JOURNAL OF VIROLOGY, Nov. 1998, p. 8697-8704
0022-538X/98/$04.00+0

Vol. 72, No. 11

Copyright © 1998, American Society for Microbiology. All Rights Reserved.

Ribosomal S27a Coding Sequences Upstream of Ubiquitin
Coding Sequences in the Genome of a Pestivirus

PAUL BECHER, MICHAELA ORLICH, axpo HEINZ-JURGEN THIEL*

Institut fiir Virologie (FB Veterindrmedizin), Justus-Liebig-Universitiit,
D-35392 Giessen, Germany

Received 22 May 1998/Accepted 24 July 1998

Molecular characterization of cytopathogenic (cp) bovine viral diarrhea virus (BVDV) strain CP Rit, a
temperature-sensitive strain widely used for vaccination, revealed that the viral genomic RNA is about 15.2 kb
long, which is about 2.9 kb longer than the one of noncytopathogenic (noncp) BVDV strains. Molecular cloning
and nucleotide sequencing of parts of the genome resulted in the identification of a duplication of the genomic
region encoding nonstructural proteins NS3, NS4A, and part of NS4B. In addition, a nonviral sequence was
found directly upstream of the second copy of the NS3 gene. The 3’ part of this inserted sequence encodes an
N-terminally truncated ubiquitin monomer. This is remarkable since all described cp BVDV strains with
ubiquitin coding sequences contain at least one complete ubiquitin monomer. The 5’ region of the nonviral
sequence did not show any homology to cellular sequences identified thus far in cp BVDV strains. Databank
searches revealed that this second cellular insertion encodes part of ribosomal protein S27a. Further analyses
included molecular cloning and nucleotide sequencing of the cellular recombination partner. Sequence com-
parisons strongly suggest that the S27a and the ubiquitin coding sequences found in the genome of CP Rit were
both derived from a bovine mRNA encoding a hybrid protein with the structure NH,-ubiquitin-S27a-COOH.
Polyprotein processing in the genomic region encoding the N-terminal part of NS4B, the two cellular inser-
tions, and NS3 was studied by a transient-expression assay. The respective analyses showed that the S27a-
derived polypeptide, together with the truncated ubiquitin, served as processing signal to yield NS3, whereas
the truncated ubiquitin alone was not capable of mediating the cleavage. Since the expression of NS3 is strictly
correlated with the cp phenotype of BVDV, the altered genome organization leading to expression of NS3 most

probably represents the genetic basis of cytopathogenicity of CP Rit.

The genera Pestivirus, Flavivirus, and hepatitis C virus group
constitute the family Flaviviridae (55). The genus Pestivirus
currently comprises three members, bovine viral diarrhea virus
(BVDYV), classical swine fever virus, and border disease virus.
The presence of a fourth separate group of pestiviruses com-
prising isolates from cattle and sheep has been recently de-
scribed (3, 5, 40, 41, 46), and it is now generally accepted to
refer to this additional species as BVDV-2; consequently, clas-
sical BVDV strains are frequently named BVDV-1. Pestivirus
virions contain a positive-strand RNA genome of approxi-
mately 12.3 kb. Viral gene expression is believed to occur via
synthesis of a polyprotein which is co- and posttranslationally
processed by both viral and cellular proteases (6, 7, 11, 12, 14,
15, 31, 33, 38, 47). In the polyprotein, the mature viral proteins
are arranged in the following order (from the N to the C
terminus): NP, C, E™, El, E2, p7, NS2-3, (NS2), (NS3),
NS4A, NS4B, NS5A, and NS5B (see references 36 and 53 for
reviews); the abbreviations NP and E™® refer to an N-termi-
nal autoprotease and a structural glycoprotein with RNase
activity, respectively. The structural proteins are represented
by C, E™, El, and E2, whereas the remaining proteins are
presumably nonstructural (NS). In tissue culture, replication of
pestiviruses can be accompanied by a cytopathic effect (20, 26).
Accordingly, two biotypes of pestiviruses are distinguished,
namely, cytopathogenic (cp) and noncytopathogenic (noncp).

BVDV is distributed worldwide, and it represents one of the
most important bovine pathogens. BVDV infection can have
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quite different consequences, such as abortion, diarrhea, hem-
orrhagic syndrome, and, most frequently, inapparent courses
(2, 53). Both cp and noncp BVDV strains are involved in the
pathogenesis of mucosal disease (MD), a very severe clinical
manifestation of BVDV infection (8, 9, 36). A prerequisite for
the development of MD is an intrauterine infection with noncp
BVDV during the first trimester of gestation, resulting in the
birth of persistently infected animals with an acquired immu-
notolerance to the original BVDYV strain. Interestingly, devel-
opment of MD coincides with the appearance of cp BVDV.

For BVDYV, cytopathogenicity is always correlated with ex-
pression of NS3, which is colinear with the carboxy-terminal
part of NS2-3. While NS2-3 is expressed in both cp and noncp
BVDV-infected cells, NS3 is found exclusively after infection
with cp BVDV (11, 13, 17, 21, 34, 35, 42, 43). Accordingly, NS3
is regarded as the marker protein for cp BVDYV strains and is
supposed to be required for the induction of cytopathic effect.

Molecular analyses of several cp BVDV strains isolated
from field cases of MD strongly suggested that each cp virus
evolved from the respective persisting noncp virus by RNA
recombination. The mutations identified in the genomes of cp
BVDV strains include insertions of cellular sequences, fre-
quently together with large duplications, and genomic rear-
rangements with large duplications and deletions (see refer-
ence 36 for a review). For pestiviruses, two different kinds of
cellular insertions have been found which encode either
(poly)ubiquitin or part of a cellular polypeptide of unknown
function (4, 30, 32, 34, 44, 51). In this paper, we report the
identification of a novel cellular insertion in the genome of a cp
BVDV vaccine strain and its effect on polyprotein processing
as well as the molecular characterization of the putative cellu-
lar recombination partner.
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MATERIALS AND METHODS

Cells and viruses. MDBK and BHK-21 cells were obtained from the American
Type Culture Collection (Rockville, Md.). Cells were grown in Dulbecco’s mod-
ified Eagle’s medium supplemented with 10% fetal calf serum (FCS). Isolation
of BVDV strain CP7 (13, 33, 50) and generation of the temperature-sensitive, cp
BVDV vaccine strain Rit 4350 (CP Rit) (27) have been described previously.
BVDV CP Rit was obtained from Pfizer (Karlsruher, Germany). BVDV CP Rit
and BVDV CP7 represent BVDV-1 strains. The modified vaccinia virus Ankara
expressing the T7 polymerase (MVA-T7pol) was kindly provided by G. Sutter
(Institute of Molecular Virology, GSF-Centre for Environmental and Health
Research, Oberschleissheim, Germany) (49).

Infection of cells. Supernatants and lysates of infected cells were combined and
used for infection of MDBK cells. Material for infection was prepared by freez-
ing and thawing cultures 48 h postinfection and stored at —70°C. A multiplicity
of infection of about 0.1 was used for infections. The proportion of virus-infected
cells was assessed by indirect immunofluorescence with monoclonal antibody
(MAD) 8.12.7 (directed against NS3), kindly provided by E. J. Dubovi (Cornell
University, Ithaca, N.Y.). Cells and FCS were tested regularly for the absence of
pestiviruses by reverse transcription-PCR (RT-PCR) and immunofluorescence.
For FCS, the absence of anti-pestivirus antibodies was shown by lack of virus
neutralization.

Oligonucleotides. Oligonucleotides were purchased from MWG Biotech
GmbH (Ebersberg, Germany). Sequences of oligonucleotides, their positions in
the genomic sequence of BVDV SD-1 (15), and their polarities are as follows: Ol
BVDV7100, 5 AGACTAGARGAYACMACCCACCT 3’ (positions 7313 to
7335, sense); Ol NS3R, 5" ATSCCGCCTTGGTGTGTGTA 3’ (5325 to 5343,
antisense). Both primers were designed from published sequences of BVDV-1
strains NADL (12), Osloss (14), SD-1 (15), and CP7 (33). The following primers
were derived from the BVDV Rit sequence: Ol Rit4AR (5" GACTCTAGAAA
TCCGAGATAGATTCCATG 3', antisense), Ol Rit-ubi4 (5" GCATCCATGG
TGAAGACCCTGACGGGGAAG 3', sense), Ol RitNS3R (5" CCTCACCTTT
AGCAATGCTG 3, antisense), Ol Rit4B1 (5" GCATCCATGGCAGTGGGT
GACCTGGAC 3', sense), Ol S27a* (5" GCATCCATGGAGAATGGCAAAA
TCAGTCG 3/, sense), and Ol S27a-del (5" CTTCCCGGGGGACTCCGAAAC
CCAACAGTTCGTGAAGACCCTGACGG 3, sense).

For cloning of the bovine mRNA encoding ubiquitin and S27a, oligonucleo-
tides Ol UeR (5’ TTACTTGTCTTCTGGTTTGTTG 3’, antisense), and Ol Ue
(5" CGCCRCCRMRATGCAGAT 3', sense) were deduced from published
ubiquitin-S27a sequences of humans (GenBank accession no. AA627893), rats
(X81839), and guinea pigs (D83209).

RNA preparation, gel electrophoresis, and Northern (RNA) hybridization.
RNA from pestivirus-infected cells was prepared by using either the RNeasy
total-RNA kit (Qiagen GmbH, Hilden, Germany) or the RNA extraction kit
(Pharmacia Biotech) as recommended by the supplier. Glyoxylated RNA (5 pg)
(28) was separated in a phosphate-buffered 1.0% agarose gel containing 5.5%
formaldehyde and transferred to Duralon-UV membranes (Stratagene, Heidel-
berg, Germany). An RNA ladder (Bethesda Research Laboratories) served as a
size standard. Radioactive labelling of the probe, hybridization, and posthybrid-
ization washes were done as described previously (4). A 2.5-kb NorI-Nsil frag-
ment from the cDNA clone pA/BVDV was used as a probe (33).

RT-PCR. Reverse transcription (RT) of approximately 500 ng of heat-dena-
tured RNA was done as described previously (5). Following amplification, the
PCR products were characterized in agarose-ethidium bromide gels in Tris-
acetate buffer.

Molecular cloning, nucleotide ing, and e analysis. The cDNA
fragments obtained after RT-PCR were separated by agarose gel electrophoresis
and purified with the Qiaex DNA purification kit (Qiagen). The respective
c¢DNA fragments were cloned with the TA cloning kit (Invitrogen, De Schelp,
The Netherlands). Nucleotide sequences were determined by cycle sequencing
with the Thermo Sequenase kit (Amersham Buchler, Braunschweig, Germany)
and the DNA sequencer Li-Cor 4000 (MWG Biotech). All sequences were
determined by sequencing both complementary strands of at least three inde-
pendent cDNA clones. Computer analysis of sequence data was performed with
HUSAR (DKFZ, Heidelberg, Germany), which provides the Genetics Computer
Group software package (16).

Transient expression with the T7 vaccinia virus system. BHK-21 cells (5 X 10°
per 3.5-cm-diameter dish) were infected with the recombinant T7 vaccinia virus
MVA-T7pol at a multiplicity of infection of 10 (49). After 1 h of incubation at
37°C, the cells were washed twice with medium lacking FCS. Subsequently, they
were transfected with 2.0 pg of plasmid DNA by using Superfect reagent (Qia-
gen). After 3 h of incubation at 37°C, the supernatant was replaced with medium
containing 10% FCS and the cells were incubated overnight at 37°C. Finally, the
cells were washed with phosphate-buffered saline (PBS) and stored at —20°C.

Construction of T7 expression plasmids. All T7 expression plasmids were
based on the vector pCITE (Invitrogen). To establish a construct for the expres-
sion of ubiquitin* (truncated ubiquitin lacking the N-terminal 3 amino acids
[aa]), NS3, and NS4A of BVDV Rit, the cDNA encoding the respective region
of the CP Rit polyprotein was obtained by RT-PCR with primer Ol Rit4AR
(including a Xbal site) and primer Ol Rit-ubi4 (including a Ncol site), and cloned
into pCR2.1 (Invitrogen). The respective Ncol-Xbal fragment was cloned into
pCITE (precut with Ncol and XbaT). The resulting plasmid is termed pRit-C. For

J. VIROL.

construction of pCRRit-A, the genomic region encoding NS4B* (N-terminal 132
aa of NS4B), S27a* (the portion of S27a encoded by the genome of BVDV Rit),
ubiquitin®, and part of NS3 was cloned into pCR2.1 after RT-PCR with primer
Ol RitNS3R and primer Ol Rit4B1 (including a Ncol site); for generation of
pCRRIit-B, the genomic region encoding S27a*, ubiquitin*, and part of NS3 was
cloned after RT-PCR with primer Ol RitNS3R and primer Ol S27a* (including
a Ncol site). To obtain constructs pRit-A and pRit-B, Ncol-Xhol fragments from
plasmids pCRRit-A and pCRRit-B were cloned into pRit-C (precut with Ncol
and Xhol), respectively. Accordingly, pRit-A encompasses the genomic region
encoding NS4B*, S27a*, ubiquitin*, NS3, and NS4A, while the fusion protein
encoded by pRit-B starts with S27a*. A schematic representation of the different
constructs together with the positions of primers used for cloning is shown in Fig.
SA.

Furthermore, the construct pRit-D, which lacks the region encoding S27a*,
was generated. As a first step toward generating pRit-D, a cDNA fragment
encompassing part of NS4B* directly fused to the N-terminal part of ubiquitin*®
was obtained after RT-PCR with primer Ol RitNS3R and primer Ol S27a-del
(including a Smal site) and subsequently cloned into pCR2.1. The resulting
plasmid was termed pCRRITdel. The remaining part of NS4B* was obtained
after digestion of pCRRit-A with Xbal and Smal and subsequently cloned into
pCRRitdel (precut with Xbal and Smal). From the resulting construct, a 0.45-kb
Ncol-Xhol fragment was cloned into pRit-C (precut with Ncol and Xhol), re-
sulting in plasmid pRit-D. Construct pRit-D encodes a fusion protein with the
structure NS4B*-ubiquitin*-NS3-NS4A.

Immunoblotting. Infected MDBK cells were lysed 48 h postinfection in load-
ing buffer containing 6 M urea, 2% sodium dodecyl sulfate, 10% glycerol, and 5%
B-mercaptoethanol. BHK-21 cells were lysed 16 h posttransfection. Samples
were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
under reducing conditions (48) and transferred to a nitrocellulose filter (Schlei-
cher & Schuell, Dassel, Germany). The filters were blocked with 5% nonfat dry
milk—0.05% Tween in PBS for 16 h. After being washed with PBS-0.05% Tween,
the filters were incubated with either MAb 8.12.7 (directed against NS3) or
anti-P1 antiserum (directed against NS4A and NS4B) (35). After several washes,
the filters were incubated with the substrates of the ECL kit (Amersham) as
specified by the manufacturer. They were then exposed to Kodak BioMax MR
films. The prestained molecular weight standard was obtained from Gibco-BRL.

Nucleotide sequence accession numbers. Sequence data from this article have
been deposited in the EMBL and GenBank data libraries and assigned accession
no. AF058699 (partial sequence of CP Rit) and AF058700 (bovine mRNA
encoding ubiquitin and S27a).

RESULTS

Characterization of the BVDV vaccine strain CP Rit by
hybridization and RT-PCR. For noncp and also some cp
BVDV strains, the RNA genomes are about 12.3 kb long. In
contrast, the genomes of several cp BVDV strains contain
either large duplications or deletions leading to viral RNAs
significantly longer or shorter than the ones of noncp BVDV
(25, 34, 35, 52). As a first step toward molecular characteriza-
tion of the BVDV vaccine strain CP Rit, a Northern blot
analysis with total RNA from MDBK cells infected with CP Rit
was performed. Hybridization of RNA from cells infected with
BVDV Rit with a BVDV CP7-derived cDNA probe showed
that the genomic RNA is about 15 kb (Fig. 1). Similar sizes
have been reported for other cp BVDV strains, and analyses of
these isolates led to the identification of duplications of the
NS3 gene (34, 35, 44). It was therefore likely that the genome
of CP Rit also contains a large duplication.

As the next step toward molecular characterization of CP
Rit, we performed an RT-PCR analysis in which specific am-
plification of cDNA is possible only in the case of a duplicated
NS3 gene (Fig. 2). This RT-PCR assay generated a fragment of
about 950 bp that was subsequently cloned into pCR2.1. To
determine the consensus sequence, the complementary strands
of three independent clones were sequenced.

Genome organization of CP Rit. To determine the genome
organization of CP Rit, the obtained nucleotide sequence was
first compared with the genomic sequence of BVDV SD-1,
which represents the first completely sequenced noncp strain
(15). With regard to numbering of nucleotides, the SD-1 se-
quence has been widely used for comparison of pestivirus ge-
nomes. The 5’ part of the determined Rit sequence corre-
sponds to positions 7312 to 7787 of the SD-1 sequence. This
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FIG. 1. Northern blot analysis of total RNA from MDBK cells infected with
BVDV strain CP Rit or CP7 and noninfected cells (n.i.). Before transfer and
hybridization, RNA was separated on a 1.0% agarose gel under denaturing
conditions. The blot was hybridized with a 2.5-kb NotI-Nsil fragment from the
c¢DNA clone pA/BVDV (33). RNA ladder sizes (in kilobases) are indicated.
Migration positions of the viral genomic RNAs are marked with arrows. The
additional band visible below the viral RNA of CP7 represents a gel artifact
resulting from large amounts of rRNA.

part of the genome encodes the C-terminal 27 aa of NS4A and
the N-terminal 132 aa of NS4B. Downstream of this part, a
nonviral insertion comprising 300 nucleotides was found. The
sequence located downstream of this insertion is colinear with
the pestivirus NS3 gene, starting at position 5153 of the SD-1
sequence (Fig. 3). This position corresponds to the N terminus
of NS3.

The genome organization of CP Rit is reminiscent of that
described for other cp BVDYV isolates with large duplications.
For all these viruses, an insertion encoding either viral NP™ or
cellular (poly)ubiquitin was found directly upstream of a du-
plicated NS3 gene (36). All ubiquitin insertions described so
far for cp BVDV strains encode at least one complete ubig-
uitin monomer consisting of 76 aa (32, 34, 44, 51). Interest-
ingly, the 3’-terminal 219 nucleotides of the insertion identified
within the genome of CP Rit encodes ubiquitin®, an N-termi-
nally truncated ubiquitin lacking the first 3 amino acids. In
contrast, the 5'-terminal 81 nucleotides of the CP Rit insertion
do not show any homology to (poly)ubiquitin-specific se-
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quences or cINS, the other cellular sequence identified in the
genome of cp pestiviruses (4, 30). It was therefore interesting
to investigate the nature and origin of this second insertion
found within CP Rit.

Identification of S27a coding sequences. A databank search
revealed that the 5'-terminal 81 nucleotides of the nonviral
sequences within the genome of CP Rit show similarities to
cellular sequences encoding part of ribosomal protein S27a.
The nucleotide sequence identities between the respective
genomic region of CP Rit and cellular S27a coding sequences
from humans, rats, and guinea pigs were about 90%. To our
knowledge, this is the first identification of cellular S27a coding
sequences within the genome of any virus including cp pesti-
virus strains. An alignment of the respective deduced amino
acid sequences showed that the inserted sequence of CP Rit
encodes aa 34 to 60 of cellular S27a; in the following, this part
of S27a is designated S27a*. Cellular S27a is a highly con-
served, very basic protein consisting of 80 aa. S27a has been
demonstrated to represent the carboxy-terminal part of a ubig-
uitin fusion protein which is processed to ubiquitin and S27a
(18, 45). In contrast, the S27a-derived sequences within CP Rit
are located upstream of the ubiquitin coding sequence (Fig. 3).
With regard to this unusual organization of S27a* and ubiq-
uitin® coding sequences within the genome of CP Rit, it was
important to identify the putative cellular recombination part-
ner(s), in particular to look for a cellular mRNA with a similar
arrangement of S27a and ubiquitin coding sequences.

Search for the putative cellular recombination partner.
BVDYV CP Rit has been isolated from cattle, and bovine cells
were used for propagation of this virus strain (27). It was
therefore likely that the two cellular insertions of CP Rit origi-
nated from bovine cells. To identify the putative cellular recom-
bination partner of the two CP Rit insertions, oligonucleotides
Ol UeR and Ol Ue were deduced from published sequences
encoding ubiquitin-S27a from other species. By using total
RNA of MDBK cells, RT-PCR with these primers resulted in
amplification of a cDNA fragment of about 500 bp (Fig. 4A).
This fragment was cloned into a PCR cloning vector and sub-
jected to sequence analysis. The obtained nucleotide sequence
of the bovine mRNA encodes the complete ubiquitin-S27a fu-
sion protein (Fig. 4B). A comparative analysis revealed that
both the S27a* and the ubiquitin* coding sequences identified
within the viral genome of CP Rit are more than 99% identical
to the respective sequences from the bovine mRNA (Fig. 4C).

The two cellular insertions of CP Rit are arranged in the or-
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FIG. 2. (A) Genome organization of a noncp pestivirus (NCP) and RT-PCR strategy for identification of a duplication of the NS3 gene. The positions and
orientations of primers Ol NS3R and Ol BVDV7100 are indicated by arrowheads below the bars. RT-PCR with this primer pair allows a specific amplification only
for a duplicated NS3 gene. The bull’s-eye icon indicates a putative insertion. (B) RT-PCR product obtained from RNA of BVDV CP Rit-infected cells (lane 1). RNA
from cells infected with noncp BVDV strain 519-NCP (2a) served as negative control (lane 2). The cDNA fragment was separated on a 1.0% agarose gel and stained

with ethidium bromide. M, size standard; KB, kilobases.



8700 BECHER ET AL.

J. VIROL.

A
p7 NS4A
5 I [ % S —— 3
--.an>c ms i “ ’ ? o
NCP &R E™E1 E2 Ns23 ’N§4P§ NSSA NSSB =
CP Rit NS2-3 NS4ANS4B" NS3 INS4A| NS4B
S27a* ubi*
B
NS4A-> NS4B*->

DTTELQYAPNAIRTEGKETELKELAVGDLDKIMESISDYASGGLDFVKSQAEKTRSAPAFRENVEAAKGYVQKFIDSLIENKETTIIRYGLWGTHTALYKS 100
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FIG. 3. (A) Schematic representation of the genome organization of a noncp pestivirus (NCP) and CP Rit. For CP Rit, the genomic region encoding NS3, NS4A,
and the N-terminal 132 aa of NS4B (NS4B*) is duplicated. In addition, two cellular insertions are located directly upstream of the NS3 gene. These cellular sequences
encode part of ribosomal protein S27a (S27a*, shaded box) and an N-terminally truncated ubiquitin (ubi*, solid box), respectively. (B) Deduced amino acid sequence
of part of the CP Rit sequence. The positions of NS4B*, S27a*, ubiquitin®, and NS3 are indicated. The two cellular insertions are underlined.

der 5'-S27a*-ubiquitin*-3’, while the identified bovine mRNA
encodes a fusion protein with the structure 5'-ubiquitin-S27a-
3’ (Fig. 4C). With regard to this remarkable difference, it was
tempting to speculate about the existence of a bovine mRNA
with an arrangement of S27a* and ubiquitin* coding sequence
as was found for CP Rit. RT-PCR with several appropriate
primers, involving total RNA of uninfected MDBK cells, did
not, however, result in identification of cellular sequences en-
coding a polypeptide with such a primary structure (data not
shown). Taking into account the high nucleotide sequence
identity between the two cellular insertions of CP Rit and
the identified bovine mRNA sequence encoding the ubiquitin-
S27a fusion protein, it appears highly likely that both cellular
insertions of CP Rit were derived from this mRNA.

S27a*-ubiquitin* as processing signal. The molecular anal-
ysis of several cp BVDV strains led to the identification of
various genomic rearrangements (36). Interestingly, all these
mutations are located in the genomic region encoding NS2-3
and lead to expression of NS3, the marker protein of cp
BVDV. This nonstructural protein is not present in cells in-
fected with noncp BVDYV strains. As expected, infection of
cells with CP Rit allowed the detection of NS3 in addition to
NS2-3. NS3 of CP Rit has the same apparent molecular weight
as NS3 found in cells after infection with other cp BVDV
strains (data not shown).

In a previous study, it was suggested that at least one com-
plete ubiquitin monomer is required for processing of ubig-
uitin-NS3 fusion proteins to yield NS3; the lack of 8 aa at the
N terminus of the ubiquitin monomer abolished cleavage (51).
It was not known whether the ubiquitin of CP Rit which lacks
the N-terminal 3 aa was capable of mediating the respective
processing event. To investigate the assumed role of the cellu-
lar insertions identified within the genome of CP Rit for gen-
eration of NS3, the genomic region encoding the N-terminal
part of NS4B (NS4B* with aa 1 to 132), the two cellular in-
sertions, and NS3 was transiently expressed in the MVA-T7pol
virus system. Expression of NS3-specific proteins was moni-
tored by immunoblotting with a monoclonal antibody (MAD)

directed against NS3. As a first step, the construct pRit-A,
which comprises the genomic region encoding NS4B*-S27a*-
ubiquitin*-NS3, was generated. Expression of pRit-A led to
detection of an 80-kDa protein that comigrated with NS3 from
CP Rit-infected MDBK cells (Fig. SA and B, lane 2). A protein
with the same apparent molecular mass was also detected after
expression of pRit-B, which encodes S27a*-ubiquitin*-NS3. In
contrast, after expression of construct pRit-C encoding ubiq-
uitin*-NS3, the anti-NS3 MAb reacted with a protein with an
apparent molecular mass of 87 kDa. The predicted molecular
mass of ubiquitin® is 7 kDa. Accordingly, the 87-kDa protein
detected after expression of pRit-C most probably represents a
ubiquitin®*-NS3 fusion protein. Taken together, our results
demonstrate that ubiquitin* lacking the N-terminal 3 aa is not
sufficient to serve as processing signal to yield NS3 whereas
addition of S27a* to the N terminus of ubiquitin® results in
processing at the C terminus of ubiquitin®.

To identify additional cleavage product(s), immunoblotting
with an antiserum directed against NS4B (35) was performed.
After expression of pRit-A, this serum recognized a protein
with an apparent molecular mass of about 24 kDa (Fig. 5C,
lane 2). This size fits with the predicted molecular mass of a
putative NS4B*-S27a*-ubiquitin* fusion protein. For pRit-A, a
protein with the same apparent molecular mass was also de-
tected by using an antiserum directed against ubiquitin (data
not shown). These results show that the two cellular insertions
are apparently expressed as part of a fusion protein with the
structure NS4B*-S27a*-ubiquitin*.

It was interesting to investigate whether replacement of
S27a* by another sequence fused to the N terminus of ubig-
uitin* would allow processing after Gly’® to yield NS3. An ad-
ditional construct, pRit-D, which encodes a fusion protein with
the structure NS4B*-ubiquitin*-NS3, was generated. Expres-
sion of pRit-D and subsequent immunoblot analysis with the
anti-NS3 MAD resulted in identification of a protein with an
apparent molecular mass of about 105 kDa (Fig. SA and B,
lane 4). Detection of a protein of the same size by the anti-
serum directed against NS4B (Fig. 5C, lane 4) demonstrates
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ubiquitin ->
ATGCAGATTTTCGTGAAGACCCTGACGGGGAAGACCATCACTCTCGAGGTCGAGCCCTCGGATACAATAGARAAT 75
M QI FUVKTTLTT G XKTTITTLTEVTETPSTDTTIEN
GTAAAGGCCAAGATCCAGGATAAAGAAGGAATTCCTCCTGACCAGCARAGACTGATCTTTGCTGGCAAGCAACTG 150
VKAKTIGO QDTKTETGTITPZPDGO QGQU RTELTITFATGTKQ L
GAAGATGGACGTACTTTGTCTGACTACAACATTCAAAAGGAGTCCACTCTTCATCTAGTGTTGAGACTTCGTGGT 225

S27a ->

E D GRTUL S D Y NI QX KESTULUHTULUVULU®RTIULTR G

GGCGCTAAGAAAAGAAAGAAGAAGTCTTACACCACTCCCAAGAAGAACAAGCATAAGAGAAAGAAGGTTARATTG 300
G A K KR KKK S YTTU®PI K KNI KHI KT RIKIKVIKL

GCTGTTCTGAAATACTACAAGGTGGATGAGAATGGCAAAATCAGTCGCCTTCGCCGGGAGTGTCCCTCAGATGAA 375
A VL K Y Y KV DENUGI KTISURILRI® RETCUPS D E

TGTGGTGCTGGAGTTTTTATGGCCAGTCACTTTGACAGACATTATTGTGGCAAATGTTGTCTGACCTATTGTTTC 450
¢C GA GV FMASHT FDRHYOCGI KT CCLTTYTCTF

AACAAACCAGAAGACAAG 468
N K P E D K

ubi 827

bovine mRNA

CP Rit

S27a*  ubi*

Nucleotide Sequence ——
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FIG. 4. Identification of the bovine mRNA encoding ubiquitin and S27a. (A) RT-PCR product obtained from RNA of noninfected MDBK cells with primers Ol
UeR and Ol Ue (lane 1). The cDNA fragment was separated on a 1.0% agarose gel and stained with ethidium bromide. Negative control, double-distilled H,O (lane
2); M, size standard; KB, kilobases. (B) Nucleotide and deduced amino acid sequence of the coding region of the bovine mRNA. The positions of ubiquitin and S27a
are indicated. Regions which correspond to the two cellular insertions found within the genome of CP Rit are underlined. (C) Comparison of the structure of the bovine
mRNA sequence and the respective part of the CP Rit genome encompassing the two cellular insertions, S27a* and ubi*, respectively. Nucleotide sequence identities

between the bovine mRNA and the two cellular insertions of CP Rit are indicated.

that the fusion protein with the structure NS4B*-ubiquitin*-
NS3 is not further processed. To generate NS3, S27a* can ap-
parently not be replaced by any sequence directly upstream of
ubiquitin®.

DISCUSSION

Molecular characterization of pestiviruses led to the detec-
tion of different alterations present only in the genomes of cp
viruses; these include insertions of cellular sequences with or
without duplications of viral sequences, as well as deletions,
duplications, and rearrangements of viral sequences (for a com-
prehensive review, see reference 36). Two types of cellular in-
sertions which encode either ubiquitin (32, 34, 44, 51) or part
of a cellular protein of unknown function, termed cINS (4,
30), have been identified. For the BVDYV strain CP Rit de-
scribed here, a duplication of the genomic region encoding
NS3, NS4A, and part of NS4B and two cellular insertions were
found; the latter encode part of ribosomal protein S27a and a
ubiquitin fragment (Fig. 3). To our knowledge, this is the first
report on the presence of S27a coding sequences in a viral

genome. Ribosomal protein S27a is a highly conserved, very
basic protein consisting of 80 amino acids. It has been reported
that S27a is expressed as the C-terminal part of a ubiquitin
fusion protein, which is cleaved to ubiquitin and S27a. Cellular
S27a is incorporated into nascent ribosomes and is required for
efficient ribosome biogenesis (18, 45).

Further analysis of the genome structure of CP Rit revealed
three major differences from other cp BVDYV strains with ubig-
uitin coding sequences: (i) the ubiquitin monomer encoded by
CP Rit is N-terminally truncated; (ii) a different mRNA served
as the source of the ubiquitin coding sequences; and (iii) ribo-
somal S27a coding sequences are present. All cp pestiviruses
with ubiquitin insertions described so far encode at least one
complete ubiquitin monomer, and it was therefore surprising
that the ubiquitin-specific insertion identified within the ge-
nome of CP Rit encodes a truncated ubiquitin lacking the N-
terminal 3 aa (14, 32, 34, 44, 51). Interestingly, the ubiquitin
insertions of two cp BVDYV strains carry mutations. cp BVDV
Osloss carries two point mutations, both of which lead to
amino acid changes (T>*—S, G’°>S), while BVDV 1lI-C car-
ries a duplication of codons 48 to 51 (32, 44). It remains to be
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FIG. 5. (A) Schematic representation of part of the CP Rit genome organi-
zation and the fusion proteins encoded by constructs pRit-A, pRit-B, pRit-C, and
pRit-D. For initiation of translation, each construct starts with an additional
methionine. The positions of primers Ol Rit4B1 (@), Ol S27a* (m), Ol Rit-ubi4
(%), Ol RitNS3R (#), and Ol Rit4AR (M), used for cloning of the respective
constructs, are indicated below the bar on the top. (B and C) Immunoblot
analysis of CP Rit nonstructural proteins. After infection with vaccinia virus
MVA-T7pol, BHK-21 cells were transfected with pRit-C (lanes 1), pRit-A (lanes
2), pRit-B (lanes 3), and pRit-D (lanes 4). Cells were lysed 16 h posttransfection
or postinfection, and the samples were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (8% polyacrylamide) under reducing condi-
tions, transferred to nitrocellulose, and incubated with anti-NS3 monoclonal
antibody (B) or anti-P1 serum directed against NS4A and NS4B (C). +, MDBK
cells infected with CP Rit. —, Negative control (BHK-21 cells infected with
MVA-T7pol but not transfected). The sizes (in kilodaltons) of marker proteins
are indicated on the left. The positions of NS3 (B) and NS4B-specific fusion
proteins (C) are marked with arrows. Additional bands visible in panel C rep-
resent nonspecific reactions due to the background level of the rabbit antiserum.
With respect to pRit-D, it has actually not been demonstrated that NS4A is
cleaved off.

investigated whether such mutations lead to functionally sig-
nificant effects. Comparison of ubiquitin coding sequences of
several cp BVDV strains including Osloss, CP1, CP14, 190,
I1I-C, and TGAC with bovine polyubiquitin coding sequences
strongly suggests that a bovine mRNA encoding polyubiquitin
was the source of the cellular insertions for all these virus
isolates (Table 1). In contrast, the ubiquitin insertion of CP Rit
is less than 80% identical to either of the two available bovine
polyubiquitin gene sequences. This difference in codon usage
was unexpected, since the respective deduced amino acid se-
quences differ at only one residue; we observed a replacement
of valine'” by alanine in the ubiquitin* encoded by CP Rit. For

J. VIROL.

eukaryotic cells, two types of ubiquitin genes have been de-
scribed. These encode either polyubiquitin, consisting of mul-
tiple, exact head-to-tail repeats of ubiquitin, or a single ubiq-
uitin monomer fused to a ribosomal protein (18, 19, 45). To
elucidate the nature and origin of the CP Rit insertions, the
bovine mRNA encoding the ubiquitin-S27a hybrid protein was
identified and the coding region of this mRNA was cloned and
sequenced. Comparative sequence analysis revealed that the
identity between this bovine mRNA sequence and the ubig-
uitin coding sequence of CP Rit is greater than 99% (Fig. 4;
Table 1). It can be concluded that the ubiquitin coding inser-
tion of CP Rit was derived not from a polyubiquitin gene but
most probably from a bovine mRNA encoding ubiquitin to-
gether with ribosomal protein S27a. Comparison of the second
cellular insertion of CP Rit encoding part of S27a with this
bovine mRNA sequence revealed that the viral and cellular
sequences are again identical. This strongly suggests that both
cellular insertions of CP Rit were derived from the same bo-
vine mRNA. It should be emphasized that the S27a* coding
sequences within the genome of CP Rit are located directly
upstream of the ubiquitin® coding insertion whereas the re-
spective bovine mRNA encodes a fusion protein with the struc-
ture NH,-ubiquitin-S27a-COOH.

For BVDV, cytopathogenicity is correlated with expression
of NS3, which is not found after infection of cells with noncp
BVDV (11, 13, 17, 21, 34, 35, 42, 43, 52, 53). In the case of
ubiquitin insertions, it has been reported that ubiquitin func-
tions as a processing signal leading to an additional cleavage of
the viral polyprotein by cellular ubiquitin C-terminal hydro-
lases; at least one entire ubiquitin monomer is required for
processing at the C terminus of ubiquitin (51). Furthermore, it
has been demonstrated that replacement of the N-terminal 2
aa MQ by the tripeptide MEL did not affect the cleavage (51).
With regard to CP Rit, our analysis of polyprotein processing
revealed that engineered fusion proteins with the structure ubig-
uitin*-NS3 or NS4B*-ubiquitin*-NS3 were not cleaved where-
as release of NS3 could be observed after expression of (NS4B*-)
S27a*-ubiquitin*-NS3 polypeptides. These results show that
(NS4B*-)S27a*-ubiquitin® serves as processing signal to yield
NS3 whereas the N-terminally truncated ubiquitin alone is not
sufficient to allow the cleavage. The mutations responsible for
expression of NS3 most probably also represent the genetic
basis for cytopathogenicity of BVDV CP Rit.

For all cp pestiviruses with ubiquitin coding sequences, in-
cluding CP Rit, the 3’ crossing-over site is conserved; this re-
sults in fusion of a given N terminus of NS3 to the C terminus
of ubiquitin. Specific sequences which might serve as signals

TABLE 1. Nucleotide sequence identity between the ubiquitin
coding insertions of different BVDYV strains and
cellular ubiquitin coding sequences

Nucleotide sequence identity (%)

BVDV strain Bovine polyubiquitin”

Bovine
rpubl rpub2 ubiquitin-S27a
CP Rit 78.6 79.5 99.5
Osloss 89.0 98.2 78.5
CP1 89.9 100 80.2
CP14 98.7 90.8 79.3
190 88.7 99.4 79.8
TGAC 88.6 99.3 79.8
1-C 98.3 91.3 79.8

“The two polyubiquitin sequences (rpubl and rpub2) have been reported
previously (34).
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for recombination have not been identified within the genomes
of pestiviruses including CP Rit. The observed conservation of
the 3’ recombination site is probably the result of a functional
selection allowing the expression of NS3 with a defined N-
terminus. In contrast, the 5’ recombination sites between the
viral and cellular sequences either vary between nucleotides
7456 (located in the NS4B gene) and 8788 (located in the
NS5A gene) or are located in the NS2 gene. The respective
fusion of viral and cellular sequences results in the expression
of fusion proteins which have been described for several cp
pestiviruses (4, 34, 35). Our data demonstrate that both cellu-
lar insertions of CP Rit are expressed as parts of one fusion
protein with the structure NS4B*-S27a*-ubiquitin*.

It is assumed that recombination of pestiviruses occurs at the
RNA level. The most widely accepted model of RNA recom-
bination is the replicase-driven template-switching model, al-
though it is not possible to favor a particular mechanism of
recombination on the basis of sequences of the recombination
end products (39). RNA recombination may occur during the
synthesis of either positive or negative RNA strands (1, 22, 24).
The frequency of recombination is presumed to depend heavily
on the availability of acceptor templates. Since the concentra-
tion of positive-strand RNAs is much higher than that of neg-
ative-strand RNAs, it has been suggested that recombination
during negative-strand synthesis occurs more frequently. The
preferred occurrence of recombination during negative-strand
RNA synthesis is also supported by the assumption that the
negative-strand RNAs exist predominantly as part of replica-
tive intermediates in a double-stranded form and that in this
form they are not available as a template (1). With respect to
cp pestiviruses, all cellular sequences including the two inser-
tions within the genome of CP Rit are present in coding ori-
entation. Accordingly, recombination must have occurred dur-
ing negative-strand synthesis, since the corresponding cellular
mRNAs are present only as positive strands. The majority of
RNA virus recombinants can be explained by a single template
switch, while pestiviruses with cellular sequences are consid-
ered to be the result of at least two template switches (36). CP
Rit represents the first pestivirus with two cellular insertions;
for generation of its genome, at least three template switches
are required. Our finding that both insertions were derived
from the same bovine mRNA might be significant for the in-
terpretation of the respective recombination. For integration
of both cellular insertions during one step, an intramolecular
template switch on the bovine mRNA appears to be more
likely than an intermolecular one. Alternatively, the genome
of CP Rit might have evolved by two separate recombination
events. Accordingly, an intermediate genome with integration
of either S27a or ubiquitin coding sequences was first gener-
ated. In a second step, recombination of this hypothetical in-
termediate with the same bovine mRNA generated the CP Rit
genome analyzed here. An interaction between the insertion
integrated within the intermediate genome and the bovine
mRNA may have promoted the second recombination. How-
ever, on the basis of the determined nucleotide sequences, it is
not possible to favor one of these models.

With the exception of transduction of cellular proto-onco-
gene sequences in the genomes of retroviruses, recombinations
between host cellular RNAs and viral genomic RNAs repre-
sent rare events and have been described for only a few other
RNA viruses including influenza virus (23), poliovirus (10, 29),
and Sindbis virus (37, 54). For influenza virus and poliovirus,
28S rRNA-derived sequences were found, while in the case of
several defective interfering particles of Sindbis virus, cellular
tRNA as well as 26S RNA sequences were detected. As a
unique feature of pestiviruses, all insertions of cellular se-
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quences identified so far in their genomes were derived from
protein coding sequences. Remarkably, the insertions are di-
rectly or indirectly responsible for an additional processing of
the pestiviral polyprotein and thereby for expression of NS3;
occurrence of the latter is strictly correlated with the cp phe-
notype of BVDV. Future studies on cp pestiviruses are ex-
pected to result in identification of additional genomic alter-
ations including the detection of novel cellular insertions. The
respective analyses will help to understand the different mech-
anisms for generation of NS3, in particular with respect to the
introduction of processing signals into a viral genome.
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