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Arenaviruses have a bisegmented negative-strand RNA genome whose proteomic capability is limited to only
four polypeptides, namely, nucleoprotein (NP), surface glycoprotein (GP) that is proteolytically processed into
GP1+GP2, polymerase (L), and a small (11-kDa) RING finger protein (Z). The role of Z during the Lympho-
cytic choriomeningitis virus (LCMYV) life cycle is poorly understood. We investigated the function of Z in virus
transcription and replication by using a reverse genetic system for the prototypic arenavirus LCMYV. This
system involves an LCMYV minigenome and the minimal viral frans-acting factors (NP and L), expressed from
separated cotransfected plasmids. Cotransfection of the Z ¢cDNA strongly inhibited LCMV minigenome ex-
pression. The effect required synthesis of Z protein; its magnitude was dose dependent and occurred with levels
of Z protein substantially lower than those observed in LCMV-infected cells. Coexpression of Z did not prevent
the encapsidation of plasmid supplied minigenome, but it affected both transcription and RNA replication
similarly. Mutations in Z that unfolded its RING finger domain eliminated its inhibitory activity, but RING
proteins not related to Z did not affect LCMV minigenome expression. Consistent with the minigenome results,

cells transiently expressing Z exhibited decreased susceptibility to infection with LCMV.

Lymphocytic choriomeningitis virus (LCMV) is the prototypic
member of the family Arenaviridae, which includes important
human pathogens such as Lassa fever and Junin viruses (11, 41,
43,53, 55). In addition, LCMV provides one of the most widely
used model systems to study viral persistence and pathogenesis
(7, 10, 37, 38, 39, 40, 45).

The LCMV genome consists of two negative-sense single-
stranded RNA segments, L and S, with approximate sizes of
7.2 and 3.4 kb, respectively (44, 48, 52, 53). Each RNA segment
has an ambisense coding strategy, encoding two proteins in
opposite orientations, separated by an intergenic region (IGR)
(48, 53). The S RNA directs synthesis of the three major
structural proteins: the nucleoprotein, NP (ca. 63 kDa) (44, 48,
53), and the two virion glycoproteins, GP-1 (40 to 46 kDa) and
GP-2 (35 kDa), which are derived by posttranslational cleavage
of a precursor polypeptide, GP-C (75 kDa) (48, 53, 54, 60).
Tetramers of GP-1 and GP-2 make up the spikes on the virion
envelope and mediate virus interaction with host cell surface
receptor (6, 13). The L RNA segment encodes a high-molec-
ular-mass protein (L, ca. 200 kDa) (52), which has the char-
acteristic motifs conserved in all of the viral RNA-dependent
RNA polymerases (46), and a small (11-kDa) RING finger
protein (Z) (50). The NP, the most abundant viral protein in
virus-infected cells, is associated with the viral RNA to form
the nucleocapsid (NC), which is the template for the viral RNA
polymerase (23, 24). The L protein is thought to be the main
viral component of the arenavirus polymerase (23, 48, 53). The
NC associated with the viral polymerase constitutes the viral
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ribonucleoprotein (RNP), which is active in virus transcription
and replication (23, 48, 53). As with other negative-strand
RNA viruses, this RNP is the minimum unit of LCMV infec-
tivity.

The investigation of the molecular mechanisms underlying
LCMYV persistence and its associated disorders has been ham-
pered by the lack of a genetic system to analyze the structure
and function of the LCMV genome and its gene products. We
recently described a system in which RNA synthesis, both
transcription and replication, mediated by LCMV polymerase
is reconstituted by intracellular coexpression of an LCMV
minigenome and viral proteins from transfected plasmids (33).
This allowed us to initiate the analysis of cis- and trans-acting
elements required for replication and transcription of the
LCMYV genome. Using this system we showed that the 5’ and
3’ untranslated regions (UTRs), together with the IGR of the
S RNA, are sufficient cis-acting signals to allow RNA synthesis
mediated by LCMV RNA polymerase (33), although it re-
mains to be determined which of these elements is strictly
required for virus replication and transcription. We also dem-
onstrated that NP and L are the minimal frans-acting viral
factors required for replication and transcription of LCMV
genome analogues (33).

The Z proteins are highly conserved among the arenaviruses
(27). Results from in vitro transcription and immunodepletion
studies have implicated Z in both genome replication and
mRNA synthesis in Tacaribe virus (25). However, Z was not
required for intracellular transcription and replication of the
LCMV minigenome (33). Biochemical and immunological
studies have suggested that Z might be the arenavirus coun-
terpart of the matrix (M) protein found in other negative-
strand RNA viruses (48, 49). Moreover, Z has been shown to
interact with several host cell proteins. The association of Z
with the eukaryotic initiation factor 4E (eIF-4E) has been



9416 CORNU AND bpE LA TORRE

implicated in repression of protein synthesis in an eIF-4E-
dependent manner (12). Z interacts also with the promyelo-
cytic leukemia (PML) protein, leading to the relocation of
PML nuclear bodies to the cytoplasm, a process which has
been proposed to be responsible for the noncytolytic nature of
LCMV (3, 5). Together, these observations raise intriguing
questions about a spectrum of potential functions played by the
Z protein in the biology of arenavirus. Here, we present evi-
dence that the Z protein, in a dose-dependent manner, is a
potent inhibitor of intracellular transcription and replication of
the LCMV minigenome. We also show that the structural
integrity of the RING finger domain is required for this inhib-
itory activity, whereas other RING proteins, not related to Z,
do not cause inhibition of RNA synthesis mediated by LCMV
polymerase in the minigenome assay. Moreover, transiently
transfected cells expressing Z at levels similar to those seen at
24 h postinfection (p.i.) during the natural course of LCMV
infection exhibited decreased susceptibility to infection with
LCMV.

MATERIALS AND METHODS

Cells and viruses. Baby hamster kidney cells (BHK-21) were grown in Dul-
becco modified minimal essential medium supplemented with heat-inactivated
(55°C for 30 min) 10% fetal calf serum, 2 mM L-glutamine, 1X tryptose phos-
phate broth, 1 mM sodium pyruvate, and 0.5% glucose. BSRT7 cells (9) were
grown in minimal essential medium supplemented with 10% fetal calf serum, 2
mM L-glutamine, 1X tryptose phosphate broth, 1X minimal essential medium
amino acids. Selection of BSRT7 cells was performed using G418 (1 mg/ml).
Infections with LCMYV strain Armstrong (Arm) were done using a plaque iso-
lated clonal virus population (47).

Plasmids and DNA transfection. Plasmids pLCMVSCAT2, pCITE-NP,
pGEM-L, and pUCIRES-Z have been described (33), as well as plasmids pT7110
(20) and RMX-PML (31). Plasmid pTMI-GFP was generated by cloning the
open reading frame (ORF) of the green fluorescent protein (GFP) into the Ncol
site of pTMI (34). Plasmid pCITE-rho was generated by inserting a Xbal/BamHI
DNA fragment containing the chicken rhomboid full-length cDNA (courtesy
of A. Bang) into Xbal/BamHI-digested pCITE2a(+) vector (Novagen). To
generate plasmid pGEM-IES86, the TE84 ORF of human cytomegalovirus
(huCMVIES4), present in plasmid RSV-IE86 (26), was amplified by PCR using
specific primers FIE86#1 (5'-CGGGATCCATGGAGTCCTCTGCCAAGAGA
AAG) and BIE86#2 (5'-GCTCTAGAAGTTTTTCACTTACTGAGACTTGT
TC) and the following PCR conditions: 5 min at 94°C; 25 cycles of 1 min at 94°C,
1 min at 58°C, and 3 min at 72°C; and finally 10 min at 72°C with Pfu polymerase
(Roche). PCR product was purified with the PCR purification kit Concert rapid
PCR purification system (Life Technologies). Purified PCR product was digested
with Xbal and BamH]I, purified, and cloned into Xbal/BamHI sites of pPGEM-3Z
(Promega). Restriction sites Xbal and BamHI at the 5" end of the primers are
underlined.

To generate plasmid pUCIRESZ-stop, two stop codons and a frameshift
insertion were introduced immediately after the start codon of the Z ORF by
site-directed mutagenesis. For this, the Z gene was amplified by PCR from
pUCIRES-Z with two specific primers: FLCMVZ#1 (5'-CATGCCATGGGTT
AATAAACAAGGCAAGTCCAGAGGAGAAAG), carrying the mutations,
and the reverse primer BLCMVZ#2 (5'- AAAAGGCCTCCCGGGTTACTCT
TCGTAGGGAGGTGGAG). Restriction sites Ncol and Stul at the 5’ end of the
primers are underlined. PCR conditions were as follows: 5 min at 94°C; 25 cycles
of 1 min at 94°C, 1 min at 58°C, and 1 min at 72°C; and finally 10 min at 72°C,
using Taq polymerase (Roche). PCR product was purified on a column with the
PCR purification kit (Life Technologies), digested with Ncol and Stul and cloned
in the backbone fragment of pUCIRES-Z, which also was digested with Ncol and
Stul.

Plasmid pUCIRESZ-F32G35 was generated by overlap extension PCR in two
steps. In the first step, plasmid pUCIRES-Z (10 ng) was used as a template for
PCR fragment 1 using primers FLCZtagl (5'-CATGCCATGGGTCAAGGCA
AGTCC) and BLCZF32-G35 (5'-TCTGCCAGCCAGATTTGAAGCTTAAAG
GGCCAAGATAGG) carrying the point mutations. In a parallel step, plasmid
pUCIRES-Z (10 ng) was used as a template for PCR fragment 2 with primers
FLCZF32-G35 (5'-CTTCAAATCTGGCTGGCAGAAATTTGACAG), carry-
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ing the point mutations, and BLCMVZ#2 (previously described). The two PCR
fragments (i.e., from independent PCRs 1 and 2) were generated with Pfu
polymerase (Roche) by using the same cycling parameters: 5 min at 94°C; 25
cycles of 1 min at 94°C, 1 min at 58°C, and 1 min at 72°C; and finally 10 min at
72°C. Fragments were gel purified with the QIAquick gel extraction kit (Qiagen).
In a second step, PCR fragments 1 and 2 were combined and fused by overlap
extension PCR using primers FLCZtagl and BLCMVZ#2 and the following
cycling conditions: 5 min at 94°C; 25 cycles of 1 min at 94°C, 1 min 30 s at 58°C,
and 1 min at 72°C; and finally 10 min at 72°C. The final 300-bp product was gel
purified, digested with Ncol and Stul, and then ligated into an Ncol/Stul back-
bone fragment of pUCIRES-Z. The restriction site Ncol in primer FLCZtag] is
underlined.

Transfection of BHK-21 cells was performed with 10 pl of Lipofectamine (Life
Technologies) per 35-mm well and the indicated amount of plasmid DNA.
BSRT7/5 cells stably expressing T7 polymerase were transfected with 2 pl of
SuperFect (Qiagen) and 1 pg of DNA

Analysis of minig expr The analysis of LCMV minigenome ex-
pression was done essentially as described previously (33). Briefly, BHK-21 cells
were infected with vTF7.3 at a multiplicity of infection (MOI) of 3 and trans-
fected with pLCMVSCAT2, pCITE-NP, pGEM-L, pTMI-GFP, and different
amounts of plasmid DNA encoding Z-wt, Z-mutant, and other RING finger
proteins as indicated in the corresponding figure legends. Plasmid pLCMVS-
CAT?2 directs intracellular T7-mediated synthesis of the LCMVSCAT2 minig-
enome in which the viral NP and GP ORF encoded by the S RNA have been
replaced by an antisense (AS) copy of the chloramphenicol acetyltransferase
(CAT) ORF. The CAT AS OREF is flanked by the 5" UTR-IGR and 3" UTR of
the LCMV S RNA. Plasmid pTMI-GFP was included to assess the efficiency of
transfection based on GFP expression. In all cases, the amount of DNA used in
the transfections was normalized to 2.7 pg/M6 well by using pTMI plasmid.
Transfections were performed by using Lipofectamine. We included 1-B-p-ar-
abinofuranosylcytosine (50 pg/ml) to inhibit the late phase of vaccinia virus
expression. Cells were resuspended in 2 ml of phosphate-buffered saline (PBS)
and split into two aliquots. After the cells were spun, one aliquot was resus-
pended in 50 wl of 0.25 M Tris-HCI (pH 7.5), and cell lysates were prepared and
assayed for CAT activity. The second aliquot was resuspended in lysis buffer (50
mM Tris-HCI, pH 8; 62.5 mM EDTA; 1% NP-40; 0.4% deoxycholate) and used
for analysis of protein expression.

Western blot assay. Protein expression from pT7-110 (20), RMX-PML (31),
pUCIRESZ-stop, and pUCIRESZ-F32G35, as well as pCITE-NP and pGEM-L,
was analyzed by Western blot. For this, BHK-21 cells were infected with vTF7.3
at an MOI of 3, followed by transfection using Lipofectamine with the above-
mentioned plasmids. Cells were harvested in lysis buffer and subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), followed by
blotting on a polyvinyidene difluoride Immobilon-P membrane (Millipore). Ex-
pression of Vmw110 was detected using a mouse monoclonal antibody to
VmW110 (ascites 1106 [20]). PML expression was detected by using a rabbit
anti-PML antibody. The LCMV Z wild-type and mutant proteins were detected
with a rabbit anti-Z antiserum. Rabbit antisera to PML and LCMV Z were
obtained from R. Evans (31) and M. Salvato (49), respectively. Appropriate
secondary antibodies (anti-mouse and anti-rabbit) conjugated to peroxidase were
used at dilutions recommended by the supplier (Roche). Expression of LCMV
NP and L proteins was detected using a guinea pig and a rabbit polyclonal serum
to LCMYV (54) and to L (33), respectively. Proteins were visualized by enhanced
chemiluminescence (ECL; Roche). The amount of protein in the lysates was
quantified with a Bio-Rad protein assay kit. The mouse monoclonal antibody to
huCMVIE84 did not work in a Western blot. Hence, detection of this protein
was done by immunofluorescence.

CAT assays. Whole-cell extracts were prepared by three freeze-thawing cycles
in a dry ice-ethanol bath and at 37°C in a water bath. Cell extracts were clarified
by centrifugation: 12,000 X g for 5 min at 4°C. Equal amounts (5 pl) of each
sample were incubated 30 min at 37°C in the presence of 0.25 M Tris (pH 7.8),
0.6 mg of acetyl coenzyme A (Roche)/ml, and 0.05 wCi of "*C-labeled chloram-
phenicol (ICN). The reaction was stopped by adding 1 ml of ethyl acetate, and
chloramphenicol was extracted by separating the phases by centrifugation. Then,
900 pl of supernatant was dried, resuspended in 25 pl of ethyl acetate, and
analyzed by thin-layer chromatography (TLC). Samples were run for 30 min in
CHCl3-methanol (95:5). The TLC plate was dried and exposed to an X-ray film.

Immunofluorescence. Cells grown onto coverslips and placed on the bottom of
the wells of an M24 plate were washed once with PBS and fixed in 100%
methanol for 5 min at —20°C. After several washes with PBS and a blocking step
with 10% normal goat serum in PBS for 15 min at room temperature, cells were
incubated for 1 h at room temperature with the appropriate primary antibodies,
i.e., mouse monoclonal antibodies to huCMVIES6, c-myc, or vesicular stomatitis
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virus (VSV) M; a guinea pig polyclonal antibody to LCMV; and a rabbit poly-
clonal antibody to Z or to the cytoplasmic tail of VSV G. After several washes
with PBS-0.1% Triton X-100, samples were incubated for 45 min at room
temperature with appropriate secondary fluorescent antibodies: fluorescein iso-
thiocyanate (FITC)-labeled goat anti-mouse immunoglobulin G (IgG), Texas
red (TXR)-labeled goat anti-mouse IgG, FITC-labeled goat anti-guinea pig IgG,
and TXR-labeled goat anti-rabbit IgG. After extensive washes with PBS-0.1%
Triton X-100, coverslips were mounted using mowiol and analyzed by fluores-
cence microscopy. Slides were digitized by using Adobe Photoshop and Canvas
software.

Analysis of RNA by Northern blot hybridization. BHK-21 cells infected with
LCMYV Arm5 at an MOI of 3 or else transfected with plasmids LCMV Z-wt and
Z-stop were harvested at the time points indicated and homogenized in TRIre-
agent (Molecular Research Center, Inc.). RNA was extracted according to the
supplier’s protocol and resuspended in Formazol (Nuclear Research Center,
Inc.). RNA (5 pg) was fractionated by 2.2 M formaldehyde agarose (1.2%) gel
electrophoresis. The gel was washed first in warm diethyl pyrocarbonate-H,O
and then in warm 10 mM NaPO,. Transfer was performed overnight in 20X SSC
(1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate) with a Nytran 0.22-pm
(pore-size) membrane (Schleicher & Schuell). RNA was cross-linked by expo-
sure to UV and, after a brief wash with H,O, the membrane was prehybridized
in QuickHyb (Stratagene) for 30 min at 65°C. Hybridization was done at 65°C for
2 h with an NPa Z-DNA [a-*2P]dCTP probe, using 5 ng of probe (specific
activity, >10° cpm/pg)/ml and 100 pg of denatured salmon sperm DNA. For
detection of CAT mRNA and the antiminigenome RNA, the membrane was
hybridized with a [**P]JUTP-labeled AS CAT riboprobe. Riboprobe was pre-
pared according to the supplier’s protocol (Ambion). Briefly, linearized DNA
was incubated for 1 h at 37°C with T7 polymerase, [**P]rUTP, rATP, rCTP,
rGTP, and RNase inhibitor; subsequently, the DNA template was digested for 15
min at 37°C with DNase RNase Free (Boehringer Mannheim), and finally the
RNA probe was precipitated and resuspended in 0.5 mM EDTA. The membrane
was prehybridized for 1 h at 65°C in Ambion Zip hybridization solution (Am-
bion) and hybridized overnight with the riboprobe (3 X 10° cpm/ml). After
hybridization (in both cases), the membranes were washed twice with warm 2X
SSC-0.2% SDS, washed twice with warm 0.2X SSC-0.2% SDS, and then exposed
to an X-ray film.

Analysis of encapsidated RNA. Cytosolic extracts were prepared from trans-
fected and LCM V-infected cells by incubating them on ice for 15 min in hypo-
tonic buffer (10 mM Tris, pH 7.5; 10 mM KCI; 1.5 mM MgCl,; 5 mM dithio-
threitol [DTT]; 0.5% NP-40). Clarified lysates were incubated 5 min with NaCl
to a final concentration of 0.5 M and then loaded onto the top of a discontinuous
5 and 0.5 M CsCl, gradient in TNE buffer (10 mM Tris, pH 7.8; 150 mM NaCl;
5 mM EDTA). After 3 h of centrifugation, the interphase between the 5 and 0.5
M CsCl, containing the RNP was removed, diluted 1:1 with TNE buffer, and
recentrifuged for 1 h to pellet the RNP. RNP-containing pellets were resus-
pended in 500 pl of TRIreagent, and encapsidated RNA was isolated and
analyzed by reverse transcription-PCR (RT-PCR). RNA isolated from S-seg-
ment minigenome RNP was reverse transcribed with Superscript (Life Technol-
ogies) and the CAT sense primer BSMICAT (5'- GATGAATGCTCATCCGG
AATTCCG). The resulting cDNA was amplified by PCR using primer
BSMICAT and the CAT AS primer PFLM1CAT (5'-CCCAGGGATTGGCTG
AGACAAAAAACATATTC). RNA isolated from bona fide LCMV RNP was
reverse transcribed using the NP sense primer NP2750F (5'-GTCTGTGACTG
TTTGGCCATAC), and the resulting cDNA was amplified by PCR with primers
NP2750F and NP3103R (5'-CCAGACTGTACATTCTCTTGTGG), which pro-
duced an NP fragment of 350 bp. PCR conditions were as follows: 5 min at 94°C;
35 cycles of 1 min at 94°C, 1 min at 55°C, and 1 min at 72°C; and finally 10 min
at 72°C. PCR was performed using Tag polymerase (Roche). PCR products were
resolved by agarose (2%) gel electrophoresis and visualized by ethidium bromide
staining.

Preparation of LCMV RNP and transfection of cells with RNP. (i) RNP
preparation. Cells were washed once with ice-cold PBS, collected (5 min, 800 X
g 4°C), and resuspended (107 cells/ml) in ice-cold hypotonic HB buffer (10 mM
Tris-HCI, pH 7.5; 10 mM KCI; 1.5 mM MgCl,; 5 mM DTT) containing 0.5% of
the nonionic detergent NP-40. After a 15-min incubation in ice, samples were
centrifuged (5 min, 1,000 X g, 4°C). The supernatant (cytosolic fraction) was
saved on ice, and the nuclear pellet washed with 0.5 volume of HB buffer-0.5%
NP-40. Both supernatants were combined (cytosolic fraction) and clarified by
centrifugation (10 min, 15,000 X g, 4°C). Clarified cytosolic fraction was adjusted
to 1% NP-40, and RNP was collected by ultracentrifugation (60 min, 100,000 X
g, 4°C) through a discontinuous 50 to 25% glycerol gradient in buffer I (75 mM
NaCl; 10 mM Tris-HCI, pH 7.5; 2 mM DTT; 1% NP-40). The microsome pellet
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containing RNP was resupended in HB buffer containing 40% glycerol. Samples
were stored at —80°C.

(i) RNP transfection. Procedures for RNP transfection were essentially as
described previously (16). Briefly, cell monolayers were washed with Opti-MEM
containing 100 pg of autoclaved gelatin (OpM-G)/ml. After treatment for 30 min
at room temperature with OpM-G containing DEAE-dextran (5 X 10° Da; 300
pg/ml) and dimethyl sulfoxide (0.5%), cells were washed once with OpM-G.
RNP, diluted in OpM-G, and adsorbed (300 wl/35-mm well) for 60 min at 37°C;
cells were then washed twice with OpM-G and 2.5 ml of medium containing 1%
fetal bovine serum was added per M6 well.

RESULTS

Effect of LCMYV Z on the expression of an LCMV S-segment
minigenome. To investigate the role played by Z in the control
of LCMV RNA synthesis, we used a reverse genetic system
that enabled us to rescue the expression of a plasmid-derived
LCMYV minigenome. In this system the Z protein is not nec-
essary for minigenome RNA synthesis mediated by the LCMV
polymerase (33). Moreover, Z appeared to have a negative
impact on the minigenome expression (33). To better under-
stand the mechanism underlying this effect, we evaluated the
consequences of incrementally increasing amounts of the Z
expression plasmid in the minigenome rescue assay. Z caused
inhibition of CAT enzymatic activity in a dose-dependent man-
ner (Fig. 1A). Transfection of 20 ng of Z plasmid was sufficient
to significantly decrease CAT activity (Fig. 1A, lane 4),
whereas 100 ng of the Z plasmid was able to completely abolish
CAT activity specifically mediated by the LCMV polymerase
(compare lanes 6 and 8 in Fig. 1A).

Coexpression of increasing amounts of Z plasmid resulted in
concomitant increase in the expression of Z protein (Fig 1B).
The amount of Z protein required to completely inhibit mini-
genome derived CAT activity was slightly lower than that
found in LCMV infected cells (MOI = 3) at 24 h p.i. (compare
lanes 1, 6, and 7 in Fig. 1B). We next examined whether the
inhibitory effect associated with the Z plasmid depended upon
its ability to express Z protein or whether this was a conse-
quence of the synthesis of its mRNA. For this, we generated
the construct Z-stop by insertion of two stop codons and a
frameshift mutation right after the AUG translational start site
of Z (Fig. 2A). These mutations would enable transcription of
the Z gene but should abolish translation of the protein. As
predicted, cells transfected with Z and Z-stop expressed simi-
lar levels of Z RNA (data not shown), but Z protein was not
detected in cells transfected with Z-stop (Fig. 2B). We then
evaluated the effect of Z-stop mutant on the expression of
CAT enzyme by the LCMVSCAT2 minigenome comple-
mented by NP and L plasmids. The Z-wt plasmid caused the
expected strong inhibition of CAT expression, whereas the
Z-stop plasmid had no effect on CAT expression (Fig. 2C).

Since the LCMV NP and the L proteins are required to
rescue LCMV minigenome expression (33), we assessed
whether in our transfection assay coexpression of Z protein
could interfere with NP and/or L expression. For this purpose,
cells were cotransfected with plasmids expressing NP and L,
together with increasing amounts of Z, and cell lysates were
analyzed for NP, L, and Z expression by Western blot. Expres-
sion levels of NP and L proteins were not affected by coex-
pression of Z (Fig. 3).

Levels of Z associated with infectious LCMV RNP. Z was
not required for RNA synthesis mediated by the LCMV poly-
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FIG. 1. LCMV Z inhibits CAT expression by the LCMVSCAT2
minigenome in a dose-dependent manner. BHK-21 cells were infected
with VTF7.3 (MOI = 3) and subsequently cotransfected with 0.5 pg of
pLCMVSCAT2, 1.5 pg of pCITE-NP, 0.1 ug of pGEM-L, 0.1 pg of
pTMI-GFP, and increasing amounts of pUCIRES-Z as indicated.
Plasmid pGEM-L was not added in lane 8. In all of the samples the
total amount of DNA was kept constant (2.7 pg) by adding the ap-
propriate amount of plasmid pTMI. The use of pTMI-GFP allowed us
to determine the efficiency of transfection, based on number of GFP-
positive cells, prior harvesting of the cells for CAT assays, and protein
expression analysis. (A) LCMVSCAT2 minigenome expression. At
24 h after transfection, cell lysates were prepared for measuring CAT
activity as described in Material and Methods. (B) Z protein expres-
sion. Cell lysates were subjected to SDS-PAGE, and the levels of Z
protein expression were determined by Western blot using a rabbit
antibody to Z. Lysate applied in lane 1 was prepared from cells in-
fected with LCMV (MOI = 3) at 24 h p.i. The position of the Z protein
is indicated on the right, and the molecular size markers are indicated
on the left. O, origin; Cm, chloramphenicol; MAc, monoacetylated
chloramphenicol; DAc, diacetylated chloramphenicol.

merase in the minigenome assay. This finding led us to exam-
ine whether Z was also dispensable for the biosynthetic pro-
cesses involved in the initiation of LCMYV productive infection.
For this, we prepared intracellular LCMV RNPs and charac-
terized them both biochemically and biologically. LCMV
RNPs prepared following the procedures here described have
been shown to be transcriptionally active in vitro (23). These
RNPs did not contain detectable levels of Z protein (Fig. 4A).
However, they were infectious on the basis of their ability to
direct synthesis of LCMV macromolecules and production of
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FIG. 2. Inhibitory effect of the Z plasmid requires synthesis of the
Z protein. (A) Nucleotide sequence differences between Z-wt and the
Z-stop mutant. The Z-stop mutant contains two stop codons (under-
lined) inserted downstream of the ATG start codon. The insertion of
an additional A (0) into the Z-stop construct created a frameshift of
the downstream reading frame. (B) The Z-stop mutant is unable to
produce the Z protein. BHK-21 cells were infected with vIF7.3
(MOI = 3) and transfected with 0.5 pg of pUCIRES-Z or 0.5 pg of
pUCIRESZ-stop. Lysates were prepared 24 h after transfection and
subjected to SDS-PAGE. Z protein expression was detected by West-
ern blotting with a rabbit antiserum to Z. The position of the Z protein
is indicated on the right, and the molecular size markers are indicated
on the left. (C) The Z-stop mutant does not inhibit CAT activity by the
LCMVSCAT2 minigenome. BHK-21 cells were infected with vIF7.3
(MOI = 3) and cotransfected with 0.5 ng of pPLCMVSCAT2, 1.5 pg of
pCITE-NP, 0.1 pg of pGEM-L, 0.1 ng of pTMI-GFP, and increasing
amount of pUCIRES-Z or pUCIRESZ-stop as indicated. Plasmid
pGEM-L was not added in lane 12. In all of the samples the amount
of DNA was kept constant by adding plasmid pTMI to 2.7 ng. At 24 h
after transfection, the samples were assayed for CAT activity as de-
scribed in Materials and Methods. O, origin; Cm, chloramphenicol,
MAc, monoacetylated chloramphenicol; DAc, diacetylated chloram-
phenicol.

infectious virions upon transfection of BHK-1 cells (Fig. 4B).
Infectivity associated with LCMV RNP depended on transfec-
tion conditions and was resistant to treatment with the non-
ionic detergent NP-40 but was sensitive to RNase treatment
(Fig. 4C).

Kinetics of Z expression during the natural course of LCMV
infection. The inhibitory effect of Z on LCMV minigenome
expression would seem to be counterproductive for virus rep-
lication, especially if Z reaches high levels of expression at
early stages during the natural life cycle of LCMV. Therefore,
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FIG. 3. Expression of Z protein does not affect plasmid-derived
expression of NP or L. Equal amounts of cell lysates were separated
either on an SDS-10% PAGE gel for the detection of NP and L
protein expression or on an SDS-16% PAGE gel to detect Z protein
expression. Lysates in lanes 2 to 5 and lanes 8 to 11 were prepared
from cells infected with vITF7.3 (MOI = 3) and transfected with 1 pg
of pCITE-NP and 1 g of pGEM-L. The amount of cotransfected
pUCIRES-Z is indicated at the top. Lysate prepared from mock-
infected cells was loaded in lanes 6 and 12, whereas lysate from
LCM V-infected cells was loaded in lanes 1 and 7. The positions of the
L, NP, and Z protein are indicated on the right, and the molecular size
markers are indicated on the left. Consistent with previous findings, L
protein was not detected by Western blotting in the cell lysates from
LCM V-infected cells (33).

we examined the expression levels of Z, both mRNA and
protein, during LCMYV infection.

BHK-21 cells were infected with LCMV Arm5 at an MOI of
3 and harvested at the indicated time points (Fig. 5). Total
cellular RNA was isolated and analyzed by Northern blot hy-
bridization by using specific probes to detect Z and NP mRNAs,
as well as the L and S RNA segments (Fig. 5A). We used Z and
NP cDNA probes of similar size and specific activity. S-seg-
ment-derived RNA species (NP mRNA and genomic plus an-
tigenomic S RNAs) were readily detected at 8 h p.i., whereas
at this time p.i., the levels of L-segment-derived RNA species
(Z mRNA and genomic plus antigenomic L RNAs) were
barely detectable. Steady-state levels of NP mRNA and S
RNA, as well as those of Z mRNA and L RNA, peaked at ca.
18 h p.i. This was followed by a decrease at 24 h p.i. in the
steady-state levels of all four RNA species. The levels of NP
mRNA and S and L RNA species, but not of Z mRNA,
exhibited a slow steady decrease between 24 and 72 h p..
During the first 12 h of infection, the levels of Z mRNA were
significantly lower than those of NP mRNA (Fig. 5A). Consis-
tent with previous findings (24), we also observed a preferen-
tial accumulation of genomic S RNA over genomic L for all
time points analyzed (Fig. 5A).

Equal amounts of whole lysates for each time point indi-
cated were subjected to Western blot analysis using a specific
anti-Z rabbit serum (Fig. 5B). Expression of Z protein was first
detected at 24 h p.i. and peaked by 24 to 36 h p.i., followed by
a slight decrease of its expression at later times (Fig. 5B).

Effect of Z on the encapsidation of the minigenome RNA.
We expected that, as with other negative-strand RNA viruses
(35, 36), viral encapsidated RNA would be the template for
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FIG. 4. Biochemical and biological characterization of LCMV
RNP. (A) Levels of Z associated with LCMV RNP. Whole-cell ex-
tracts (lanes 1 and 3) and RNP (lanes 2 and 4) were prepared from
mock (lanes 1 and 2) and LCMV-infected (lanes 3 and 4) cells and
analyzed by Western blotting using a guinea pig antiserum to LCMV
and a rabbit antiserum to Z. The amount of RNP loaded in lane 4
corresponded to a sixfold-higher amount (cell equivalent) of that
loaded in lane 3. (B) Infectivity of LCMV RNP. Cells were transfected
with RNP prepared from mock- and LCM V-infected cells. As controls,
cells were also either LCMV or mock infected. At 48 h p.i. or post-
transfection, cells were fixed and analyzed by immunofluorescence by
using a guinea pig polyclonal antiserum to LCMV. Levels of infectious
LCMV in the corresponding supernatants (48 h p.i.) were determined
by plaque assay (18). (C) Characterization of infectivity associated with
LCMV RNP. LCMV RNP (lanes 1 to 4) or virions (lanes 5 to 10) were
treated with NP-40 (0.05% for 15 min on ice) or pancreatic RNase (25
pg for 30 min at 20°C) or were left untreated. Infectivity associated
with treated and untreated virions and RNP was assayed by direct
plaque assay (P) or by transfection (T). RNP-associated infectivity was
normalized to that obtained by transfection with untreated RNP. Viri-
on-associated infectivity was normalized to that obtained by direct
plaque assay with untreated virions. Three independent assays were
done. Average values and standard deviations are shown.

RNA synthesis mediated by the LCMV polymerase. In this
case, encapsidation of plasmid-supplied minigenome RNA
would be a first and required step for the synthesis of sub-
genomic mRNA and full-length antiminigenome RNA medi-
ated by the LCMV polymerase. Therefore, we investigated
whether Z could exert its inhibitory activity by preventing en-
capsidation of the minigenome RNA. For this analysis, we
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FIG. 5. Kinetic of Z expression during the natural course of LCMV
infection. (A) Kinetic of Z mRNA synthesis. BHK-21 cells were in-
fected with LCMV (MOI = 3), and total cell RNA isolated at the
indicated time points was analyzed by Northern blot hybridization. For
each time point, equal amounts of RNA were loaded in two different
gels. Lane 7, in both gels, corresponds to RNA from mock-infected
cells. Both gels were identically processed for Northern blot analysis.
One membrane was used to detect Z mRNA and L segment by using
a [*?P]dCTP labeled Z-DNA probe (panel i). The other membrane was
used to detect NP mRNA and the S segment using a [**P]dCTP
labeled NP DNA probe (panel iii). Molecular markers are indicated on
the right. Prior to hybridization, each membrane was stained with
methylene blue to assess the total amount of RNA in each sample
based on levels of 28S and 18S RNA (panels ii and iv). (B) Kinetics of
Z protein expression. BHK-21 cells were infected with LCMV (MOI =
3) and harvested at the indicated time points. Cell lysates were sub-
jected to SDS-PAGE and analyzed for the expression of Z protein by
Western blotting with a rabbit antibody to Z. Lane 1 corresponds to
mock-infected cells.

transfected BHK-21 cells with plasmids carrying the LCMVS-
CAT2 minigenome and the L and NP proteins, together with
100 ng of either a plasmid encoding Z or an empty plasmid
vector as a negative control. Cytosolic cell extracts were pre-
pared 24 h after transfection and loaded on a discontinuous
CsCl, gradient to separate the RNPs from the free RNA. In
the case of LCMYV, the susceptibility of encapsidated RNA to
nucleases prevented us from using micrococcal nuclease treat-
ment to assess levels of encapsidated minigenomes. Encapsi-
dated RNA was isolated from purified S-segment minigenome
RNPs and subjected to semiquantitative RT-PCR using spe-
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cific primers to amplify an internal fragment of the minig-
enome, corresponding to sequences within the CAT ORF. The
predicted 250-bp PCR product was obtained by using encap-
sidated RNA from cells that were transfected only with the NP
and L supporting plasmids. The amount of PCR product gen-
erated decreased concomitantly with the decrease in the
amount of input RNA used for the RT-PCR (Fig. 6A, panel i,
lanes 4 to 6). Cotransfection with 100 ng of Z expression
plasmid (lanes 1 to 3) did not prevent amplification of the same
PCR fragment (Fig. 6A, panel i, lanes 1 to 3). As expected, no
minigenome sequence was amplified in the absence of NP (Fig.
6A, panel i, lane 8). The absence of L decreased but did not
prevent, the amplification of PCR product (Fig. 6A, panel i,
lane 7). Omission of the RT step prevented amplification of
minigenome sequences (Fig. 6A, panel i, lane 9). As a control,
we used the same procedures to isolate bona fidle LCMV RNPs
from an amount of infected cells similar to that of transfected
cells used to prepare the S-segment minigenome RNPs. RNA
present in LCMV RNPs was isolated and characterized by
RT-PCR as described in Materials and Methods (Fig. 6A,
panel ii).

Effect of Z protein on RNA synthesis. The next event to
follow encapsidation of the minigenome RNA is its transcrip-
tion and replication. Decreased levels of transcription and/or
replication can negatively affect minigenome-mediated CAT
expression. Hence, we evaluated the effect of Z on these bio-
synthetic processes. After transfection of BHK-21 cells with
increasing amounts of Z, together with plasmids encoding the
LCMVSCAT?2 minigenome, as well as NP and L proteins,
RNA was isolated and analyzed by Northern blot using an AS
CAT riboprobe. This probe hybridizes to both CAT mRNA
(ca. 700 nucleotides) and the miniantigenomic (1,100 nucleo-
tides) RNA species. The agarose gel electrophoresis condi-
tions used did not separate well the two RNA species, resulting
in the appearance of a broad band in the Northern blot (Fig.
6B). LCMV mRNAs are not polyadenylated. Hence, it was not
possible to use oligo(dT) chromatography to distinguish be-
tween CAT mRNA and antigenomic RNA species.

Coexpression of the LCMV Z protein affected similarly both
the synthesis of subgenomic CAT mRNA and the positive-
sense antigenome RNA from the LCMVSCAT2 minigenome
template RNA (Fig. 6B, lane 4). As predicted above, in the
absence of L no synthesis of RNA mediated by the LCMV
polymerase was detected (Fig. 6B, lane 7). The CAT AS probe
also detected an additional broad-appearing band of ca. 1.5 to
1.7 kb. Synthesis of this RNA species also required L and was
prevented by Z in a dose-dependent manner; therefore, it
appears to be specifically produced by the virus polymerase.
However, the precise nature of this RNA is currently unknown.
It is worth noting that a similar finding was observed when
RNA from LCMV-infected cells were analyzed by Northern
blot using an NP probe. In addition to the expected sub-
genomic NP mRNA (1.5 kb) and S segment (3.5 kb) RNA
species, an RNA of ca. 5 kb also hybridizes specifically to the
NP probe (see Fig. 5A). It has been proposed that terminal
complementarity may be responsible for the generation of
unresolved dimeric RNA species that will migrate with an
apparent molecular mass higher than that of the genomic S
RNA. This situation could also apply to the S-segment minig-
enome RNA, which also has terminal complementarity.
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FIG. 6. Effect of Z on encapsidation and RNA synthesis of LCMV S-segment minigenome. (A) Z does not inhibit encapsidation of plasmid
supplied LCMVSCAT2 minigenome. (i) BHK-21 cells (10° cells/well, six-well plate) were infected with vIF7.3 (MOI = 3) and cotransfected with
0.5 ng of pPLCMVSCAT2, 1.5 ng of pCITE-NP, 0.1 pg of pGEM-L, and 0.1 ng of pTMI-GFP. Plasmids expressing L and NP were omitted in lanes
7 and 8, respectively. Samples from lanes 1 to 3 were also transfected with 100 ng of pUCIRES-Z. In all of the samples the amount of DNA was
kept constant (2.7 png) by adding plasmid pTMI. At 24 h after transfection, cells (three wells/sample) were harvested and RNP was obtained as
described in Materials and Methods. Encapsidated RNA was isolated and subjected to semiquantitative RT-PCR by using decreasing amounts of
input RNA: 1/4, 1/8, and 1/16 of the total RNA were used in lanes 1 to 3 and lanes 4 to 6. In lanes 7 and 8, 1/8 of the total RNA was amplified.
In lane 9, 1/4 of total RNA was analyzed, omitting the RT step as a control for plasmid DNA contamination in the RNP preparation. Molecular
size markers are indicated on the left. MG refers to minigenome LCMVSCAT?2. (ii) Bona fide LCMV RNPs were prepared from LCMV-infected
BHK-21 cells (3 X 10° cells) at 48 h p.i. (MOI = 3). Encapsidated RNA was isolated and analyzed by semiquantitative RT-PCR as described in
Materials and Methods. In this case, primers used for PCR amplified a segment (ca. 350 bp) of the S segment corresponding to NP sequences.
(B) Effect of Z protein on RNA synthesis mediated by the LCMV polymerase. BHK-21 cells were infected with vITF7.3 (MOI = 3) and
cotransfected with 0.5 wg of pPLCMVSCAT?2, 1.5 ng of pCITE-NP, 0.1 pg of pGEM-L, 0.1 pg of pTMI-GFP, and increasing amounts of
pUCIRES-Z as indicated. Plasmid pGEM-L was not added in lane 7. Total cellular RNA was isolated, and equal amounts (5 pg) were analyzed
by Northern blot hybridization. (i) Subgenomic CAT mRNA and full-length antigenomic RNA species were detected with a [**PJUTP AS CAT
riboprobe. Molecular size markers are indicated on the left. (ii) Methylene blue staining of the membrane was done to determine the positions
and levels of the 28S and 18S RNA.

The RING finger domain of the LCMYV Z protein is required to cause a strong inhibition of the minigenome expression
for the Z inhibitory activity. All arenavirus Z proteins thus far (compare lanes 2 and 6 in Fig. 7 B).
characterized contain a RING finger domain of Z (17, 27, 28, This finding raised the question whether the inhibitory effect
48, 50). The RING finger domain has been identified in a large could be observed with other RING motif containing proteins
number of both cellular and viral proteins (51). We sought to not related to Z. To investigate this question, we determined

determine whether the RING domain was required for the the effect of three other RING finger proteins, unrelated to
inhibition of RNA synthesis mediated by the LCMV polymer- LCMV Z, on LCMV minigenome expression. These were
ase. For this, we constructed the mutant Z-F32G35, in which C PML (31), a cellular RING finger protein which has been
at positions 32 and 35 was changed to F and G, respectively shown to interact with the LCMV Z protein (3, 4); protein
(Fig. 7A). These mutations have been shown to disrupt the Z Vmw110 of herpes simplex virus type 1 (HSV 1) (20); and the
RING domain (2, 3). We first verified that Z-F32G35 could be human cytomegalovirus protein IE86 (26). We first deter-
expressed to levels similar to those of the parental Z-wt pro- mined that we could express at high levels these three RING
tein, as determined by Western blotting. Subsequently, we proteins (Fig. 8A). Expression of PML and Vmw110 was de-
tested the mutant Z protein for its ability to inhibit CAT tected by Western blotting (Fig. 8A, panel i). However, the
expression by the LCMV minigenome. Transfection with up to mouse antibody to IE86 did not work in Western blots; hence,
500 ng of plasmid expressing Z-F32G35 did not interfere with the expression of this RING protein was verified by immuno-
CAT expression (Fig. 7C). However, 500 ng of plasmid fluorescence (Fig. 8A, panel ii). Different amounts of PML,
Z-F32G35 resulted in levels of expression of the mutated Z Vmw110, and IE86 plasmids were transfected in the context of
protein significantly higher than those of Z-wt protein required a rescue experiment with the LCMVSCAT2 minigenome. The
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FIG. 7. Disruption of the RING finger motif annuls the inhibitory
effect of the Z protein. (A) Amino acid changes introduced in the
RING domain of mutant Z-F32G35. The RING finger mutant F32G35
contains two nucleotide changes at codon positions 32 and 35 that
disrupt the RING finger motif by changing amino acid residues from
C to F and from C to G, respectively. (B) The RING finger mutant Z
F32G35 is stably expressed. BHK-21 cells were infected with vIF7.3
(MOI = 3) and transfected with the indicated amounts of pUCIRES-Z
or pUCIRESZ-F32G35 plasmid DNA. Lane 7 shows results for mock-
transfected cells. Lysates were subjected to SDS-PAGE, and immuno-
detection of Z proteins was performed with a rabbit anti-Z antibody.
The position of Z is indicated on the right, and the molecular size
markers are indicated on the left. (C) Mutant Z-F32G35 does not
inhibit CAT activity mediated by the LCMVSCAT2 minigenome.
Monolayers of BHK-21 cells were infected with vIF7.3 (MOI = 3) and
cotransfected with 0.5 pg of pPLCMVSCAT2, 1.5 g of pCITE-NP, 0.1
pg of pGEM-L, 0.1 ug of pTMI-GFP, and increasing amounts of
pUCIRES-Z and pUCIRESZ-F32G35, as indicated at the bottom.
Plasmid pGEM-L was not added in lane 8. In all of the samples, the
amount of DNA was kept constant by adding plasmid pTMI to 2.7 p.g.
Samples were assayed for CAT activity as described in Materials and
Methods. O, origin; Cm, chloramphenicol; MAc, monoacetylated
chloramphenicol; DAc, diacetylated chloramphenicol.

LCMYV Z plasmid exhibited the expected dose response inhi-
bition of CAT activity mediated by the LCMV minigenome. In
contrast, PML, Vmw110 and IE86 all failed to inhibit CAT
expression even at the highest (500 ng) amount of DNA plas-
mid tried (Fig. 8B).

Effect of early expression of Z on LCMV multiplication in
vivo. The strong inhibitory effect of Z on the expression of the
LCMYV minigenome led us to test whether virus multiplication
could be also affected by increased expression of Z at early
times during the natural course of LCMV infection. For this,
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FIG. 8. LCMVSCAT2 minigenome expression is not inhibited by
RING finger proteins unrelated to Z. (A) Expression of viral (Vmw110
and IE86) and cellular (PML) RING finger proteins in BHK cells.
BHK-21 cells were infected with vI'F7.3 (MOI = 3) and transfected
with 0.5 pg of RMX-PML (panel i, lane 3), 0.5 pg of pT7-110 (panel
ii, lane 4), or 0.5 pg of pGEM-IE86 (panel ii). Protein expression was
assayed by Western blotting with either a rabbit anti-PML antibody
(panel i, lanes 1 to 3) or a mouse anti-Vmw110 antibody (panel i, lanes
4 to 6) or by immunofluorescence with a mouse anti-IE86 antibody
(panel ii). The positions of PML and Vmw110 are indicated on the
right, and the molecular size markers are indicated on the left. (B)
Inhibition of CAT expression by the LCMVSCAT2 minigenome is not
observed with RING finger proteins unrelated to Z. BHK-21 cells were
cotransfected with 0.5 pg of pPLCMVSCAT2, 1.5 g of pCITE-NP, 0.1
pg of pGEM-L, 0.1 pg of pTMI-GFP, and increasing amount of
pUCIRES-Z, pGEM-IES6, pT7-110, or RMX-PML as indicated at the
bottom of the figure. Plasmid pGEM-L was omitted in lane 14. In all
of the samples the amount of DNA was kept constant by adding vector
pTMI to 2.7 pg. Samples were assayed for CAT activity as described in
Materials and Methods. O, origin; Cm, chloramphenicol; MAc, mono-
acetylated chloramphenicol; DAc, diacetylated chloramphenicol.

we used VI'F7.3 to mediate expression of plasmid-derived Z in
the context of a LCMV infection. We first examined whether
vI'F7.3 infection had a significant negative impact on LCMV
replication that would preclude the use of this approach. Cells
infected with LCMV alone and with LCMV plus vTF7.3 ex-
hibited similar levels of LCMV S RNA and NP mRNA (Fig.
9C). In addition, vTF7.3 infection did not affect significantly
the number of LCMV NP-positive cells detected by immuno-
fluorescence at 24 h p.i. (Fig. 9D). As controls, vIF7.3-infected
cells were transfected also with ZF32G35 and with a plasmid
encoding chicken rhomboid (ChRb), a nonviral protein unre-
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FIG. 9. Effect of vTF7.3-mediated expression of Z on LCMYV infection. (A) Effect of vIF7.3-mediated Z and ChRb expression on LCMV and
VSV infections. BHK-21 cells were infected with vITF7.3 (MOI = 3) and subsequently transfected with ChRb (a, f, d, and i), Zwt (b, g, e, and j),
or ZF32G35 (c and h) and infected with either LCMV (MOI = 3) (a to ¢ and f to h) or VSV (MOI = 3) (d, e, i, and j). Cells were fixed at 12
and 24 h p.i. with VSV and LCMYV, respectively, and analyzed by immunofluorescence by using the indicated primary antibodies, together with
the appropriate secondary antibodies coupled to either FITC or TXR. (B) Quantitation of immunofluorescence results shown in panel A. In each
case a minimum of 100 positive transfected cells were counted, and the percentage of cells also expressing the corresponding viral antigen was
determined. (C) Effect of vT'F7.3 infection on LCMV RNA synthesis. Cells were infected with LCMV alone (lanes 2 and 3) or with both LCMV
and vTF7.3 (lanes 4 and 5). At the indicated times p.i., RNA was prepared and analyzed by Northern blotting using an LCMV NP probe. (D) Effect
of vTF7.3 infection on LCMV antigen expression. Cells were infected with LCMV or coinfected with LCMV plus vI'F7.3. After 24 h the cells were
fixed and examined by immunofluorescence using a guinea pig polyclonal antiserum to LCMV.

lated to Z. To facilitate its detection, ChRb was tagged at its C
terminus with a c-myc epitope. Five hours after transfection,
cells were infected either with LCMV or with VSV, both at an
MOI of 3. At 12 and 24 h after infection with VSV and LCMV,
respectively, cells were fixed and analyzed by immunofluores-
cence with the following antibodies: (i) a guinea pig polyclonal
antibody to LCMYV that recognizes the NP and GP, but not Z,
viral proteins; (ii) a rabbit serum to Z; (iii) a mouse monoclo-

nal antibody to the c-myc epitope; and (iv) a rabbit polyclonal
antibody to the cytoplasmic tail of VSV G. It should be men-
tioned that levels of Z protein present in LCMYV infected cells
at early times (<24 h p.i.) could not be detected by immuno-
fluorescence with the rabbit antibody to Z used in these stud-
ies. This allowed identification of cells expressing plasmid de-
rived Z protein and virus NP antigen. Cells expressing ChRb
were readily infectible by LCMV and VSV, as determined by
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the colocalization of transfected ChRb and viral antigens (Fig.
9A, panels a, f, d, and i, and B). Most cells expressing the
transfected Z did not express levels of LCMV NP antigen that
could be detected by IF (Fig. 9A, panels b and g, and B). In
contrast, Z-transfected cells exhibited a susceptibility to VSV
similar to that observed in ChRb-transfected cells (Fig. 9A,
panels d, i, e, and j, and B). This Z-mediated decreased sus-
ceptibility to LCMV was statistically significant (chi-squared
test, P < 0.0001). Consistent with the CAT results, cells ex-
pressing the mutant ZF32G35 did not exhibit decreased sus-
ceptibility to LCMV infection (Fig. 9A, panels ¢ and h, and B).

DISCUSSION

In this study, we present evidence that LCMV Z has a strong
inhibitory effect on the expression of an LCMV S-segment
minigenome. Moreover, cells expressing Z via plasmid trans-
fection appeared to have decreased susceptibility to LCMV
infection but not to VSV infection. The inhibitory effect re-
quires an intact Z ORF, and the magnitude of inhibition cor-
relates directly with the amount of Z protein produced (Fig. 2).
In addition, plasmid-mediated expression of LCMV trans-act-
ing factors NP and L was unaffected by the coexpression of Z
(Fig. 3). Together, these results support the conclusion that the
inhibitory effect observed is mediated by the Z protein rather
than the consequence of an artifact of transfection of the Z
plasmid or intracellular synthesis of Z mRNA. Moreover, 20
ng of input Z plasmid caused an approximately 50% decrease
in CAT activity by the LCMV minigenome (Fig. 1A), with the
corresponding levels of plasmid supplied Z protein being be-
low those naturally occurring in LCMV-infected cells (Fig.
1B). This suggests that the Z inhibitory effect could very well
operate during the natural course of LCMV infection. Because
our studies were only done with an S-segment minigenome, we
cannot rule out that the observed effects of Z are unique to the
LCMV S segment. However, it seems reasonable to assume,
though it is as yet unproved, that similar mechanisms would be
responsible for transcription and RNA replication of both S
and L segments. If we assume that this hypothesis as correct,
then Z would be expected to exert a similar inhibitory effect on
the transcription and RNA replication of both S and L seg-
ments.

Early studies using in vitro transcription combined with im-
munodepletion experiments of the Z protein from Tacaribe
virus (TACV) indicated that Z is required for both genome
replication and mRNA synthesis (25). The apparent discrep-
ancies between those published findings and our results may be
related to differences between TACV and LCMV with respect
to Z functions. It is also possible that the antibody to TACV Z
protein used in the immunodepletion studies may have also
affected cellular factors required for virus RNA synthesis. It is
well documented that cellular components, especially proteins
associated with the cytoskeleton, can frequently play important
roles in virus replication and transcription (14, 32). This inter-
pretation, however, cannot explain how in vitro synthesis of
TACV RNA could be restored by adding an extract of cells
infected with VI'F7-3 and transfected with a T7-Z plasmid but
not by one of cells infected with vI'F7-3 alone. However,
LCMYV RNP preparations with activity in in vitro synthesis of
RNA (23) and the ability to resume infection after transfection
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into cells (Fig. 4B and C) were devoid of detectable levels of Z
protein (Fig. 4A). Recent evidence has shown that the buny-
amwera virus nonstructural (NS) proteins also inhibit viral
RNA synthesis in a minireplicon system (59). Interestingly, the
NS proteins of RVFV, another bunyavirus, did not exhibit such
inhibitory effect on minigenome RNA synthesis. This suggests
that NS proteins of viruses in different Bunyaviridae genera
may share only limited functional similarities with respect to
the viral replication cycle. Likewise, the apparent discrepancies
between previously published findings with TACV and our
results with LCMV may be related to differences between
these two arenaviruses with respect to their Z functions. In this
regard, it is worth noting that TACV and LCMV belong to the
two different arenavirus groups or complexes: the TACV com-
plex, which includes all of the known New World arenaviruses,
and the LCMV-Lassa complex, which includes the Old World
arenaviruses (8).

We noted that coexpression of Z did not prevent encapsi-
dation of the plasmid-supplied LCMV minigenome (Fig. 6A,
panel i) but affected both transcription and replication of the
minigenome similarly (Fig. 6B). Based on results shown in Fig.
6A, panel i, it appears as though the presence of Z causes a
modest increase (two- to fourfold) on the levels of encapsi-
dated minigenome RNA (compare lanes 1, 3, 4, and 6 in Fig.
6A, panel i). Nevertheless, the semiquantitative nature of the
assay should caution about the significance of these apparent
differences. The results shown in Fig. 6A, panel i, however,
provide strong evidence against the possibility that Z has a
significant negative effect on the encapsidation of the minig-
enome RNA. Amplification of minigenome sequences by RT-
PCR in the encapsidation assay could have been due to con-
taminant plasmid DNA. We rule out this possibility based on
the lack of amplified sequences when the RT step was omitted
(Fig. 6A, panel i, lane 9). These findings suggest that Z is acting
at a very early stage after encapsidation. Z could act on the
encapsidated template, the polymerase complex, or both. The
amount of Z plasmid that caused ca. 50% inhibition was 15-
fold lower and 4-fold higher than the molar concentrations of
the NP and L plasmids, respectively, suggesting that it is more
likely that Z is acting on L.

Biochemical and immunological studies have shown that Z is
a structural component of the virion, where it is closely asso-
ciated with NP. Treatment of LCMV with nonionic detergents
showed that Z partitions into the hydrophobic phase rather
than remaining associated with the viral nucleocapsid. More-
over, infectious and transcriptionally active LCMV RNP did
not contain detectable levels of Z. These findings suggest that
Z might be the arenavirus counterpart of the matrix (M) pro-
teins found in other negative-strand RNA viruses (48, 49). For
several negative-strand RNA viruses, the association of the M
protein with the RNP core appears to shut down virus tran-
scription (15, 42, 56, 58). Whether LCMV Z plays an equiva-
lent role in LCMV infections remains to be determined.
LCMYV Z has also been shown to interact with several host cell
proteins (3, 4, 12). The association of Z with the eukaryotic
initiation factor 4E (eIF-4E) has been implicated in the repres-
sion of protein synthesis in an eIF-4E-dependent manner (12).
Therefore, it is possible that low levels of Z protein could be
sufficient to affect the expression of a host cell factor required
to initiate synthesis of RNA by the LCMV polymerase.



VoL. 75, 2001

All arenavirus Z genes sequenced thus far contain a con-
served RING finger domain of the type RING HC (C1-X2-
C2-X9-C3-X2-H1-X2-C4-X2-C5-X10-C6-X2-C7) (22). Dou-
ble-point mutations of the zinc-binding residues in the RING
finger domain have been shown to unfold the RING and to
affect the function of these proteins (2, 3). Using site-directed
mutagenesis, we generated an LCMV Arm Z protein wherein
the C1 and C2 positions within its RING finger were changed
to F and G, respectively (Z-F32G35). This mutated Z-F32G35
protein was stable and could be expressed at levels similar to
that of Z-wt, but the mutant Z lost the inhibitory activity (Fig.
7). This result indicated a key role of the RING domain in
Z-mediated inhibition of the LCMV minigenome. However,
other viral and nonviral RING proteins not related to Z did
not have any effect on the LCMV minigenome expression (Fig.
8), suggesting that the presence of a RING-finger domain per
se is not responsible for the Z inhibitory effect. The RING
domain is thought to mediate protein-protein interaction
rather than binding to nucleic acids (12, 19, 21, 30, 57). Hence,
the inhibitory activity of Z may involve its interaction with L
and/or specific host cell factors through its RING finger do-
main. Recent findings from a number of laboratories have led
to the realization that many RING finger proteins can play a
key role in the control of intracellular protein degradation by
acting as ubiquitin (Ub)-protein ligases (or E3s) (29, 30). E3s
provide specificity to Ub conjugation by facilitating the transfer
of Ub from a Ub-conjugating enzyme (Ubc or E2) to ubiquiti-
nation targets. It is appealing to speculate that the Z inhibitory
effect might be related to its potential E3 activity. This E3
activity would provide Z with the capability to specifically tar-
get for degradation proteins required at early stages of RNA
synthesis mediated by LCMV polymerase. Nevertheless, our
attempts to demonstrate an E3 activity associated with Z
yielded negative results. These assays were done using E2
Ubc4 and Z itself as a target for ubiquitination. Therefore, we
cannot rule out that Z has an E3 activity that requires inter-
action with a different E2 or that Z itself is not a target for
ubiquitination. In the future, it would be of interest to analyze
whether Z has E3 activity when examined in the context of
different E2s, as well as using a variety of potential ubiquiti-
nation targets.

The NS1 protein of respiratory syncytial virus (RSV) has
been shown to have an inhibitory activity (1) similar to that
described here for Z. These findings raise the obvious question
of why RSV and LCMYV encode a protein with an activity that
would seem to be counterproductive for viral replication. It
may not be accidental that, like RSV, many arenaviruses are
characterized by their relative modest growth properties com-
pared to other negative-strand RNA viruses. Negative regula-
tory proteins such as NS1 and Z could contribute to restricted
virus replication and gene expression. Z likely plays different
roles during the life cycle of LCMV. Its expression at low levels
early during the life cycle of LCMV (Fig. 5) could have a
negative regulatory effect on RNA synthesis that might con-
tribute to the restricted replication and noncytopathic proper-
ties of many arenaviruses. Increased levels of Z protein at later
times of the LCMV life cycle could be required for virus
maturation and budding. Levels of Z mRNA increased
abruptly by between 12 and 18 h p.i., and we could not detect
Z protein prior to 24 h p.i, which postdated the onset of
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synthesis of L RNA. Thus, the expression of Z during the
progression from early to late phases of the LCMYV life cycle
may be highly regulated. Expression of high levels of Z protein
earlier than needed during the virus life cycle could have a very
strong negative impact on virus multiplication. This possibility
is likely to be recreated in our minigenome rescue assay with
use of increasing amounts of Z plasmid. Consistent with this
hypothesis, cells transfected with Z, but not with ZF32G35,
exhibited decreased susceptibility to LCMV (Fig. 9). This ef-
fect of Z appears to be specific since cell susceptibility to VSV
infection was not altered in cells transfected with Z. In addi-
tion, cells expressing a Z not related to the transfected gene
and untransfected control cells showed similar susceptibilities
to LCMYV infection. These findings suggest that Z could play
previously unsuspected roles in the control of arenavirus RNA
synthesis. A detailed understanding of the mechanisms by
which LCMV Z exerts its inhibitory activity could provide
valuable information for the design of new antiviral strategies
against highly pathogenic human arenaviruses such as Lassa
fever virus.
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