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Nucleoprotein Viral RNA and mRNA of Thogoto Virus: a Novel
“Cap-Stealing” Mechanism in Tick-Borne Orthomyxoviruses?
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Tick-borne Thogoto virus (THOV) represents the prototype virus of a new genus in the Orthomyxoviridae
family. Its genome consists of six segments of negative-sense, single-stranded RNA. We have cloned and
sequenced the fifth genomic segment, which codes for the viral nucleoprotein (NP). The deduced amino acid
sequence shows 43% similarity to the NP of Dhori virus, a related tick-transmitted orthomyxovirus, and about
14% sequence similarity to those of the influenza viruses. To reveal the mechanism by which THOV initiates
mRNA synthesis, we characterized the 5* ends of the NP mRNAs. Transcripts were recognized by a cap-specific
monoclonal antibody, indicating that THOV mRNAs are capped. Surprisingly, no large heterogeneous exten-
sions were found at the 5* end, as would have been expected if THOV were using a classical “cap-stealing”
mechanism. We therefore propose that THOV is stealing only the cap structure with one or two additional
nucleotides from cellular mRNAs to generate appropriate primers for initiation of viral mRNA transcription.

Thogoto virus (THOV) was originally isolated from ticks
and is now recognized to constitute a new genus in the family
Orthomyxoviridae, dubbed Thogoto-like viruses (38). Like in-
fluenza virus, THOV is sensitive to the antiviral action of the
interferon-induced mouse Mx1 protein (20) that accumulates
in the host cell nucleus (13), suggesting that THOV replication
has a nuclear phase. Unlike influenza virus, the THOV ge-
nome consists of only six distinct RNA segments (48). The
three largest segments code for subunits of the viral polymer-
ase complex: RNA segment 1 encodes a PB2-like protein
(49a), segment 2 corresponds to PB1 of influenza virus (32a),
and segment 3 codes for a PA-like protein (48). THOV con-
tains a single surface glycoprotein encoded by RNA segment 4,
as does influenza C virus. Interestingly, this glycoprotein is not
related to the influenza virus surface glycoproteins but shows
similarity to the glycoprotein of baculoviruses (37).
The nucleoprotein (NP) is the major structural protein that

interacts with the RNA segments to form the nucleocapsids. It
represents the main type-specific antigen and is used to distin-
guish between the different genera within theOrthomyxoviridae
family (31). NP sequences have been widely used to study the
evolution of influenza viruses (50), but sequence data of the
prototype tick-transmitted orthomyxovirus have not been
available so far. Here, we report the cloning and sequencing of
the NP gene of THOV and present a complete phylogeny of
the Orthomyxoviridae family.
Influenza viruses require host cell nuclear functions for at

least two critical steps in their multiplication cycle: mRNA
splicing and a unique process called cap stealing (29, 32).
mRNA synthesis is hereby initiated with 10 to 15-nucleotide-
long capped primers that are cleaved from a subset of host cell
RNAs by a virally encoded endonuclease, PB2 (49). Initiation
of transcription with these primers leads to the characteristic 59
ends of influenza virus mRNAs that are heterogeneous in
sequence (7, 12, 30). A feature common to all influenza viruses
is their sensitivity to actinomycin D and a-amanitin (35, 44),
because these inhibitors of cellular RNA polymerase II lead to
a shortage of capped cellular RNAs in the nucleus (29). Sen-

sitivity to actinomycin D and a-amanitin suggested that
Thogoto-like viruses use the same mechanism for initiation of
viral mRNA synthesis as influenza viruses (47). We therefore
expected that THOV transcripts would similarly possess het-
erogeneous 59 extensions consisting of 10 to 15 extra nucleo-
tides. We show here that this is not the case. The 59 ends of
THOV mRNAs are capped but are, in most cases, exact copies
of the 39 end of the viral RNA (vRNA) template. We propose
that Thogoto-like viruses use a novel cap-stealing mechanism
to generate their mRNAs.

MATERIALS AND METHODS

Isolation of RNA. For isolation of viral mRNA, monolayers of BHK-21 (baby
hamster kidney) cells were infected at an input multiplicity of infection of 10 with
the Sicilian isolate (SiAr 126) of THOV (1) for 15 h. For isolation of viral
genomic RNA, cells were infected with THOV at an input multiplicity of 0.05
and incubated for 48 h. Sedimented virus from the supernatant was purified in an
Urographin 370 (Schering AG Pharmaceuticals, Berlin, Germany) gradient and
finally pelleted through a 30% (vol/vol) glycerol cushion (37). Total RNA and
vRNA were extracted by the acid phenol method (8), and poly(A)1 RNA was
enriched by oligo(dT)-cellulose chromatography (4).
Cloning of the nucleoprotein gene. Double-stranded cDNA was synthesized

from mRNA of THOV-infected cells by using a Time-Saver cDNA synthesis kit
(Pharmacia, Freiburg, Germany) as instructed by the manufacturer. Briefly,
first-strand cDNA synthesis was performed by using murine reverse transcriptase
with oligo(dT)12–18 primer and second-strand synthesis by RNase H nicking and
replacement synthesis with DNA polymerase I (19). The blunt-ended cDNA was
ligated to an adapter containing an EcoRI overhang and an internal NotI site.
After phosphorylation with T4 polynucleotide kinase, the cDNA was inserted
into the EcoRI-digested and dephosphorylated ZAP Express lambda vector
(Stratagene, Heidelberg, Germany) to construct a lacZ fusion. Lambda phage
particles were made using the Gigapack II packaging extract and plated onto the
Escherichia coli host strain XL1-Blue MRF9 (Stratagene). The lambda library
was titrated, and the amount of recombinants was determined by blue/white
color screening. About 75,000 recombinant plaques were lifted onto isopropyl-
b-D-thiogalactopyranoside-drained nitrocellulose filters and treated by the stan-
dard protocol for immunoscreening of fusion proteins (4). Positive phages were
identified by using mouse monoclonal antibody (MAb) 2 specific for the THOV
NP (a gift from Patricia A. Nuttall, NERC Institute of Virology and Environ-
mental Microbiology, Oxford, England) (43) with the ECL nonradioactive de-
tection system (Amersham Life Science, Buckinghamshire, England) and puri-
fied by two further rounds of immunoscreening. The fragments cloned into the
ZAP Express vector were in vivo excised with the ExAssist helper phage and E.
coli XLOLR (Stratagene), resulting in chimeric plasmids (pBK-L1 to pBK-L10)
with a prokaryotic lacZ promoter and a eukaryotic cytomegalovirus immediate-
early promoter. Clone pBK-L3 was digested with EcoRI, and the insert was
labelled radioactively by nick translation (Boehringer, Mannheim, Germany).
Genomic RNA (0.5 mg) from purified virus preparations was separated by
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electrophoresis on a 1.2% agarose gel containing 3.7% formaldehyde. Northern
(RNA) blotting and hybridization were performed as described previously (4).
Standard RT-PCR. Reverse transcription (RT)-PCR was performed by a

two-step protocol (26). Briefly, a 20-ml reaction volume contained the RNA
template with 1 mM each deoxynucleoside triphosphate (dNTP), 20 U of RNa-
sin, 10 mM dithiothreitol, 4 ml of 53 RT buffer (375 mM KCl, 250 mM Tris-HCl
[pH 8.3], 15 mM MgCl2), 80 ng of random hexanucleotides, and 200 U of
Superscript reverse transcriptase (Gibco/BRL, Berlin, Germany). PCR was per-
formed with 1 ml of the RT reaction mixture in 100 ml of 13 PCR buffer (10 mM
Tris-HCl [pH 8.3], 1.5 mMMgCl2, 50 mM KCl) with 0.1 mM each dNTP, 0.5 mM
each upstream and downstream primers, and 2.5 U of Taq polymerase (Boehr-
inger), overlaid with mineral oil.
Cloning of the RNA 5* and 3* ends. The 59 end of genomic segment 5 of

THOV was cloned by procedures described in the 59RACE system (Gibco/BRL)
for rapid amplification of cDNA ends (15). Briefly, RT was performed by using
an oligonucleotide corresponding to nucleotides 734 to 753 of segment 5 (59
TGCTGCCTCTCTGCTGGCAA 39). After removal of the RNA template by
RNase H treatment, the first-strand cDNA was poly(dC) tailed with terminal
deoxynucleotidyltransferase. PCR amplification of the vRNA 59 end was per-
formed by using a poly(dG) anchor primer with different restriction sites and an
oligonucleotide corresponding to nucleotides 969 to 988 of segment 5 (59 GAT
CTGGGAGTTTTAGAGTG 39). Following heating at 948C for 5 min, the re-
action mixture was cycled 30 times with 948C for 30 s, 538C for 1 min, and 728C
for 1 min.
The 39 end of genomic segment 5 was cloned by intramolecular self-ligation of

viral RNA, using T4 RNA ligase and subsequent RT-PCR across the junction of
the 59 and 39 ends (34). Briefly, 1 mg of purified viral RNA was incubated
overnight at 208C in a volume of 200 ml of ligation buffer (50 mM Tris-HCl [pH
7.8], 10 mMMgCl2, 1 mM b-mercaptoethanol, 1 mMATP, 10 mM dithiothreitol,
100 U of RNasin) with 100 U of T4 RNA ligase (New England Biolabs, Schwal-
bach, Germany). The reaction product was purified by phenol-chloroform ex-
traction and ethanol precipitation. RT was performed as described above with
random hexanucleotide primers. The primers for the subsequent PCR were
identical to nucleotides 1224 to 1243 of segment 5 (59 TCTGGGTCTCAAAC
CGTCAG 39) and complementary to nucleotides 344 to 363 (59 ACCATTGCC
CCTTGTATTTC 39). The PCR cycling conditions were the same as described
above.
To determine the 59 ends of the NP mRNAs, two different approaches were

used. First, a 59 RACE (Gibco/BRL) analysis was performed as described for the
vRNA, using poly(A)1 RNA and an oligonucleotide complementary to nucleo-
tides 631 to 650 of the viral NP mRNA (59 GTGCCCGACGATGCTCTTCC 39)
for RT. After RNase H digestion, the first-strand cDNA was dC or dG tailed with
terminal deoxynucleotidyltransferase. To amplify the 59 end by PCR, a poly(dG)
or poly(dC) primer was used together with an oligonucleotide complementary to
nucleotides 413 to 435 of the NP mRNA (59 TGACGGGGTATTTCTGCCAC
AAG 39). The reaction mixture was heated for 5 min at 948C and was then cycled
30 times for 30 s at 948C, 1 min at 578C, and 1 min at 728C. In a second approach,

we determined the sequence of the 59-39 end junction after circularization of the
decapped mRNA and subsequent amplification of the ligated junction by RT-
PCR as described by Mandl et al. (34). Briefly, the isolated poly(A)1 RNA was
treated with tobacco acid pyrophosphatase (Epicentre Technologies, Madison,
Wis.) and intramolecularly ligated with T4 RNA ligase (New England Biolabs).
The circularized product was then reverse transcribed by using a primer com-
plementary to nucleotides 796 to 815 of the NP mRNA (59 ATCCTCGCAGT
TGGCTATCA 39). PCR of the 59-39 junction was performed with the same
primer pair and PCR conditions as described for the vRNA circularization. The
amplified products were cloned into the pCRII vector and transformed into One
Shot bacterial cells as instructed by the manufacturer (Invitrogen, Leek, The
Netherlands).
Sequence analysis. Sequencing was accomplished by the dideoxy method (45)

on double-stranded plasmid DNA, using a T7 sequencing kit (Pharmacia) and
different primers for both strands. Nucleotide sequence data were stored and
edited with an Apple Power Macintosh 6100/60 and the LASERGENE Biocom-
puting software package (DNAStar Inc., Madison, Wis.). Screening of the Swiss-
Prot protein database for similarities with the predicted amino acid sequence of
segment 5 of THOV was conducted by using the BLASTP (3) program included
in the HUSAR software package operated by the German Cancer Research
Center, Heidelberg. The amino acid sequence data were analyzed by the Protean
and MegAlign programs from the LASERGENE program package.
Immunoprecipitation of the cap structure. Poly(A)1 RNAs from THOV-

infected BHK-21 cells were incubated with a 59 radiolabelled oligonucleotide
primer complementary to nucleotides 37 to 54 of the THOV NP mRNA (59
GAGGGCCCGAGATGTCCA 39). RNAs were reverse transcribed with 400 U
of Superscript reverse transcriptase in 40 ml of RT buffer (Gibco/BRL) according
to standard protocols (4). The resulting RNA-cDNA hybrids were then immu-
noprecipitated with the cap-specific mouse MAb H-20 (a gift from Reinhard
Lührmann, Institut für Molekularbiologie und Tumorforschung, Marburg, Ger-
many) (5) bound to protein G-Sepharose beads (Pharmacia) as described by
Garcin and Kolakowsky (17). Finally, the immunoselected labelled cDNA was
separated on a 8% polyacrylamide sequencing gel next to the products of a
sequencing reaction of the cloned 59-39 junction of circularized THOV segment
5 mRNA (using the same radiolabelled oligonucleotide). An unrelated MAb
(MAb 2) (43) was used as a control.
Nucleotide sequence accession number. The nucleotide sequence data re-

ported in this paper will appear in the EMBL, GenBank, and DDBJ Nucleotide
Sequence Databases under accession number X96872.

RESULTS

RNA segment 5 of THOV encodes the nucleoprotein gene.
To clone the NP gene, we constructed a cDNA expression
library from poly(A)1 RNA of cells infected with the Sicilian
THOV isolate SiAr 126 (1). Ten positive clones of the recom-
binant lambda phage library were identified with MAbs detect-
ing NP of THOV. After two additional rounds of immuno-
screening, the recombinant lambda clones were converted into
the chimeric plasmids pBK-L1 to pBK-L10 by in vivo excision.
Seven clones contained a cDNA insert of the expected size. A
Northern blot analysis with virion RNA revealed that the ra-
diolabelled insert of pBK-L3 hybridized to segment 5 (Fig.
1A), indicating that this segment codes for NP. The cDNA
insert of pBK-L3 was then sequenced by a primer-walking
strategy. To determine the extreme 59-end sequences of the
vRNA template (which are not found on mRNA transcripts),
a 59 RACE analysis of genomic RNA was performed. In ad-
dition, the 39 end of the genome segment was characterized by
circularization of vRNA and amplification by RT-PCR across
the 59-39 junction. Figure 1B shows that short untranslated
regions of 20 and 33 nucleotides are present at the 39 and the
59 ends, respectively, of segment 5. Comparison with the
cDNA sequence of pBK-L3 revealed that a stretch of 6 U’s at

FIG. 1. vRNA segment 5 of THOV. (A) The cloned cDNA corresponds to vRNA segment 5. 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 detected under UV light.
Blotted RNA was probed with the radiolabelled cDNA insert of plasmid pBK-L3 (lane 3). nt, nucleotides. (B) The noncoding 39 and 59 end sequences of THOV
segment 5. The box indicates the putative ORF which is in antisense orientation, and the polyadenylation signal is underlined.
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the 59 end (positions 1397 to 1402) comprises the polyadenyl-
ation signal.
The complete RNA segment 5 has a length of 1,418 nucle-

otides and contains a single open reading frame (ORF) of
1,362 nucleotides that starts with an AUG at positions 21 to 23.
This AUG is located within a context known to be favorable
for initiation of protein synthesis (28). The long ORF is ter-
minated by an UGA codon at nucleotides 1383 to 1385. No
additional reading frames longer than 150 amino acids were
detected. The small ORFs found are unlikely to be expressed
since no subgenomic mRNAs related to segment 5 were de-
tectable by Northern blotting (data not shown). The single long
ORF has a coding capacity for 454 amino acids, giving rise to
a polypeptide with a calculated molecular weight of 51,850. In
vitro transcription and translation of the cDNA resulted in a
product of the expected size (data not shown). The amino acid
composition showed that the predicted protein is rich in lysine
(8.59%) and arginine (4.85%). These charged and basic amino
acids contribute to the net charge of 115.6 at neutral pH and
to an isoelectric point of 9.0. No large clusters of charged
residues were present. The basic amino acid residues were
evenly distributed along the length of the polypeptide, as pre-
viously described for NPs of other negative-stranded RNA
viruses, including influenza A virus (51) and Dhori virus
(DHOV) (16). None of the known RNA-binding motifs (6)
were found, but recombinant THOV NP exhibited RNA-bind-
ing capacity (data not shown).
To determine the subcellular localization of the expressed

gene product, we transiently transfected Vero cells with clone
pBK-L3 and detected NP by indirect immunofluorescence
staining. As expected, it accumulated in the nucleus, exactly
like the virally encoded NP in THOV infected cells (data not
shown).
Comparison of orthomyxovirus nucleoproteins. To search

for similarities, the deduced NP amino acid sequence of
THOV was compared with entries in the Swiss-Prot database
by the BLASTP program. Interestingly, the program detected
the NP sequences of DHOV and influenza B virus but not of
influenza A or C virus. To determine regions of importance
shared by the five viruses, we used the Jotun-Hein algorithm
(21), which is the preferred method for aligning gene families
with unambiguous evolutionary relationships. Figure 2A shows
the result of such an alignment. Four highly conserved central
regions (marked by boldface letters) which resemble those
previously identified by Fuller et al. (16) were detected. One of
these regions included the nuclear accumulation sequence (c in
Fig. 2A) that has been determined by Davey et al. (10). The
RNA-binding domains that were originally identified by Albo
et al. (2) and Kobayashi et al. (27) were less conserved (regions
a and b, respectively, in Fig. 2A). The similarity matrix (Fig.
2B) revealed that the NP of THOV has 43% amino acid
sequence similarity with that of DHOV and about 14% simi-
larity with those of influenza A, B, and C viruses. On the basis
of these alignments, a phylogenetic tree for the Orthomyxoviri-
dae family was constructed (Fig. 2C). It can be seen that in-
fluenza A and B viruses are closely related to each other and
share a common ancestor with the evolutionarily more distant
influenza C virus (50). The two tick-transmitted viruses THOV
and DHOV constitute a separate branch distinct from that of
the influenza viruses.
THOV mRNAs lack large heterogeneous sequences at their

5* ends. The sequence at the 39 end of THOV RNA segment
5 was found to be 39UCGUUU. . . (Fig. 1B). Given the overall
similarity of THOV with the influenza viruses, we expected
that the 59 ends of the corresponding mRNA would possess
extensions of approximately 10 to 15 nucleotides that are de-

rived from host cellular mRNAs by a cap-stealing mechanism
(29). We determined the 59-end sequences of the NP mRNAs
by a 59 RACE analysis using either dC or dG homopolymer
tailing. To obtain a representative set of sequences, 31 clones
that differed in the lengths of their homopolymer tails were
analyzed. Surprisingly, no heterogeneous sequences resem-
bling those of influenza viral mRNAs (7, 12, 30) were detected
(Table 1). Most 59-end sequences perfectly matched the 39 end
of the NP genomic RNA. Sequences with one or two extra
nucleotides were also found. It is not clear whether these
sequences represent true products of the THOV transcription
process or whether they are derived from nucleotides incorpo-
rated during the 59RACE procedure by mistake. Shorter prod-
ucts lacking one or two nucleotides were also observed. These
may have been generated by premature termination of RT or
by RNA degradation. To exclude artifacts due to contaminat-
ing cRNAs, we also used an mRNA circularization procedure.
Decapped mRNA was circularized, and the sequence of the
59-39 end junction was determined. This provided direct proof
for the presence of the poly(A) tail ligated to the mRNA 59 end
(Fig. 3, lanes A, C, T, and G). Taken together, these results
indicate that THOV mRNAs lack large additional heteroge-
neous extensions at their 59 ends.
THOV mRNAs have cap structures. The next question was

whether THOV mRNAs contain a cap structure. To address
this question, we used an anti-cap antibody to immunoselect
mRNA-cDNA hybrids after primer extension. Poly(A)1 RNA
isolated from infected cells was annealed with a radiolabelled
NP-specific oligonucleotide primer and was reverse tran-
scribed. The extension product of this reaction is shown in Fig.
3, lane 1. The resulting RNA-cDNA hybrid was then immu-
noprecipitated with the cap-specific MAb H-20 (5) coupled to
protein G-Sepharose beads. Finally, the immunoselected la-
belled RNA-cDNA hybrid was denatured and separated on a
8% polyacrylamide gel next to the products of a sequencing
reaction (using the same radiolabelled oligonucleotide). Figure
3 shows that the anti-cap antibody specifically recognized the
THOV NP mRNAs (lane 2), indicating that THOV mRNAs
do have a m7G cap structure. An unrelated antibody was un-
able to immunoselect the capped mRNAs, and therefore no
radiolabelled primer extension products became visible (Fig. 3,
lane 3). Furthermore, the dominant band of the primer exten-
sion product comigrated with the position of the first nucleo-
tide at the 59 end of the circularized NP mRNA (Fig. 3, lane
T). Again, this result indicates that no large 59 extensions were
present, confirming the result of the 59 RACE analysis. The
surrounding weaker bands found at distinct positions represent
extension products with one or two additional or missing nu-
cleotides (compare with Table 1). The faint signals above the
main band could also be reverse transcription products of the
uncoded 59 terminal cap G (22).

DISCUSSION

The orthomyxovirus family contains two tick-borne viruses,
THOV and DHOV. Both are structurally and genetically sim-
ilar to influenza viruses but are capable of infecting arthropod
as well as vertebrate hosts. A distinguishing trait is their unique
envelope glycoprotein that has no sequence similarity with the
surface glycoproteins of the influenza viruses (14, 37). Instead,
it is related to the gp64 glycoproteins of baculoviruses, a virus
group infecting insects, suggesting that tick-borne orthomyxo-
viruses have acquired an arthropod cell gene at some point in
their evolution (40). The NP of influenza virus is the major
structural protein that associates with the genomic RNA seg-
ments to form the ribonucleoprotein particles. Our results
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show that the NP of THOV has many features in common with
the NPs of influenza viruses, although the amino acid sequence
similarity is only 14%. In contrast, the NP sequence of THOV
shows a considerable degree of similarity (43%) with the pu-
tative NP of DHOV. Interestingly, four separate short regions
(14 to 30 amino acids long) that are highly conserved between
THOV, DHOV, and the influenza viruses were detected (Fig.
2A). They overlap with four regions identified by Fuller et al.
(16) and may represent critical domains for conserved func-
tions of this protein family. One of the blocks includes the
nuclear accumulation sequence as defined by Davey et al. (10).
The sequence similarities in another region previously shown
to be responsible for RNA binding (2, 27) are less prominent.
Nevertheless, the predicted secondary structure (consisting of
two alpha helices connected by a loop-beta sheet-loop domain)
of the RNA-binding domain described by Albo et al. (2) is
preserved (data not shown). Taken together, these data sug-
gest that all known orthomyxoviruses derive their NP genes
from one common progenitor gene, unlike the glycoprotein
gene. Yet, the tick-borne viruses constitute a separate evolu-
tionary path, as demonstrated by the phylogenetic tree shown
in Fig. 2C. Clearly, influenza A and B viruses share a common
ancestor with the same origin as influenza C virus (50),
whereas THOV and DHOV form a more distant branch with
no direct relationship to any of the influenza viruses.
We have obtained the noncoding sequences at the 59 and 39

ends of RNA segment 5 by two different approaches consisting
of a 59 RACE analysis and a vRNA circularization procedure.
Our results show that the sequence at the 39 end is 39 UCG...,
as already suggested for segment 3 and 4 of THOV (37, 48).
The sequence is thus identical with the published 39 ends of
influenza A, B, and C viruses (11) and DHOV (9). This infor-
mation enabled us to address the question whether THOV
mRNAs contain extra nucleotides at their 59 ends. In the case
of influenza viruses, mRNA synthesis occurs in the cell nucleus
and is primed by 59 capped fragments derived from newly
synthesized host cell RNA polymerase II transcripts (29).
Transcription initiation with these 10- to 15-nucleotide-long
capped primers leads to the distinctive heterogeneous 59 ends
of influenza virus mRNAs (7, 12, 30). Likewise, THOV has a
nuclear phase (43, 47) and requires host cell mRNA synthesis
for its multiplication (47). Moreover, we found that mRNAs of
THOV were recognized by a cap-specific antibody, indicating
that the mRNAs had a m7G cap structure at their 59 ends (Fig.

FIG. 2. Comparison of the THOV, DHOV, and influenza virus NP se-
quences. (A) Multiple alignment of amino acid sequences. The NP sequences of
THOV strain SiAr 126 (THOV), Dhori/Ind/1313/61 (DHOV) (16), influenza
A/PR/8/34 virus (FluA) (51), influenza B/Sing/222/79 virus (FluB) (33), and
influenza C/Cal/78 virus (FluC) (39) are shown. The asterisks indicate residues
with at least 80% identity between the five sequences compared. The horizontal
lines designate regions that have previously been identified as important for
either RNA binding (a [2] and b [27]) or nuclear accumulation (c [10]). Boldface
letters indicate the four regions which are highly conserved between all ortho-
myxoviruses (see text). The alignment was obtained by using the MegAlign
program with the Jotun-Hein algorithm (21). The residue weight table used was
PAM 250, gap penalty was 11, k-tuple was 2, and gap length penalty was 3. (B)
Similarity matrix of the NP sequences aligned in panel A. Whereas the similarity
index compares two sequences directly, the divergency is calculated by compar-
ing sequence pairs in relation to the complete phylogeny reconstructed by the
MegAlign program. (C) Proposed phylogenetic tree for the two known Thogoto-
like viruses THOV and DHOV and for members of the influenza A, B, and C
viruses. The length of each of the branches is proportional to the number of
amino acid substitutions, which is indicated by the scale beneath the tree.

FIG. 3. THOV mRNA transcripts possess 59-terminal cap structures. Auto-
radiogram of the primer extension product before (lane 1) and after (lanes 2 and
3) immunoselection. Primer extension was performed with poly(A)1 RNAs from
THOV-infected cells and a labelled primer complementary to 59-end sequences
of THOV NP mRNA. The resulting RNA-cDNA hybrid was immunoprecipi-
tated (17) with the anti-cap MAb H-20 (5) (lane 2) or an unrelated control
antibody (lane 3) and was analyzed on a 8% sequencing polyacrylamide gel. The
same primer was used to generate a sequencing ladder from the cloned 59-39
junction of the NP mRNA (lanes A, C, G, and T). The plus-sense sequence of the
mRNA 59 end is indicated on the left.

TABLE 1. Comparison of the 59 ends of the NP mRNAs with the
corresponding 39 end of the genomic vRNA of THOV

Sequence

No. of clones obtained by:

59 RACE
mRNA

circularizationOligo(dC)
tail

Oligo(dG)
tail

NP vRNA 39 end
UCGUUUUUGUCC...

NP mRNA 59 end
AGCAAAAACAGG... 11 3 1

CAGCAAAAACAGG... 3
UCAGCAAAAACAGG... 1
UUGCAAAAACAGG... 1
(G)CAAAAACAGGa... 6

More than 1 nucleotide shortened 3 3

a Sequences with (G) most likely start with a vRNA-templated G at position 2
which is indistinguishable from the first nucleotide of the homopolymeric tail.
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3). We therefore expected that the mRNAs transcribed from
THOV segment 5 would possess heterogeneous 59 extensions
of approximately 10 to 15 nucleotides that are not templated
from vRNA. In contrast, we found that the 59 ends of the
capped THOV mRNAs were homogeneous in length and se-
quence and were exact copies of the vRNA 39-end sequences.
Interestingly, Portela and coworkers have recently obtained
similar results for the mRNA transcripts of THOV segments 3
and 4 (42a). An earlier report by Staunton et al. (48) had
mentioned that oligo(dT)-selected RNA transcripts of the
third THOV segment lacked extra nucleotides when analyzed
by primer extension.
The present data do not allow us to draw firm conclusions

about the origin of the cap structure found at the 59 end of
THOV mRNAs. One possibility is that mRNA synthesis is
initiated without a primer, in the same way as synthesis of
vRNA or cRNA of influenza virus (29), and that a viral or
cellular mechanism generates the cap. However, this is unlikely
because (i) the RNA polymerases of all segmented, negative-
strand RNA viruses studied so far seem to utilize capped
cellular RNAs to prime mRNA synthesis (7, 12, 17, 18, 24, 36,
42, 46) and (ii) THOV has a homolog to the PB2 polymerase
subunit of influenza virus (49a) which is implicated in cap
binding and cleaving of the primer RNA (49). A more likely
scenario is that cap stealing does occur, but that only the cap
structure plus the first nucleotide is cleaved from a restricted
subset of host mRNAs. Since nearly all 59-end sequences char-
acterized here have an adenosine residue at position 1, we
propose that fragments derived from cellular mRNAs with this
nucleotide at the 59 end are used preferentially, as suspected
for influenza virus (25, 41). In some cases, the polymerase may
cleave one or two positions downstream of the cap structure,
resulting in an extended 59 sequence. Such minor products
(Table 1) would account for the more slowly migrating signals
detected by primer extension (Fig. 3). Since all full-length 59
RACE-derived clones contained the guanosine at position 2,
this residue is most likely the first nucleotide incorporated by
the viral polymerase, as found for influenza virus (7, 41). The
U at position 1 of the vRNA 39 end is able to pair with bases
other than A (23) and may thus serve as a loose adapter for the
primer fragments. Strong hydrogen bonding of the G and C
bases that are added subsequently may then hold the growing
mRNA chain in a stable position for elongation. Alternatively,
longer primers may be generated and subsequently trimmed to
fit the 39 end of the vRNA template by a hypothetical exonu-
clease. To experimentally confirm the novel cap-stealing mech-
anism proposed here, it will be necessary to characterize the
PB2 polymerase subunit of THOV and to demonstrate that the
THOV polymerase complex has cap-binding and endonuclease
activities. Elucidating the mechanism by which tick-borne or-
thomyxoviruses differ from influenza viruses in initiating
mRNA synthesis should contribute to a better understanding
of the molecular biology of this important virus family.
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