetric trimer structure
may be relevant for RNA encapsidation. We found that the N-ter-
minal residues L202, T205, D213, and L217 (Fig. 1A), which are
highly conserved among the members of the Arenaviridae, are
critically engaged in NP-NP interactions. Strikingly, examination
of the TCRV NP molecular models showed that these amino acid
residues do not participate in any intra- or intermonomeric inter-
face in the putative symmetric trimer and that they do not contact
RNA, but they lie at the head-to-head interface predicted in a
hypothetical TCRV NP asymmetric trimer (Fig. 7C). Whether
contacts involving these amino acids correspond to interactions in
the RNP or arrangements of the RNA-free form of TCRV NP
other than the symmetric trimer remains to be elucidated. In any
case, the L202A, T205A, D213A, and L217A mutants displayed an
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overall impairment on their ability to support RNA synthesis (Fig.
3 and 4), which points to a critical role of NP-NP interaction
mediated by residues L202, T205, D213, and L217 in assembly
and/or activity of the RNP.

It has also been proposed that in the RNP, NP would arrange as
a linear chain where the N-ter domain of one monomer would
contact with the C-ter domain of a neighboring NP. Such an ar-
rangement would be stabilized by head-to-tail contacts similar to
those observed in the symmetric trimer (23). Specifically, LASV
NP amino acids K56, Q190, D437, and D500 are presumed to
participate in such head-to-tail interactions (21, 23). Evaluation
of the role of homologous positions in TCRV NP (K56, Q185,
D434, and D497) (Fig. 1C) showed that only those residues lo-
cated at the N-ter domain (particularly Q185 and, to a lesser ex-
tent, K56) are important for NP self-association and nucleocapsid
activity, while potential partners at the C-ter domain (D497 and
D434) are not. These results might be explained by the existence of
TCRV NP oligomeric forms different from the LASV NP symmet-
ric trimer and/or by the TCRV NP multimeric arrangement being
stabilized by NP-NP interactions other than the head-to-tail con-
tacts predicted in the trimeric TCRV NP model.

Overall, the data reported here (summarized in Table 1) show
a remarkable agreement between the NP N-terminal residues re-
quired for NP self-association and those essential for MG tran-
scription and replication. Furthermore, the finding that amino

FIG 7 Predicted participation of TCRV NP N-terminal residues in inter- and intradomain contacts and RNA binding. (A) Zoomed-in view of the
interface between the N-ter and C-ter domains within one NP monomer, rendered in ribbon form. The positions of hydrophobic (L) and charged (R, D,
and K) residues within �-helix 5 are shown; the C-terminal �-helix 19 is indicated. (B) Ribbon representation of the modeled N-ter domain of TCRV NP
with bound RNA, rendered in black sticks. (C) (Left) Schematic of the asymmetric trimer model; the head-to-head interface between monomers A and
B is indicated with a dashed circle. (Right) Predicted interface represented as ribbons. In panels A to C, relevant amino acid residues are shown as sticks.
The color coding for NP is as in Fig. 1A.

TABLE 1 Summary of representative NP variant phenotypes

NP type
NP-NP
%a

FLUC
%b

RNA
binding %c

L
bindingd

WT 100 100 100 �

N-ter mutations
Head

D105A/K108A �e 1 � �
F287A/I288A � 	1 � �

Body
K56A 35 43 90 �
L202A 3 4 � �
D213A � 	1 � NDf

C-ter mutations
G472A/R473A 96 	1 � ND
D475A/L476A 90 	1 � �
D497A 92 114 130 �

a Relative percentage of self-interaction, as determined in Fig. 2.
b Percentage of minigenome expression, as determined in Fig. 3.
c Estimated as the ratio of NP precipitated with RNA-agarose complexes to total NP in
lysate, as reported in Fig. 6B.
d Mutations do not affect the interaction with the L polymerase, as reported in Fig. 5.
e �, undetectable.
f ND, not determined.
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acids L202 and D213, located at the surface of NP and outside the
RNA-binding crevice (Fig. 7B), are essential for binding to RNA
strongly suggests that NP-NP interactions and binding of NP to
RNA may be mutually cooperative.

Identification of C-terminal amino acids of NP essential for
RNA binding and RNP activity. Recently, the structures of the
C-terminal domain of TCRV NP (15) and JUNV NP (48) have
been reported at resolutions of 1.8 and 2.2 Å, respectively. Super-
imposition with these crystal structures (PDB codes 4GVE and
4K7E, respectively) supported the overall validity of the TCRV NP
model, confirming the correctness of the orientation predicted for
the C-terminal residues analyzed, as well as its conservation in
both NW arenavirus NPs (data not shown). The fact that both
structures resemble that of the LASV NP C-terminal domain (15,
48) further supports the approach of modeling the full-length
TCRV NP based on the structure of an OW arenavirus NP.

Residue D475 of TCRV NP and its flanking amino acids G472,
R473, K474, and L476, as well as residues P452 and N453, located
at a neighboring loop within the C-ter domain, were found to be
dispensable for NP-NP interactions (Fig. 2). These results appear
to be in contrast with the observation that residue D471 of LCMV
NP (homologous to TCRV D475) is critically important for
NP-NP interaction (40). This could be explained by taking into
consideration the phylogenetic divergence between LCMV and
TCRV, which raises the possibility that other residues at the C-ter
domain of TCRV NP, not analyzed in this work, could be involved
in NP self-association.

Interestingly, while substitution of C-terminal residue P452,
N453, D434, or D497 had no impact, mutations G472A/R473A,
K474A, and D475A/L476A caused a severe inhibition on FLUC
activity through an overall effect on RNA synthesis (Fig. 3 to 4).
Moreover, despite their wild-type capacities to self-associate, the
G472A/R473A and D475A/L476A C-terminal mutants were
found incompetent to bind RNA (Table 1). These results confirm
that arenavirus RNA transcription and replication require the
overall integrity of NP (11, 16). More importantly, our findings
can also be interpreted to mean that the C-ter domain of NP, and
specifically the D475-harboring loop, may contribute to viral
RNA binding as well. Binding of RNA in a groove between the N-
and C-terminal domains has been described for the nucleoprotein
of other negative-strand RNA viruses, such as rabies virus, vesic-
ular stomatitis virus (VSV), respiratory syncytial virus (RSV), and
several members of the Orthobunyavirus genus (44–46, 49, 50). In
addition, a similar configuration has been predicted for LASV NP
(22). The loop comprising residues G472, R473, K474, D475, and
L476, however, is located outside the region between the N-ter
and C-ter domains of TCRV NP (Fig. 1A and D). A possibility is
that substitutions at these positions may affect the overall domain
folding, thus causing destabilization of the NP-RNA interaction.
In any case, our data imply that binding of RNA mediated by the
C-ter domain may occur independently of NP-NP interactions
involving the N-ter domain. Further structural studies on OW
and NW NP-RNA assemblies will be necessary to gain insight into
the contribution of the C-ter domain of NP to RNA encapsida-
tion.

In conclusion, three novel functional regions have been de-
fined within TCRV NP in the present work (schematized in Fig. 8).
Regions I and II comprise N-terminal residues critical for NP-NP
interactions as well as for assembly of active RNP. The C-terminal
region III harbors a structural element comprising residues essen-

tial for RNA binding. A possible interpretation of our results is
that N-ter-to-N-ter (head-to-head) interactions may be involved
in a transient RNA-free oligomeric configuration required for
TCRV NP to polymerize on viral RNA. Additionally, NP-NP con-
tacts mediated by the N-ter domain and RNA binding, mediated
by both the N-ter and C-ter domains of NP, may cooperatively
contribute to TCRV RNP assembly. In this scenario, side-by-side
contacts between NP monomers, mediated by the N-ter domain,
may also stabilize the nucleocapsid structure. In this regard, it is
interesting to note that common structural features have been
recognized in nucleocapsid-like particles from representative
members of three negative-strand RNA virus families (Rhabdo-
viridae), Paramyxoviridae (genus Pneumovirus), and Bunyaviridae
(genera Phlebovirus and Orthobunyavirus). These features include
parallel orientation of nucleoprotein monomers in the linear nu-
cleocapsid and extensive interactions among protein subunits, in-
volving either one or both of the two (N-ter and C-ter) viral nu-
cleoprotein domains (43).

Finally, it is broadly accepted that interaction of NP with the L
polymerase must be important for viral RNP functionality. How-
ever, the L- and NP-interacting domain or domains remain un-
known, and whether L interacts with monomeric or oligomeric
forms of NP has not been defined. We found that NP mutants
totally deficient for self-interaction (D105A/K108A, L202A, and
F287A/I288A variants) are still capable of binding L (Table 1),
suggesting that NP-NP association is not a requirement for the
interaction between NP and the L polymerase and, therefore, that
L may interact with NP monomeric forms. Moreover, analysis of
NP deletion mutants indicated that both the N-ter and the C-ter
domains are required for NP to bind L (Fig. 5B). Taken together,
these results suggest that association with the L polymerase de-
pends on multiple sites of interaction in both the N-ter and C-ter
domains of TCRV NP. Although we cannot rule out that residues
important for NP-NP association may be transiently engaged in
weak interactions with the L polymerase, our results raise the pos-
sibility that NP-NP and NP-L binding functions may be structur-
ally segregated on NP.

Due to the central role of NP in viral genome transcription and
replication, identification of amino acid residues critically in-

FIG 8 Surface representation of the TCRV NP monomer. Functional re-
gions defined in this work are colored black. Region I, which is important
for NP-NP interactions between monomers, comprises residues Q185 to
L217. Region II, which is proposed to participate in RNA binding and in
intramonomeric N-ter-to-C-ter contacts, includes �-helix 5 and residues
G285 to I288. Region III, involved in RNA binding, includes residues G472
to L476. Color coding for other regions of NP is as in Fig. 1A. Binding to the
L polymerase (NP-L) may involve multiple sites of interaction on both the
N-ter and C-ter domains of NP.
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volved in self-association and in interactions with the other RNP
components gives insights into the viral nucleocapsid assembly
process and may broaden the way toward the design of arenavirus-
specific inhibitors.
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