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Universitätsklinikum Freiburg, D-79008 Freiburg, Germany

Received 22 March 2000/Accepted 15 August 2000

Thogoto virus (THOV) is a tick-transmitted orthomyxovirus with a segmented, negative-stranded RNA ge-
nome. In this study, we investigated the coding strategy of RNA segment 6 and found that it contains 956
nucleotides and codes for the matrix (M) protein. The full-length cDNA contains a single, long reading frame
that lacks a stop codon but has coding capacity for a putative 35-kDa protein. In contrast, the M protein of
THOV has an apparent molecular mass of 29 kDa as assessed by polyacrylamide gel electrophoresis. There-
fore, we investigated the possibility of posttranscriptional processing of segment 6 transcripts by reverse
transcription-PCR and identified a spliced mRNA that contains a stop codon and is translated into the 29-kDa
M protein. Interestingly, the nontemplated UGA stop codon is generated by the splicing event itself. Thus, the
unusual M coding strategy of THOV resembles that of Influenza C virus.

Thogoto virus (THOV) is a tick-borne orthomyxovirus (24)
and contains a genome of six single-stranded RNA segments of
negative polarity. These genomic RNA segments are encapsi-
dated by nucleoprotein (NP) and associate with the viral poly-
merase complex to form viral ribonucleoprotein complexes
(vRNPs) (7, 30) in a manner similar to that of influenza viruses
(5). The three largest segments code for the subunits of the
viral RNA polymerase complex (PB2, PB1, and PA [19, 34]),
segment 4 encodes the viral surface glycoprotein (21), and
segment 5 encodes NP (37). The smallest RNA segment, seg-
ment 6, has not previously been characterized but presumably
codes for the matrix (M) protein. In influenza viruses, it forms
the major component of the virus particle and is expressed at
high levels late in infection (16). Similarly, the M protein of
THOV is also produced in abundance in virus-infected cells
(31). This protein has a molecular weight of approximately
29,000 (30), comparable to that of the M protein of Dhori virus
(DHOV), another tick-borne orthomyxovirus (7). DHOV M
protein shows only weak sequence similarity to the matrix
proteins of influenza viruses, and to date no functional studies
have been undertaken (6).

The role of M protein in virus multiplication has been stud-
ied most intensively for Influenza A virus (FLUAV) (41). Upon
infection, incoming vRNPs are transported into the nucleus,
where viral transcription and replication take place. Newly
assembled vRNPs are then coated by matrix protein (M1) (43)
and exported from the nucleus to the cytoplasm (4, 20). To
accomplish this export, M1 directly interacts with the FLUAV-
encoded nuclear export protein (NEP; previously called NS2
[25]). Moreover, cytoplasmic M1 prevents vRNPs from relo-
cating to the nucleus (40), allowing the vRNPs to be directed
to the plasma membrane, where they are packaged into new
virus particles (16).

To address the question of nuclear export and virus assembly
in THOV-infected cells, we have cloned the genomic RNA of
segment 6 that encodes the THOV M protein. Here we report

that THOV M is produced from a spliced mRNA, using a
coding strategy similar to that of Influenza C virus (FLUCV)
(42).

Cloning of THOV segment 6. Genomic viral RNA was ex-
tracted from purified THOV particles (strain SiAr 126) (1),
and a cDNA phage library was generated (34, 37). A segment
6-specific cDNA clone (pBK-M15) was isolated from the li-
brary by selection for recombinant phage plaques that were not
recognized by cDNA probes coding for THOV segments 1 to
5. Northern blot analysis with virion RNA demonstrated that
the insert of pBK-M15 hybridized to segment 6 (Fig. 1A). The
insert contained 805 nucleotides (nt) but lacked the conserved
terminal sequences that are characteristic for the segments of
THOV. The sequences of the extreme 59 and 39 ends of seg-
ment 6 were determined by rapid amplification of 59 cDNA
ends (59-RACE) and reverse transcription-PCR (RT-PCR)
with genomic RNA circularized by intramolecular ligation us-
ing M-specific internal primers as described elsewhere (37).
The sequence of the 39 end was further confirmed by 59-RACE
of the viral transcripts of segment 6 by using poly(A)1-selected
RNA from THOV-infected cells (Fig. 1B). Figure 1C shows a
comparison of the 59- and 39-terminal sequences of segment 6
with the other five segments of THOV. Interestingly, the 39
ends are highly conserved among all six segments and similar
to those of FLUAV and other influenza viruses. The 39 end of
segment 6 is exceptional in that the three nucleotides at posi-
tions 3 to 5 are different from the sequences of the other
segments. This sequence variation is not found in the genomic
RNA of DHOV segment 6 (6) or any other orthomyxovirus
(7). The 59 end of segment 6 shows the characteristic nucleo-
tide sequence of THOV, which differs from that of FLUAV at
two positions. The U at position 3 of FLUAV vRNA is absent
in the THOV sequence, whereas THOV has an additional U at
position 8 (Fig. 1C). The THOV-specific 59-end sequence al-
lows intrastrand base pairing between positions 2 and 9 and
positions 3 and 8 and thus favors the formation of a hook-like
promoter structure (18, 35). Intrastrand base pairing has also
been postulated for the 39 end of FLUAV genomic RNAs (8,
9). With regard to this secondary structure, it is proposed that
the unique 39-end nucleotide sequence of THOV segment 6
may increase intrastrand base pairing at the 39 terminus, since
it allows an A-U base pair between positions 3 and 8 instead of
the noncanonical G-U base pair seen for the other gene seg-
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ments. Such a stabilized hook-like conformation may affect
segment 6 gene expression.

RNA segment 6 of THOV encodes the M gene. A full-length
cDNA clone of segment 6 was amplified by RT-PCR using a
primer pair that anneals to the terminal regions of segment 6.
The PCR product was inserted into the pBSK(1) vector and
sequenced. The complete segment 6 RNA contains 956 nt
(Fig. 2), a length consistent with that determined by agarose
gel electrophoresis and similar to that of the smallest (962-nt)
segment of DHOV (6). THOV segment 6 contains a single,
long reading frame of 936 nt that starts with an AUG at posi-
tions 21 to 23. Surprisingly, a stop codon could not be identi-
fied. The nonterminated reading frame has a coding capacity
for 312 amino acids, corresponding to a polypeptide with a cal-
culated molecular weight of 35,679. No additional reading
frames longer than 42 amino acids were found.

As the longest reading frame lacks a stop codon, we ana-
lyzed virus transcripts for posttranscriptional modifications us-
ing RT-PCR. Genomic RNA isolated from THOV particles
and poly(A)1-selected RNA from THOV-infected cells were
amplified in parallel and with different primer combinations.
The downstream primer M6 is complementary to the 39 end of
THOV cRNA, and upstream primers M1 and M2 anneal to
central sequences (Fig. 3A). With these primers, RT-PCR am-
plification of vRNA template resulted in products of expected
lengths (Fig. 3A, lanes 1 and 3). An additional, smaller band
was apparent when poly(A)1-selected RNA was used as a
template (lanes 2 and 4). In contrast, both vRNA and mRNA
templates gave rise to a single product when the downstream
primers M4 and M5 were used (lanes 5 to 8). These results
suggest posttranscriptional modification of segment 6 tran-
scripts, most likely a splicing event which affects the sequences
between nt 779 and 906. To further investigate this, the two
RT-PCR products amplified from poly(A)1 RNA using prim-
ers M2 and M6 (lane 2) were isolated, sequenced, and com-
pared to the genomic vRNA sequence.

The nucleotide sequence of the larger RT-PCR product
proved to be identical to the sequence of segment 6 (Fig. 3B,

FIG. 1. Identification of vRNA segment 6 of THOV. (A) The cloned cDNA corresponds to the smallest vRNA segment of THOV. Genomic RNA from purified
THOV virions was separated on a 1.2% agarose gel containing 3.7% formaldehyde and ethidium bromide. RNA markers (lane 1) and the six vRNA segments of THOV
(lane 2) were visualized under UV light. Blotted RNA was probed with radiolabeled full-length M cDNA (lane 3). (B) Determination of the 59 end of the viral mRNA
encoded by segment 6 by 59-RACE (37). Poly(A)1-selected RNA isolated from virus-infected cells was reverse transcribed using an oligonucleotide complementary
to nt 438 to 419 of genomic segment 6. After poly(dC) tailing, the first-strand cDNA was PCR amplified using a poly(dG) anchor primer and an oligonucleotide cor-
responding to nt 379 to 356 of segment 6. The sequence of the resulting product was then determined using an oligonucleotide corresponding to nt 128 to 109 of segment
6. (C) Multiple sequence alignment of the noncoding 39- and 59-end sequences of the genomic segments of THOV and FLUAV. The vRNA terminal sequences of
THOV segment 1 (34), segments 2 and 3 (19), segment 4 (21), segment 5 (37), and segment 6 (bold letters) are compared with a representative sequence of FLUAV
segment 6 (44). The three differing nucleotides at the 39-end of THOV segment 6 are underlined. A dash indicates a gap introduced into the sequence for optimal
alignment. Start and stop codons, which are in antisense orientation, are shown in italic letters; the arrowheads indicate the U residues conserved at position 3 of the
FLUAV and position 8 of the THOV 59 noncoding regions.

FIG. 2. Complete cDNA nucleotide sequence of THOV segment 6 (in antige-
nomic orientation) and deduced amino acid sequence. Arrows indicate the splice
site positions for the M protein-specific mRNA. Black bars indicate the splice
donor and acceptor sites; the dotted line indicates the putative splice branch site.
The boxed nucleotides TG and A represent the termination codon generated in
the spliced product.
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left) that was determined from genomic RNA. In contrast, the
sequence of the smaller product contained a deletion of 81 nt
between positions 820 and 902 (Fig. 3B, right). Visual exami-
nation of the nucleotide sequences flanking these positions
revealed similarities to consensus donor and acceptor splice
sites (Fig. 2 and reference 22). These splice recognition sites
were identical to those of FLUCV segment 6 (42) and share
minor sequence similarities to FLUAV segment 7 coding for
the M1 and the M2 proteins (17). In addition, a sequence motif
of 7 nt located 22 nt upstream of the potential 39 splice site of
THOV segment 6, shares similarity to the branch site of cel-
lular introns (Fig. 2), a motif required for the splicing process
(23). The splicing of THOV segment 6 transcripts results in the
formation of an UGA stop codon which terminates the open
reading frame (ORF) at nt 819, whereby UG originates from
the 59 splice site and A originates from the 39 splice site. This
ORF encodes a polypeptide of 266 amino acids with a cal-
culated molecular weight of 29,851, a size consistent with that
of the THOV M protein found in virus particles (see below).
We concluded that M of THOV is translated from a spliced
mRNA and that the larger RT-PCR product represents un-
spliced mRNA transcripts or full-length genomic RNA copu-
rifying with the mRNA preparation.

The deduced amino acid sequence was compared with pub-
lished M sequences of DHOV and FLUAV, FLUBV, and
FLUCV, using the Jotun-Hein algorithm (11). M protein of
THOV has amino acid sequence similarities of 25% with M
protein of DHOV and 10 to 15% with M protein of the influ-
enza viruses. No conserved regions were detectable between
these sequences. In contrast to the findings for THOV, no
evidence for a splicing event has been reported for the DHOV
segment 6 transcripts. The M protein of DHOV is encoded by
a full-length unspliced mRNA (6), as are the M1 proteins of
FLUAV and FLUBV (16). The M gene encoded on segment
6 of FLUCV, however, codes for a single long ORF processed

by posttranscriptional splicing, creating a new UGA stop co-
don at the splice junction (42). Thus, THOV appears to use the
same coding strategy as FLUCV to express its M protein.

THOV M protein is encoded by a spliced mRNA. To confirm
that the M protein is translated from a spliced mRNA, full-
length and spliced transcripts were translated and compared to
the M protein of virus particles. To this end, poly(A)1-selected
transcripts were amplified, using primers complementary to nt
1 to 24 and 908 to 936 of THOV segment 6 cRNA. Two PCR
products that corresponded in size to the expected full-length
or spliced transcripts were obtained. The PCR products were
both cloned into the pBSK(1) vector under the control of a
bacteriophage T7 RNA polymerase promoter and into a mam-
malian expression vector, pSUPERcatch (pSC) (10). In pSC,
the ORF of M protein is N-terminally tagged with a Flag
epitope (15) and under the control of a cytomegalovirus pro-
moter. In vitro translation of the two cDNAs resulted in the
formation of protein products that were recognized by immu-
noprecipitation using a rabbit serum raised against purified
Escherichia coli-produced recombinant M protein. The immu-
noprecipitate from the full-length transcript had an apparent
molecular weight of about 32,000, whereas that from the
spliced transcript had an apparent molecular weight of 29,000
(Fig. 4A, lanes 7 and 8). The smaller product corresponded in
size to the authentic M protein extracted from purified THOV
particles (lanes 3 and 6). Similar results were obtained when
the two cDNAs were expressed in vivo under the control of the
T7 RNA polymerase promoter (lanes 4 and 5). In this in vivo
system, transcripts are synthesized in the cytoplasm by the T7
RNA polymerase provided by a recombinant vaccinia virus and
are not modified posttranscriptionally. Synthesis of M protein
in THOV-infected cells was analyzed by immunoprecipitation
of 35S-labeled proteins from cell extracts using M-specific an-
tibodies. Only the smaller gene product was detected in virus-
infected cells (lane 2). Two bands which migrated above the

FIG. 3. Transcripts of THOV segment 6 are modified by splicing. (A) Segment 6-specific RT-PCR products of vRNA prepared from virus particles and mRNA
isolated from THOV-infected cells. The bars at the top schematically represent unspliced and spliced transcripts of segment 6. Arrows indicate the positions and
orientations of the PCR primers. The cDNAs were synthesized using random hexanucleotides and amplified by PCR using segment 6-specific primers (M1, nt 151 to
170, 59 TACAGTCAAGTGACCTCACC 39; M2, nt 550 to 569, 59CCATCAGGAAAATTGCTACG 39; M3, nt 664 to 684, 59 GAAAACTTGCCTATGACCGAG 39;
M4, nt 634 to 617, 59 GTCTGGTCGCAGGCGGAT 39; M5, nt 779 to 760, 59 CTTGAGGACCTGATATGAGA 39; M6, nt 927 to 906, 59 GAAGTCTTCGTATCC
AGGCACA 39). The PCR products were analyzed by electrophoresis on an ethidium bromide-stained agarose gel. (B) Sequence determination of the RT-PCR
products. The cDNA fragments of the slower-migrating upper (left panel) and faster-migrating lower (right panel) bands shown in lane 2 of panel A were isolated from
the agarose gel and sequenced using primer M3.
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29,000-molecular-weight protein were also precipitated from
uninfected cell extracts (lane 1) and probably represent cellu-
lar proteins. These data support the assumption that the M
protein is translated from a spliced mRNA and that the un-
spliced transcript does not lead to a readily detectable viral
protein.

Next, we compared the subcellular localization of recombi-
nant M expressed from plasmids with that of authentic M ex-
pressed during viral infection. Mouse 3T3 cells were transfect-
ed with the mammalian expression vector (pSC-M) containing
the spliced M cDNA. In parallel, 3T3 cells were infected with
THOV. The cells were analyzed 24 h later by immunofluores-
cence, using M-specific antibodies. The recombinant protein
showed cytoplasmic as well as nuclear localization (Fig. 4B,
panel 1). In THOV-infected cells, M protein was also found in
both compartments (panel 3), while, as expected, NP localized
predominantly in the nucleus (panel 4 and reference 39). To

confirm the specificity of the M protein staining, we treated
control cells with the same M-specific antibodies. No cross-
reaction with cellular proteins was detectable (panel 2). In
addition, a preimmune serum of the rabbit that was immunized
with the recombinant M protein showed only weak signals in
THOV-infected cells (panel 5), indicating the specificity of the
antiserum used.

Our results demonstrate that RNA segment 6 of THOV
encodes the M protein. The transcripts coding for this protein
are modified by splicing, a process which creates a termination
codon at the splice junction. A nuclear phase of replication has
previously been shown for THOV (30, 31). The nucleus pro-
vides an environment for the cap-stealing mechanism involved
in THOV mRNA synthesis (2, 37). The present data demon-
strate that THOV mRNA synthesis requires an additional nu-
clear function, namely, the cellular splicing machinery.

Unspliced M protein mRNA should be capable of encoding
a longer polypeptide which contains an additional 46 amino
acids of the C terminus. However, a protein product translated
from unspliced mRNA has not been identified in virus-infected
cells, indicating that the unspliced mRNA may not be trans-
lated. If this larger product does exist, it may do so at unde-
tectable levels or be subject to posttranslational modifications.
Usually splicing is a means by which viruses expand the coding
capacity of the genome. In the present case, splicing may serve
another function and contribute to regulated expression of the
M gene during the virus life cycle.

The role of the orthomyxovirus M gene is best studied in
FLUAV (41). M1 of FLUAV is expressed late in the viral life
cycle and is involved in diverse steps, such as export of newly
synthesized vRNPs out of the nucleus (3, 20), retention of
these vRNPs in the cytoplasm (40), and assembly of vRNPs
into virus particles at the plasma membrane (16). It is possible
that THOV M serves similar and, possibly, additional func-
tions. In FLUAV-infected cells, nuclear export of vRNPs re-
quires an additional protein called NS2 or NEP. NEP is en-
coded by RNA segment 8 and binds to M1 which is associated
to newly synthesized vRNPs in the cell nucleus (25). In contrast
to FLUAV, THOV has only six genomic RNA segments and
seems to lack an NEP gene. It will be of interest to see whether
THOV M protein itself has NEP function or whether the
putative larger product of the unspliced transcripts could pro-
vide this function.

In addition to M1, RNA segment 6 of FLUAV codes for
M2, a transmembrane protein which forms an ion channel in
the virus envelope allowing acidification of the virion interior
upon virus entry into host cells (29, 32). A corresponding
protein has not been detected in THOV-infected cells. In
FLUCV, however, a protein with similar properties is pro-
duced in an unusual way. An unspliced mRNA species tran-
scribed from FLUCV segment 6 is expressed in virus-infected
cells at a low level. It codes for a 374-amino-acid protein that
can be detected in cell lysates (12). This protein, P42, is an
integral membrane protein containing two hydrophobic re-
gions. Recently, it has been reported that the P42 protein is
cleaved by a signal peptidase, yielding a membrane-integrated
C-terminal fragment, CM2, with a molecular weight of 18,000
(14, 27). CM2 has biochemical properties similar to those of
the M2 protein of FLUAV (13, 26). By analogy, the long
unspliced reading frame of THOV segment 6 might code for a
THOV protein with ion channel activity. However, structure
prediction analyses of the peptide sequence of the unspliced
reading frame did not reveal features characteristic for trans-
membrane domains.

M1 of FLUAV has been shown to inhibit the activity of the
viral polymerase complex (28, 33). Preliminary results indicate

FIG. 4. Comparison of recombinant THOV M protein with the authentic
viral protein. (A) 35S-labeled proteins immunoprecipitated from cell lysates
using a rabbit polyclonal antiserum raised against recombinant M expressed in E.
coli. The proteins were analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and autoradiography. Lane 1, mock-infected cells; lane 2, cells
infected with THOV for 16 h; lanes 4 and 5, cells transfected with the cDNA
encoding the full-length (M 32k) and spliced (M 29k), respectively, transcripts of
THOV segment 6; lanes 7 and 8, in vitro translation products of the full-length
(M 32k) and spliced (M 29k), respectively, transcripts of THOV segment 6.
Lanes 3 and 6 show authentic M protein isolated from purified THOV particles
and stained with Coomassie blue. Molecular mass markers (in kilodaltons) are
indicated on the left. (B) Subcellular localization of THOV M protein in mam-
malian cells. Cells were transfected with an M expression construct coding for the
spliced variant of the segment 6 transcript (panel 1), infected with THOV for
16 h (panels 3 to 5), or left untreated (panel 2). The recombinant M protein was
detected by immunofluorescence using the M-specific polyclonal rabbit anti-
serum (panel 1). Panels 3 and 4 show double-immunofluorescence pictures of
THOV-infected cells stained with the anti-M antiserum (panel 3) or a monoclo-
nal antibody directed against the viral NP (panel 4) (30). To demonstrate the
specificity of the staining, untreated control cells were incubated with the M-
specific antiserum (panel 2) and THOV-infected cells were stained with the
preimmune serum (panel 5).
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that THOV M has a similar negative effect on the activity of
the THOV polymerase complex (G. Kochs, unpublished data).
In the early stage of infection, inhibition of the polymerase by
M must be avoided. Therefore, a strong restriction of M ex-
pression is necessary to guarantee a successful infection cycle.
Splicing of segment 6 could contribute to a tight control of M
expression. Furthermore, the unusual promoter sequence of
RNA segment 6 correlates with low transcriptional activity
(Kochs, unpublished). We have recently established a system
to reconstitute the viral polymerase complex of THOV in
transfected cells (36, 38). This system will allow us to further
analyze the role of the segment 6 promoter structure and the
splicing event for M gene expression.

Nucleotide sequence accession number. The nucleotide se-
quence reported in this paper has been submitted to the Gen-
Bank data bank with accession number AF236794.
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unspliced M expression plasmids.
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