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The promoter sequences directing viral gene expression and genome replication of arenaviruses reside
within the 3� and 5� termini of each RNA segment. The terminal 19 nucleotides at both ends are highly
conserved among all arenavirus species and are almost completely complementary to each other. This study
aimed at characterizing the Lassa virus promoter in detail. The relevance of each position in the promoter was
studied by site-directed mutagenesis using the Lassa virus minireplicon system. The data indicate that the
Lassa virus promoter functions as a duplex, regulates transcription and replication in a coordinated manner,
and is composed of two functional elements, a sequence-specific region from residue 1 to 12 and a variable
complementary region from residue 13 to 19. The first region appears to interact with the replication complex
mainly via base-specific interactions, while in the second region solely base pairing between 3� and 5� promoter
ends is important for promoter function.

The family Arenaviridae comprises at least 23 virus species
(5). Several arenaviruses, such as Lassa virus, Junin virus,
Guanarito virus, Machupo virus, and lymphocytic choriomen-
ingitis virus (LCMV), are important human pathogens. Lassa
virus persists in the small rodent Mastomys natalensis, which is
prevalent in sub-Saharan Africa. Transmission of the virus to
humans causes Lassa fever, a life-threatening infection associ-
ated with bleeding and organ failure (13).

Arenaviridae belong to the segmented negative-sense RNA
viruses. The bisegmented genome consists of a small (S) and a
large (L) RNA segment. Each segment contains two viral
genes in opposite orientations, an arrangement called the am-
bisense-coding strategy (1). The S segment encodes the nu-
cleoprotein (NP) and the glycoprotein precursor, which is post-
translationally cleaved into GP-1 and GP-2. The L segment
encodes the small zinc-binding matrix protein Z and the large
L protein, which contains an RNA-dependent RNA poly-
merase domain. NP, L protein, and viral RNA form the
transcriptionally active unit, the ribonucleoprotein (RNP)
complex. Both proteins are the minimal trans-acting factors
required for RNA replication and transcription. Minimal
cis-acting elements are the 5� and 3� noncoding regions
(NCR) at the ends of the RNA segments as well as the
intergenic region (13, 21, 23).

The promoter sequences directing viral gene expression and
genome replication reside within the 3� and 5� termini of each
RNA segment. The terminal 19 nucleotides at both ends are
highly conserved among arenaviruses and are almost com-
pletely complementary to each other. They probably hybridize,
forming a panhandle structure, with the remaining part of the
RNA molecule representing the circumference of the pan.
This prediction is supported by electron microscopic studies
(29). Recently, functional studies using the LCMV minirepli-

con system provided experimental evidence that the conserved
termini are essential to promote replication and transcription
(25). Deletion analysis showed that both 3� and 5� termini are
required for transcriptional activation, indicating that the pro-
moter indeed functions as a duplex. The promoter elements of
several segmented negative-strand RNA viruses, including in-
fluenza A virus (2, 6–8, 10, 11, 15, 16, 22, 24, 26), Thogoto virus
(19, 20), Bunyamwera virus (3, 4, 17), and Uukuniemi virus (9),
have already been characterized in detail, and structural mod-
els of the promoter have been proposed. A detailed analysis of
the arenavirus promoter is still lacking. Therefore, the present
study aimed at establishing a promoter model for Lassa virus.
The relevance of each position in the promoter duplex was
studied by site-directed mutagenesis using the Lassa virus mi-
nireplicon system (13).

The genomic minigenome pLAS-MG, which is based on the
S RNA segment of Lassa virus, served as a template for mu-
tagenesis. It contains 5� NCR, intergenic region, and 3� NCR,
as well as two reporter genes (encoding chloramphenicol
acetyltransferase [CAT] and Renilla luciferase [Ren-Luc]) in
place of the viral genes (Fig. 1A). The minigenome is ex-
pressed under control of a T7 RNA polymerase promoter and
contains a single additional G residue at the 5� end. In order to
facilitate the generation of a large number of promoter mu-
tants, the functional cassette of pLAS-MG (T7 promoter and
minigenome) was amplified by mutagenic PCR, and the result-
ing PCR products were used for transfection without prior
cloning. The experimental strategy employs classical PCR mu-
tagenesis (14) and is schematically outlined in Fig. 1. PCR was
performed with Phusion DNA polymerase (Finnzymes) and
mutagenic primers binding to the 3� and/or 5� promoter region
of pLAS-MG. Minigenomes with mutations at the 3� terminus
were amplified for 25 cycles with 3 ng linearized pLAS-MG,
vector-specific primer pUC-fwd, and mutagenic primer LVS-
3400-mut� (CGCACAGTGGATCCTAGGCTATTGGA; the
mutagenized region is underlined) (Fig. 1B, PCR-c). Muta-
tions at the 5� terminus were introduced by a two-step proto-
col. First, fragments were amplified for 25 cycles with 3 ng
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linearized pLAS-MG and the primer combination pUC-fwd/
LVS-1-mut� (ATGCCTAGGATCCCCGGTGCGCTA; the
mutagenized region is underlined) (Fig. 1C and D, PCR-a), as
well as the primer combination pUC-rev/LVS-1-mut� (LVS-
1-mut� is reverse complementary to the corresponding LVS-
1-mut� primer) (Fig. 1C and D, PCR-b). Taq polymerase was
used for mutagenic PCR if primers contained artificial muta-
tions up to position �5 from the 3� end to prevent artifacts due
to the 3�-5� exonuclease activity of Phusion DNA polymerase.
PCR products were gel purified and fused together in a second
PCR with aliquots of both fragments as a template and primers
pUC-fwd/LVS-3400-wt� (for 5� promoter mutants; Fig. 1C,
PCR-d) or pUC-fwd/LVS-3400-mut� (for 5�/3� double mu-

tants; Fig. 1D, PCR-c). Mutant minigenomes were purified
using a PCR purification kit (Macherey & Nagel) and quanti-
fied spectrophotometrically. The presence of each artificial
mutation was ascertained by sequencing. In each mutagenesis
PCR, wild-type minigenomes were amplified with unmodified
primers in parallel with the mutants and served as a positive
control for the transfection experiment.

Monolayers of BSR T7/5 cells (1 � 105 cells per well of a
24-well plate) were transfected with 250 ng amplified mini-
genome, 250 ng pCITE-NP and 250 ng pCITE-L (expression
constructs for NP and L protein, respectively), and 10 ng
pCITE-FF-luc (expression construct for firefly luciferase) as a
transfection control. Each mutant was transfected in duplicate.
One day after transfection, cells were lysed in 100 �l passive
lysis buffer (Promega) per well, and 20 �l of the lysate was
assayed for firefly luciferase and Ren-Luc activities by using
the dual-luciferase reporter assay system (Promega) as de-
scribed by the manufacturer. Ren-Luc levels were corrected
with respect to the firefly luciferase levels (standardized rela-
tive light units). For measuring CAT expression, cells were
lysed 24 h after transfection in 200 �l CAT lysis buffer. CAT
was assayed using a commercial CAT enzyme-linked immu-
nosorbent assay (Roche) as described by the manufacturer.
CAT levels were calculated using a standard curve and cor-
rected with respect to the firefly luciferase levels (standardized
CAT levels).

In the first set of experiments, the relevance of every nucle-
otide of the conserved termini was determined. Each of the 19
positions at the 3� and 5� termini was individually changed into
the three remaining bases (Fig. 1B and C), and the transcrip-
tional activity of the mutant minigenome was analyzed in a
replicon system. Most point mutations resulted in a dramatic
loss of Ren-Luc activity (Fig. 2A). Only a few mutants re-
mained functional. At the 3� end, mutations at positions 6 and
8 (numbering starts at the 3� end) were tolerated, while at the
5� end, mutations at position 8, 9, and 11 (numbering starts at
the 5� end) were tolerated. Reduced though still significant
activity was seen at positions 9 and 19 of 3� end and at positions
5, 6, 7, 12, and 19 of the 5� end. Structural flexibility at positions
6 and 8 is consistent with the existence of natural variability at
these positions. Overall, both the central part of the promoter
from position 6 to 12 and position 19 were less susceptible to
single mutations than the remaining positions. Differences be-
tween the 3� and 5� ends were most prominent at positions 11
and 12. At some positions, specific mutations abolished repli-
con activity while others were tolerated. For example, at posi-
tion 3�-9C, bases A and U were tolerated, while a G resulted in
complete loss of function. Similar effects were observed at
position 5�-5C (A tolerated), 5�-6C (A and U tolerated), and
5�-8G (A and U tolerated). Thus, it appears that A and U are
more likely to be tolerated at positions showing G or C in the
natural context.

The minireplicon had been engineered to reflect the natural
situation of ambisense gene expression by insertion of two
marker genes, those for CAT and Ren-Luc (Fig. 3A). Conse-
quently, replicative intermediates and transcripts can be easily
distinguished by length in Northern blots. To test whether
promoter mutations selectively interfere with either replication
or transcription, BSR T7/5 cells were transfected with selected
promoter mutants and total RNA was purified with RNeasy

FIG. 1. PCR-based mutagenesis of the terminal sequences of the
Lassa virus minigenome. (A) Functional elements of minigenome plas-
mid pLAS-MG (T7p, T7 RNA polymerase promoter; 5� and 3�, con-
served termini forming Lassa virus promoter). (B) Generation of mu-
tants with changes in the 3� terminus by using a one-step PCR
protocol. Arrows indicate primers for PCR. A cross indicates artificial
mutation. (C) Generation of mutants with changes in the 5� terminus
by using a two-step PCR protocol. (D) Generation of mutants with
changes in the 3� and 5� termini by using a two-step PCR protocol.
(E) Agarose gel analysis of PCR fragments generated by the two-step
PCR protocol. A set of five representative examples is shown. The fol-
lowing primer combinations were used for generation of mutants: PCR-a,
pUC-fwd (a�) and mutagenic primer LVS-1-mut� (a�); PCR-b, muta-
genic primer LVS-1-mut� (b�) and pUC-rev (b�); PCR-c, pUC-fwd
(c�) and mutagenic primer LVS-3400-mut� (c�); PCR-d, pUC-fwd
(d�) and LVS-3400-wt� (d�). Primers LVS-1-mut� (a�) and LVS-1-
mut� (b�) are reverse complementary to each other, facilitating fusion of
PCR-a and PCR-b fragments during PCR-c or PCR-d.
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FIG. 2. Analysis of promoter mutants by using the Lassa virus minireplicon system. Mutant minigenomes, pCITE-NP, and pCITE-L were
transfected into BSR T7/5 cells, and Ren-Luc activity was measured 1 day after transfection. Ren-Luc levels were corrected with respect to the
firefly luciferase levels (standardized relative light units [RLU]). Means (� ranges) from duplicate transfection experiments are shown relative to
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columns (QIAGEN, Hilden, Germany). RNA was resolved in
a 1.5% agarose–formaldehyde gel and blotted onto a Hybond
N� membrane (Amersham Pharmacia Biotech). Antigenomic
RNA and Ren-Luc mRNA were detected using a 32P-labeled
riboprobe hybridizing to the Ren-Luc gene. In agreement with
the levels of Ren-Luc enzyme activity, the mutants showed
strong reductions of both antigenome and Ren-Luc mRNA
levels, except mutants with changes at positions 6 and 19 of the
3� end (Fig. 3B). There was no indication of selective reduction

of either antigenome or Ren-Luc mRNA levels, suggesting
that the promoter does not differently regulate replication and
transcription.

CAT mRNA can be transcribed only from newly synthesized
antigenomic RNA (Fig. 3A). To ascertain that the antigenome
is actually used as a template for transcription, CAT levels
were measured for the wild-type replicon and the set of 3�
promoter mutants that had been tested by Northern blotting.
Only the wild type and the three mutants that showed de-
tectable levels of antigenome in Northern blots expressed
CAT (mutants 6U-A, 17C-U, and 19G-U; compare Fig. 3B
and C), indicating the antigenome functions as transcrip-
tional template. This is consistent with the accumulation of
genomic RNA synthesized by the Lassa virus polymerase
24 h after transfection as shown previously by Northern blot
analysis (13).

The testing of single mutants also confirmed that both ter-
mini are required for transcriptional activity of the replicon.
This raises the question of whether a specific base or base
pairing between the 3� and 5� ends is relevant for promoter
activity. Therefore, a second set of experiments was performed
to test whether activity could be rescued by restoring comple-
mentarity between the 3� and 5� termini. To this end, 3� and 5�
double mutants were generated (Fig. 1D). Each of the 19
positions of the 3� terminus was changed into the three re-
maining bases, whereas a complementary change was intro-
duced at the corresponding position of the 5� terminus to
maintain base pairing. All double changes at positions 1 to 12
resulted in complete loss of activity, except for some changes at
positions 6 and 8 (Fig. 2B). This shows that base pairing cannot
rescue promoter activity in this region and strongly suggests
that a specific base at a certain position is required for pro-
moter activity. The complete loss of function due to double
mutations compared to the single mutations indicates an ad-
ditive or even synergistic effect of the mutations and supports
the view that the activity of the promoter depends on the
specific sequence between positions 1 and 12 at both termini.

In contrast to the case for residues 1 to 12, compensatory
mutations at positions 13 to 19 efficiently rescued transcrip-
tional activity, indicating that base pairing rather than a spe-
cific sequence is essential in this part of the promoter. There
were only three double mutants which did not show transcrip-
tional activity (base pairs are given 3� to 5�): at position 13, G-C
to U-A; at position 14, G-C to C-G; and at position 18, C-G to
A-U. It might be that at these positions the presence of a
specific base at either the 3� or 5� end interferes with replicon
activity. Residues 13 to 19 are referred to as the variable
complementary region since primarily base pairing is impor-
tant for promoter strength in this region.

The rescue experiments did not exclude intrastrand interac-
tions in the region between positions 1 and 12. Therefore, the

that for the wild-type (WT) promoter. (A) Mutants with single exchanges at either the 3� or 5� promoter end. The wild-type sequence is shown
below the diagrams. Above the wild-type sequence, the introduced mutations are indicated. Each position, at either the 3� or 5� end, was changed
into the three remaining bases and tested independently. (B) Double mutants with complementary exchanges in the 3� and 5� promoter ends. Each
base pair formed between the 3� and 5� promoter ends was changed into the remaining three possible base pairs. The mutant base pairs are shown
above the wild-type base pairs. At positions 6 and 8 with a mismatch in the natural promoter, a perfect match was introduced by changing the
sequence into all four possible base pairs.

FIG. 3. Influence of selected mutations on replication and tran-
scription of the minigenome. (A) Functional elements of the minire-
plicon (5� and 3�, conserved termini forming the Lassa virus promoter).
Arrows indicate the two RNA species expressed by the replicon. The
mRNAs terminate in the intergenic region, while the antigenome
terminates at the 5� end of genomic RNA. (B) Northern blot analysis
of RNAs expressed by mutant minigenomes. Antigenomic RNA and
Ren-Luc mRNA were detected using a riboprobe hybridizing to the
Ren-Luc gene. Mutations in the promoter are indicated above the blot.
WT, wild-type; NC, negative control cells lacking all replicon compo-
nents. Negative control cells expressing the minigenome and NP but
lacking L protein did not produce a background signal (data not
shown). (C) Influence of mutations at the 3� promoter end of genomic
RNA on CAT expression level. Mutant minigenomes, pCITE-NP, and
pCITE-L were transfected into BSR T7/5 cells, and CAT activity was
measured 1 day after transfection. Means (� ranges) from duplicate
transfection experiments are shown relative to that for the wild-type
(WT) promoter.
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secondary structure was predicted separately for the 5� and 3�
ends of the promoter by using mfold (version 3.2) (30). This
analysis revealed possible intrastrand interactions between po-
sitions 1 and 9, positions 2 and 8, and positions 3 and 7 of the
3� end and between positions 1 and 7 and positions 2 and 6 of
the 5� end, as shown in Fig. 4. To test the relevance of intras-
trand interaction for promoter activity, each predicted base
pair was inverted by mutagenesis as described above. This led
to a change in sequence, but the base pairing was maintained.
None of these double mutants showed transcriptional activity
in the replicon system (Fig. 4). Residues 1 to 12 are referred to
as the sequence-specific region, since restoring predicted inter-
and intrastrand interactions by compensatory mutations could
not rescue promoter activity.

In conclusion, the presented data suggest that the Lassa
virus promoter (i) functions as a duplex; (ii) is composed of
two functional elements, a sequence-specific region from res-
idues 1 to 12 and a variable complementary region from resi-
dues 13 to 19 where solely base pairing between the 3� and 5�
promoter ends is important; and (iii) regulates transcription
and replication in a coordinated manner.

The bases of the sequence-specific region probably interact
with a promoter-binding protein(s), most likely with the L
protein (Fig. 5). Residues at positions 1, 2, 3, 4, 5, 7, 10, 11, and
12 of the 3� end and at positions 1, 2, 3, 4, and 10 of the 5� end
are particularly invariable, indicating very specific interactions.
Other positions are more flexible, especially positions 6 and 8,
suggesting a lack of interaction or binding of L protein to the
RNA backbone or common structural groups of the bases. The
latter hypothesis might also explain why A and/or U bases were
tolerated to some degree at positions 3�-9C, 5�-5C, and 5�-6C,
while G completely blocked transcriptional activity. Bases U
and A are structurally more closely related to C than G is. The
data do not exclude the existence of base pairing in the se-
quence-specific part of the promoter. The fact that there is
complementarity in this region suggests that base pairing is
important, perhaps at an early stage of promoter-polymerase
interaction. However, if the sequence may not be changed

without affecting promoter function, it is difficult to determine
the relevance of base pairing experimentally.

In contrast to the case for the sequence-specific part, there
was clear evidence that base pairing is important for promoter
function in the variable complementary region. This part of the
promoter might not be involved in interactions with the poly-
merase at all, or the interaction may involve ribose and phos-
phate groups rather than the base. However, some base-spe-
cific interactions at positions 13, 14, and 18, where only certain
base pairs were tolerated, seem to exist. The high level of
sequence flexibility of the complementary part of the promoter
is somewhat surprising in view of the complete conservation of
its sequence among the arenavirus family. This discrepancy
may point to the existence of overlapping functions in the
terminal sequence which could not be measured with the rep-
licon system. For example, the termini of influenza A virus and
Bunyamwera virus RNAs are involved in incorporation of
RNA into virions (12, 18, 27).

On the other hand, the effects observed in the replicon
system may not be exclusively related to promoter activity.
Although this assumption is purely speculative, interference of
the artificial mutations with other functions, e.g., RNP assem-
bly, might have contributed to the experimental outcome. The
availability in the future of in vitro assays with purified, enzy-
matically active L protein may provide further insight into
L-protein–promoter interaction.

Testing a selected range of mutations at the 3� and 5� ends
of the promoter did not reveal evidence for differential regu-
lation of antigenome and mRNA synthesis by the promoter,
which is in agreement with findings obtained with the LCMV
minigenome (25). The ratio between the RNA species may be
regulated subsequent to promoter binding, e.g., during initia-
tion, elongation, or termination.

A comparison of our findings with data on promoter se-
quences of other segmented negative-strand RNA viruses re-
veals similarities but also differences. All promoters analyzed

FIG. 4. Predicted intrastrand interaction and experimental evalua-
tion of the structure. Intrastrand base pairs were predicted by mfold.
Each predicted base pair was inverted separately by mutagenesis at
either the 3� or 5� end. The activities of promoter mutants were
calculated as standardized relative light units and are shown relative to
the activity of the wild-type (WT) promoter.

FIG. 5. Model of the promoter of genomic S RNA of Lassa virus.
The model assumes that the promoter functions as a duplex, in agree-
ment with previous studies with LCMV (25). The unbound promoter
may form a complete duplex. Upon binding to the replication complex,
residues 1 to 12 seem to interact in a sequence-specific manner with
the polymerase or another protein of the complex. Particularly invari-
able sites are shown in boldface, with dots indicating base-specific
interactions. Residues 13 to 19 do not appear to form base-specific
interactions with the replication complex. However, complementarity
between the 3� and 5� ends of the promoter is required for activity.
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thus far function as duplexes and are composed of two func-
tional elements. Relevant examples are the promoter models
for influenza A virus (2, 6–8, 10, 11, 15, 16, 22, 24, 26), Thogoto
virus (19, 20), Bunyamwera virus (3, 4, 17), and Uukuniemi
virus (9). Great similarity in structure and function is seen
between the Lassa virus, Uukuniemi virus, and Bunyamwera
virus promoters. In all three viruses, the terminal sequences of
RNA segments are almost completely complementary to each
other. The sequence-specific part ranges from position 1 to 12
(Lassa virus), 1 to 11 (Bunyamwera virus), or 1 to 10 (Uuku-
niemi virus), while complementarity per se is the main struc-
tural feature of the adjacent variable complementary region.
The major difference between Lassa virus and Bunyamwera
virus lies in the sequence variability of the latter region. The S,
M, and L RNA segments of the Bunyamwera virus share only
the 11 sequence-specific residues, while the sequence of the
variable complementary region is segment specific. Thus, this
region exhibits natural variability, indicating that the sequence
of this part is less important. In contrast, this region is com-
pletely conserved among the L and S segments of arenaviruses,
suggesting an additional function(s) as discussed above.

Several studies on the influenza A virus promoter have pro-
vided evidence for a so-called corkscrew structure (6–8). Sim-
ilar structures have also been proposed for Thogoto virus (19,
20, 28). These structures involve intrastrand base pairings in
the 5�- and 3�-terminal sequences of the RNA. Similar intras-
trand interactions were also predicted for the Lassa virus pro-
moter (Fig. 4). However, we did not obtain experimental evi-
dence for the existence of these structures. This does not
exclude their formation at a certain step of promoter binding.
As discussed above for possible interstrand interactions, rescue
experiments may not be informative if residues are invariable
due to base-specific interaction with the replication complex.
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