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The RNA genomes of cytopathogenic bovine viral diarrhea virus (BYDV) isolates contain insertions highly homolo-
gous to cellular sequences. For two of them the insert was identified as ubiquitin coding seguence. The genome of
BYDV Osloss containg exactly one ubiguitin gene monomer. In the case of BVDV CP1 the cellular ingertion comprises
one complete ubiquitin gene and part of a second monomer. The host cell-derived element in the CP1 genome is
embedded in a large duplication of about 2.4 kb of viral sequences. Cellular insertion and duplication were not found in
the genome of NCP1, the noncytopathogenic counterpart of CP1. These resulis strongly suggest that recombination
between viral and ceilular RNA is responsible for development of the cytopathogenic viruses, which is linked to patho-

genesis of a lethal disease in cattle.

INTRODUCTION

Bovine vira!l diarrhea virus (BVDV) belongs to the
genus pestivirus within the family Togaviridae {Westa-
way et al., 1985). Pestiviruses have a single-stranded
RNA genome of positive polarity which i about 12,5 kb
in length {Renard ¢t af., 1987; Collctt ef al.,, 1988a;
Meyers et a/., 1989a). Viral gene expressionis believed
to pocur via synthesis of a polyprotein and subsequent
proteclytic processing (Coliett et af., 1988b,c). With re-
spect to genome organization and strateqy of gene ex-
pression pestivirusas are more similar 10 flaviviruses
than to icgaviruses. It has therefore been proposed to
classify the pestiviruses as a new genus of the family
Flaviviridae (Collett et al., 1988c).

In tissue culture two BVDV biotypes, cytopathogenic
BVDV {cpBVDV]) and noncytopathogenic BVDY
(noncpBYDV), can be distinguished (Baker, 1987).
Both kiotypes are involved in pathogenesis of mucosat
disease (MD), the most severe clinical manifesiation of
BVDY infections. A prerequisite for MD is a persistent
infection with noncpBYDY. Surprisingly, cpBVDV can
always be isolated from MD animals in addition 1o the
persisting noncp virus (Brownlie et al., 1984, Bolin er
al., 1985). in contrast to the described anligenic vari-
ability of BVDV field isoiates the members of such a
“pair’” of noncpBYDV and cpBVDV are antigenically
very closely related (Pocock et al., 1987; Corapi et af.,

Sequence data from this article have been deposited with the
GenBank Data Library under the following accession numbers:
M37793, rpubl sequence; M37794, rpub2 sequence; M3/795,
BVDV NCP1 sequence; M37786, BVDV CP1 seguence.
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1988). This observation led to the hypothesis that gur-
ing pathogenesis of MD a cpBVD virus develops from
the noncp virus by acquiring some kind of mutation
(Corapi ef al,, 1988).

Comparison of the genomic sequences of two
cpBVDY strains {BVDV Osloss [Renard et af., 1987]
and BVDV NADL [Collett et a/., 1988a)) led to the iden-
tification of small insertions located in a region coding
for a nonstructural protein (Collett et af., 1989; Meyers
et al, 1982a,b). The ingertion of 228 nucleotides iden-
tified in thec BVDV Csloss genome encodes a complete
ubiguitin-like element with only two amino acid ex-
changes with respect 1o the ubiquitin sequence con-
served in all animals {Meyers et a/, 1988b, 1820). The
sequence of 270 nucleotides which is inserted in the
BVDV NADL genome shows no hamology to a ubigui-
tin gene but is almost identical with another bovine
mRNA sequence {Mevers ef a/., 1390). We therefore
proposed as a working hypothesis Lhal recombination
between viral and cellular RNA led to the formation of
these cpBVDY genomes (Mevers et a/,, 1989b, 1990).

The mutation respensible for development of
cpBVDY from a noncytopathogenic virus might be a
recombination process. Ag a conseguence, cytopath-
ogenicity in BVDV would be linked to insertions of host
cellular seguences in the viral genomes. Veritication of
this hypothesis was hampered by the fact that se-
guence data from noncytopathogenic viruses were not
available. In this roport molccular characterization of a
“pair’” of noncpBYDY (NCP1) and cpBVDV {CP1) {Cor-
api er al., 1988) isolated from one animat sutfering from
MD is presented for the first time. The resulting data
are discussed with respect to the mechanism of RNA
recombination, implications for ¢ytopathogenicity of
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cpBVDV, pathogenesis of mucosal disease, and evo-
lution of RNA viruses.

MATERIALS AND METHODS
Materials

Restriction enzymes and modifying enzymes were
obtained from Pharmacia-LKB, New England Biolabs,
Boehringer-Mannheim, and Life Sciences, Inc. Radio-
active compounds were purchased from Amersham-
Buchler. Kodak XARB X-ray films were used for autora-
diography.

Cells and viruses

MDEBK cells and the BVDV strain NADL {Gutekunst
and Malmaquist, 1963) were obtained from the Ameri-
can Type Culture Collaction (Rockville, MD). The BVDY
strain Osloss {Renard ef a/.,, 1985) was kindly provided
by Dr. Liess (Veterinary Schoaol, Hannover, FRG). sola-
tion and seroiogical characterization of BVDV strains
NCP1 and GP1 have been described elsewhere (Cor-
api et al., 1988). Cells were grown in DMEM supple-
mented with 10% FCS. Cells and virus stocks were
tested every 3 to 6 months for the absence of myco-
plasma contamination.

RMNA preparation, gel electrophoresis, and Northern
hybridization

Preparation of RNA was done as described
(Rumenapf er al, 1989). Five micrograms of glyoxy-
lated RNA (Maniatis er al., 1982) was separated in
nhosphate-buffered 1% agarose gels containing 5.5%
formaldehyde, and transferred tc Duralon membranes
(Stratagene). An RNA ladder (Bethesda Research Labo-
ratories) served as a size standard. Hybridization with
probes labeled with 32P by nick translation (Righy et a/.,
1977) {nick translation kit, Amersham-Buchler) was
performed in 0.5 M sodium phosphate, pH 6.8, 1 mAM
EDTA, and 7% SDS. Hybridization temperature was
B4° for the HCV cDNA probe and 88° for the ubiquitin
probe. Posthybridization washes were carried out with
40 mM sodium phosphate, pH 6.8, 1 mAf EDTA, b%
SNDS, and 40 mAf sodium phosphate, pH 6.8, 1 mM
EDTA, 1% SDS two times each for 30 min at hybridiza-
tion temperature.

Oligonuclectides

Oligonucleotides were synthesized on a Biosearch
8700 DNA synthesizer (New Brunswick Scientific) us-
ing the phasphoamidite method (Beaucage and Car-
uthers, 1981). Sequences of the oligonucleotides used
for cDNA priming were as follows.

First libraries:

BVDV13: GCCATRTCXCCYTCYTTCAT {6226-6245)

BVDV14: GRCCARTCRTARTTCATYTC (7033-7082)
Second library:
PES9: ACYTCCCAYTTRTCXGT ({9079-8(:95)
ORG345: GATGAGCCTCTGCTGGTCAGGGG-
GAATGCCTTCC (5250--5283)
R represents both purine nucleotides, Y both pyrimi-
dine nucleotides, and X all four nuciectides. Numbers
indicate the positions of the complementary se-
guences in the Osloss genaome (Renard et af., 1987).

cDNA synthesis, cloning, and library screening

About & kg of total RNA of MDBK cells infected with
gither CP1 or NCP1 were heat denatured (5 min, 65°),
Annealing of oligonucleotides (0.1 pg each of BVDV13
and BVDV14 or PESY and ORGR4E, first or second
cDNA libraries, respectively) was at 37° for 20 min.
cDNA  synthesis wasg performed as described
(Rumenapfetal, 1989). Cloning in A ZAF{] (Stratagene)
and in vitro packaging using GIGAPACK GOLD (Strata-
gene) was performead as recommended by the sup-
plier.

The bovine polyubiquitin-specific cDNA ciones were
isolated from a commaercially available cDNA library
(constructed with RNA of MDBK cells, Stratagene).

Screening of libraries by hybridization with radicla-
beled DNA probes was done as described by Benton
and Davies {1977}, Subcloning into Bluescript plas-
mids by /n viva excision was performed as recom-
mended by the supplier (Stratagene).

Nucileotide sequencing

Exonuclease Il and nuclease S1 were used to es-
tablish deletion libraries of cDNA clones (Hennikoff,
1987). Dideoxy sequencing (Sangeret al., 1977) of dou-
ble-stranded CNA templates was carried out using the
T7 polymerase sequencing kit {(Pharmacia-LKB). Com-
puter analysis of sequence data was performed on a
Digital Microvax Il using the UWGCG software (Dever-
eux et al, 1984),

Radicimmunoprecipitation and SD5-PAGE

BVDV-infected MDBX cells {1.5 X 10° per 3.5-cm
dish) were labeled far § hr with 0.5 mCi/ml [*®3]-
methionine/[**S]cysteine. Labeling medium contained
no cysteine and £ ¢f normal methionine content. Cell
extracts were prepared as described (Rimenapf et &/,
1989). For precipitation with the anti-ubiquitin or the
anti-peptide antisera extracts were prepared under de-
naturing conditicns (Harlow and Lane, 1988). Extracts
were incubated with 5 i of undiluted serum. Precipi-
tates were formed with crosslinked Staphylococcus
aureus (Kessler, 1981), analyzed by 10% SDS-PAGF
{l.aemmli, 1970), and processed for fluorography using
Enhance (New England Nuclear). The anti-peptide an-
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tiserum kindly pravided by Dr. M. S. Collett was pre-
nared as described by Suzich and Collett {1988).

RESULTS

Characterization of the viral genomes by
hybridization

As a first step towards molecular analysis of the ge-
nomes of the cytopathogenic BVDV strain CP1 and its
noncytopathogenic counterpart NCP1 (Corapi et al.,
1988) hybridization experimants with RNA of bovine
kidney cells (MDBK) infected with different BYDV
straing were performed. For detection of the genomic
viral RNAs an hog cholera virus (HCV)-derived cDNA
fragment encompassing nucleotides 4377 tc 6532 of
the viral genome was used as a probe (Meyers et af,,
1989a). In hybridizations at reduced stringency this
DNA malecule recognized all pestivirus genomic RNAs
tested so far (data not shown). After hybridization of
this probe to RNA of cells infected with four different
BVDV strains, respectively, dramatic differences in the
electrophoretic mobility of the viral genomic RNAs
were detected. While the genomes of BVDV strains
Osless, NADL and NCP1 (Fig. 1A, lanes 1, 2, and 3,
respectively) have similar sizes of about 12.5 kb, the
genomic RNA of BVDY CP1 is much larger with an
estimated size of 14 to 15 kb (Fig. 1A, lane 4).

Morthern hybridization experiments with a perecine
ubiguitin clone (pCL208, Einspanier et a/,, 1387} had
snown that among five common cpBVDYV laberatory
strains, which represent independent isolates from dif-
ferent countries, the ubiguitin-coding insertion was
specific for the Osloss strain (Meyers et al, 1990), An
analogous experiment was conducted with RNA of
celis infected with CP1 and NCF1. Surprisingly, a posi-
tive signal was obtained with genomic CP1 RNA atter
stringent hybridization with the ubiquiiin probe (Fig. 1B,
lane 4). Since the genomic RNA of BVDV NCP1 is not
recoghized by this DNA fragment (Fig. 1B, lane 3) at
least part of the additional RNA in the CP1 genome
represents a ubiquitin-like sequence.

The three major additional bands visible in all lanes
of Fig. 1B probably represent the host cellular ubiguitin
mRMNAs since thoy can also be detected among RNA of
noninfected cells {(Fig. 1B, lane 5). The correspending
RNA molecules have sizes of about ©.0, 4.0, and 1.4
kb, respectively, and bind to cligo d{T) cellulose (data
not shawn).

Genome organization of BYDY NCP1 and CP1

In order to compare the genomes of BVDY NCP1
and CP1 at the level of nucleotide sequences, parts of
the viral genomes were cloned as cDNA, First strand
synthesis was specifically primed with degenerated oli-
gonuclectidas deduced from heptapeplide sequences
conserved in all three known pestivirus-encoded poly-
prcteins. As both the BVDV Osloss and NADL inser-

0.24—

A B

Fig. 1. Northern olot analyses of total RNA from MEBK cells in-
fected with BVDV strains Osloss (lanas 1), NADL (lanes 2), NCP1
{lanes 33, and CP1 {lanes 4), respectively, and noninfected cells
{lanes B). The blots were hybridized with (A} a 2.2-kb Sa/t fragment
derived from the HCV cDMNA clone 4.5 (Meyears et af., 1989a) and (B)
g 0.2-kb Bgl/ll fragment isclated from the parcing ubiquitin clane
pCL208 (Einspanier i al,, 1987\,

tions are located around nuclectide 5000 of the geno-
mic RNAs (Collett st al., 1989, Meyers et al., 1989z,
1890) 8 mixture of two oligonucleotides priming at
about 6 and 7 kb was used for the construction of the
cDNA libraries. Positive phage clones were isolated
after screening with the heteralogous HCV cDNA
probe described abave,

By restriction site mapping and cross hybridization
studies the relative positions of the different cDNA
fragments were established {Fig. 2). NCP1 represents
the first noncytepathogenic BVDV strain which has
been characterized at the genome lavel; a continuous
sequence of 3199 nucleotides was determined for the
respective clones (Fig. 3A). In contrast to the two pub-
lished genomic sequances of cpBVDV strains {Osloss
[Renard et a., 1987] and NADL [Collett at a/.,, 1988a])
the NCP1 RNA does not contain an insertion in the
analyzed genomic ragion. In this aspect NCP1 is most
simitar lo HCV, which also lacks insertions of cellular
sequences (Meyers et af., 1388a). Since the inserts
identified in the genomes of BVDV Osloss and NADL
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Fic. 2. Schematic drawing indicating the relative positions and sequencing strategies for the BVDY NGP 1 and CP1 cDNA clones. For each
cDhNA fragment the regiong which have been sequenced are marked by arrows. Ubiguitin-coding secuences are shown as dark bars.

are small (228 and 270 nucleotides, respectively), thair
genomic RNAs migrate on agarose gels like that of
BYDV NCP1 (Fig. 1).

The genome organization of BVDV CP1 is more
ccemplex than that of the other described pestiviruses.
Analysis of the sequences of the ¢cDNA clones pCPI8
and pCPI13 {Fig. 2) resulted in identification of 386 nu-
cleotides of ubiguitin-coding sequence. Thus, in addi-
tion t¢c a complete ubigquitin gene of 228 nucleotides
which is also found in the BVYDV Osloss gencme
{Meyers et a/,, 1989b), the CP1 genomic RNA contains
part of a second ubiquitin-gene monomer truncated at
the B end (Fig. 38).

Sequence anaiysis revealed that the nucleotides pre-
ceding the ubiquitin-coding element in the CP1 ge-
nome correspond to a region upstream of nucleotide
7 /65 in the BVDV Osloss sequence {denoted C in Fig.
4}, while the nucleotides following the insertion are ho-
rmologous to the Osloss sequence downstream of nu-
cleotide B380 (denoted B in Fig. 4). To further investi-
gate this unusual arrangement of the CF1 genome the
nuclectide sequence starting about 3 kb upstream and
ending more than 4 kb downstream of the ubiquitin-
coding element of CP1 was determined. Parts of the
respective clones (pCPII32 and pCPI46 in Fig. 2) were

obtained from an additional cDNA library constructed
after priming with oligonucleatides complementary ei-
ther to sequences located around nucleotide 9000 of
the BVDV gencme or to part of the ubiguitin sequence,
respectively. As indicated in Fig. 38 and Fig. & both the
sequences preceding and following the ubiguitin-cod-
ing element in the CP1 genome are found again at
anather position of the determined sequence (Fig. b,
box 1 versus 3 and box 2 versus 4, respectively). Ac-
cardingly, in the genome of CP1 the host cell-derived
ingertion is embedded in a large duplication of viral se-
quences which corresponds to nuclectides 5380 to
7763 of the BVDV QOsloss sequence {Figs. 4 and b}
Therefore the genomes of NCFP1 and CP1 can only he
aligned it either the &' or the 3' duplicated slement is
regarded as part of an insertion (Fig. 5, upper section).
‘Ihe duplication together with the 368 nucleotides of
ubiquitin-coding seauenca comprises 2750 nucleo-
tides and apparently accounts for the observed differ-
encas in genome size (Fig. 1).

Nucleotide sequence homology between BVDV
NCP1 and CP1

According to our working hypothesis the genome of
BVDV CP1 has developed from that of NCP1 by inte-
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Fia. 3. Nucleolide and deduced amino acid sequences detarminad from the BYDY NCP1 {A) and CP1 (B} cDNA clones. For both sequences

the regions cempared in Fig. 5 are underlined {box 1, : bax 2,

- box 3, cand box 4, ***"). The ubiquitin-coding region of the CP1

gequence and the methionine representing ine amlnoternnnal end of the .,ompletp ublqunm mcnomer are marked by boxes. Only sequences
determined from both strands of ona cDNA fragment or from twe independant cDNA clanes are shown (see Fig. 2} Comparison of the
sequences of clones pCPIS and pCPI 2 resultad in detection of three differsnces (positions 3631, 7 or G; 3603, Gor A 3625, T or C. in pCPIZ or
paPH 3, respectively), in (B) the sequence of pCPI8 iz shown. Because of the difference al nucleolide posilion 3695, the deduced amino acid

saquence alse varies (T instead of |

gration of additional RNA in a recombination process.
This theary implies that the sequences of the virus-der-
ived parts of the BVDY CP1 RNA should be almaost
identical with the respective regions aof the NCP1 ge-
nome. The nucleotide sequences deiermined irom the
CP1- and NCP1-specific cDNA clones were compared
with each other and with those published for BVDY
Osloss and NADL. As already shown above the NCP1
sequence and in analogy also the Osloss and NADL
sequences can be aligned with the CP1 genome in two
differeni ways depending on which of the duplicated
sequences of CP1 is regarded as part of the inserted
element (see also Fig. B, upper section). Therefore
each of the duplicated regions in the CP1 gencme was
analyzed separately. The host ccll-derived regicns of

the three cpBVDV genomes were not included. The
homologies of 89.6 and 99.7% observed between the
NCP1 and the two CP1 sequences demonstrate their
extremely close relationship (Table 1). A similarly low
number ol nucleotide substitutions was found when
the & and the 3 duplicated regions of the CP1 RNA
{nuclectides 445 to 2829 versus 3196 to 5580 in Fig.
3B) were compared (Table 1}

Comparison of the sequences flanking the insertions

The twa cpBVDY straing CP1 and Osloss both have
integrated ubiguitin-coding sequences inte their ge-
nomes. Because of their rather low degree of nucleo-
tide homology (Table 1) as well as their differences in
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Fic. 4. Schematic drawing demonstrating the genome organization ot BVDYV strains Osloss, NCP1, and CP1 for the analyzed region. To
localize the respective part on the genome a BVDY genormic RNA is indicated on top; numbers refer to the sizes of the RNA Inkb. The long open
reading trame ot tha genome is shown as a bar, & and 3’ noncoding regions as thin lines. Sequences coding tor ubiguitin-ike elements (Up) are
shown as dark gray bars. Ubiquitin gene monomers or paris thercot are marked by arrows. The region duplicated in the CP1 genome is indicated
by light gray bars. The positicns of the nuclectides directly precading and faliowing the ubiguitin element in the Osloss genome are marked by
the letters A and B, respectively. In addition the positicn aguivalent 1o the last nucleotide of the sequence duplicated in the CP1 genome is
marked by the letter C. The positions analogous to thase dencted A, B, and C inthe Osloss genome are marked in the sarme way for NCP1 and
CP1. Numbers refer to the published BVDV Osloss sequence (Renard et al.,, 1987).

genome crganization (Fig. 4) independent recombina-
tion events probably led to tormation of the two wviral
genomes. To cbtain more information about these pu-
tative RNA recombination processes the sequences
flanking the insertions in the BYDV CP1 and BYDV Os-
loss genomes were analyzed. If tor CP1 the 5’ dupli-
cated element tegether with the ubiguitin-coding se-
quence is regarded as insertion (Fig. B), it would be
located at exactly the same genomic position as the
Osloss inserted element {indicated by the letters A and
B in Fig. 4 and Fig, 5). Accordingly the sequences
flanking this tentative insertion in the CP1 genome are
highly homologeous to those adjacent to the Osloss in-
sertion {for CP1 see Fig. b, sequences upstream of
“A”In box 1 and downstream of "B in box 3, respec-
tively; for Osloss see Fig, 6A). The second possible
CP1 insertion would be located in a completely differ-
ent genamic region (Fig. b). It thereiore seems maore
logical to regard the B duplicated element together
with the ubiquitin-coding region as the sequence

which has been integrated in the CP1 genome by the
recambination process.

According 10 the model presented above the b’ ends
of the sequences integrated into tha genomes of BVDV
Osloss and CP1 are different: While the Osloss inser-
tion starts with the ATG of a ubiguitin gene, the inser-
tion in the CP1 genome contains part of a second
monomer of this gene preceded by the large dupli-
cated element (Fig. 4 and Fig. 8). When the &’ borders
of the ubiquitin-coding elements were compared the
respective viral and host cell-derived seguences are
not homologous for both viruses {Fig. 6A). The situa-
tion ig different for the 3" ends: Both the CP1 and the
Osloss insertion terminate exactly with the end of a
ubiquitin gene monomer even though the Osloss ubi-
quitin has acquired a mutation which changes the car-
boxyterminal glycine into a serine residue (Fig. 8B).
Thus at the 3' borders both the host cell-derived and
the flanking viral sequences are conserved (Fig. 6A),
indicating that the respective regions of the viral and



UBIQUITIN IN A PESTIVIRUS

5' END

3 END

NCP1

POSSIBLE
INSERTIONS

CP1

BOX 1 [NCP : GEAGAAGAAATTGGGGACCTAGAACACCTTGGTTGUATCCTAAGGGAGCCTACOGTGTATAAGAAGATCACAGAACACGARAGATGC

BOX 2

A

[ CP  : GGAGAAGAAATTGGGGACCTAGAACACCTTGGTTGGATCCTAAGGGGGCCTACCATETAGTAAGAAGATCACAGAACACGAAAGATGC

B

NCP @ ACAACCCCTTTGTTTAAGGAARATGTAGAAGCTGCAAAGGGGTATGTCCAAAAATTCATTGACTCATTAATAGAAGATAAAGATGTAAT

CP

: ACAACCCCTITGTTTAAGGAAAATGTAGAAGCTGCAAAGGGGTATGTCCACCAGGATAAGGAAGGCATTCCCCCTAAGCAGCAGAGG

C

BOXE| nep - CACCTTRGTTEGATCCTAAGGGGACCTGCCGTATS TAAGAAGATCACAGAACACGAAAGATGCCATGTCAACATATTAGATAAACTA

CP : GTCCTTCGTCTGAGGGGTGGCGGGCCTACORTGTGTAAGAAGATCACAGAACACGAAAGATGCCATGTCAACATATTAGATAAAGTA |

BOX4  NCP : GAAAATGTAGAAGCTGCAAAGGGGTATGTCCAAAAATTCATTGACTCATTAATAGAAGATAAAGATGTAATAATTAGATATGGCTTATG

cp

h

c

! GAAAATGTAGAAGCTGCAAAGGGGTATGTCCAAAAATTCATTRACTCATTAATAGAAGATAAAGATATAATAATTAGATATGGCTTATG
",

Fig. 5. Sequence comparison of the genamic regions conlaining the 5 and 3" ends of duplicated elements in the CF1 genome with the
respactive parls of the NCP1 sequence. The upper section shows schematically the genomic location of the seguences compared in the boxes
helow. The duplicated elements in the C?7 sequence and the respective unique region of the NCP1 gencme are shown as light gray bars
denoted “'ll," while the & and 3’ tlanking regiong are denoted **I" and “'|li," respectively. Depanding on which of the duplicated glements in the
CP1 genome is regarded as part of the inserted seguence, two different insertions are possible, as indicated in the second lane. A, B, and C
denote the same nuclectide pogitions already shown in Fig, 4 and correspond here to the last nucleotide of the unigue seguence (A) and the first
{B) and |ast {C) residue of the duplicated region. The ubigquitin -coding sequence (dark gray denoted Ub in the schematic drawing) is marked by a

box in the sequence comparison.

host cellular RNAs might play a role in a site-specific
recambination process (see discussion).

Proteins expressed from the recombinant RNA

The region affected by the integration of additional
sequences into the genomes of BVDY CP1 and Osloss
encodas a nonstructural protein of about 125 kDa
(p128) (Collett et a/., 1988b). While this protein appar-
ently remains unchanged after infections with
noncpBYDY, processing of p125 has been observed in
cells infected with cpBVDV strains. A cleavage product
of about 80 kDa (p80) has been describad as a marker
for the cytopathogenic viruses (Purchio et al, 1984;
Danis and Dubovi, 1987a,k). Using a monospecific an-
tiserum the second processing product of 54 kDa (pb4)
could be detected in cells infected with BVDV NADL
(Collett et af., 1988h).

Radicimmunoprecipitation assays (RIP) with differ-
ent anti-pestivirus as well as anti-ubiquitin antisera

were employed for investigation of the respective pro-
teins encoded by BVDV NCP1, CP1, and Osloss. With
an antiserum directed against a bacterial fusion protein
containing part of p80 of BVDV NADL {expression
clone B10, Collett ef a/., 1988b) p12E is precipitated

TABLE1

NUCLEOTIDE SEQUENCE HOMOLOGY BETWEEN THE %' AND 3 DurL-
CATED ELFMENTS IN THE GFENOME OF BYDV CP1 anD THE RESPECTIVE
Genomic Reaions oF NCP1, OsLoss (Os), aNp NADL

5DE 3DE
NCP1 99.6% 99.7%
Os 81.8% 51.9%
NADL 89.9% 89.9%
5'DE 100% 89.5%
3DE 99.5% 100%

NMote. & and 3 duplicated elemernits are denoted 5'DE and 3DE,
respectively.
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A
CFl: gctgraaaggggtatgtecacCAGGATAAGEAAGGCATTCCCCCTGACCAGCAGAGACTCATCTTIGOCGGCAAGCAGCTGEAAGATGGCCGCACTCTTTCT
Oslaoss: cacgtaggatggatotiaagan————em— e e e e —_—— —_— - —_— e
GATTACAMRCATCCAGAAAGAGTCGACCCTGCACETGGTCCTCEGTCTGAGGGETGGTATGCAGATCTTCGTGAAGACCCTGACCGGCAAGACCATCACCCTG
————————————————————————————————————————————————————————— ATGCAGATCTTCGTGARAACCCTGACCGGCARGACCATCACCCTE
GAAGTGGEAGCCCAGTGACACCATCGAGAACGTGAAGGC LA AGAT CCAGGATAAGGAAGGCATTCCCCCTEACCAGCAGAGGCTCATC TTTGC CGGCAAGCAG
GAGGTGGAGCCCAGTGACACCATCGAGAACGTGAAGGCCAAGATCCAGGATAAGGAAGGCATTCCCCCTGACCAGCAGAGSCT CATCTTTGCCGGCAAGCAG
CTGGAAGATGGCCGCACTCTTTCTGATTBCAACATCCAGMAGAGTCGACCCTGCACCTGGTCCTTCGTCTGAGGGGTGGCg‘ggcctgccgtgtqéaag’aaq
CTGGAAGATGELCGCTCTCT T CTGATTACAACAT CCAGAAAGAGTCGACCLTECACCTGETCCTCCGTCTGAGGGGTAGTgggcctgccgtgtgcaaaaay
B
CPl: a a k g vy v R @2 D E ¢ I P P D Q Q@ R L I F G X Q L E o 6 R T L §
CELOSS: h 1 g w i 1 k - = - - « - - & - - - - - e
anUB: E N Vv K A K I @ D X E & I e P D 2 9 R L I F G K @ L E D 6 R T L =5
D Y N 2 K BE 5§ T L H L ¥ L R L R G & Q I F VvV K T L T ¢ K T I T L
- - - - - - - - - - - - - - - - - = Q I F VvV K T L T G K T 1 T L
rp ¥y ¥ I ¢ K E s T L H L v L R L R G @G Q I F ¥ ¥ T L T @€ X T I T L
E ¥ E P &8 D T I E N ¥ K A K I ¢ 0 K E ¢ I P P D © Q@ R L I F A G K @
E v E P &= D T I E N ¥ K A K I @ D K £ & I P P D @ @ R L I F A G K @
E ¥ E P S » T I E N ¥ ¥ R K I @ D K E 6 I P P D ¢ Q R L I F A G K @
L E b ¢ R T L 5 D ¥ N I § K E &8 T L H L V¥V L R L R 6 G g p a v ¢ k k
L E b G R 5 L S p ¥ N I 9 K E S T L H L V¥ L R L & G_5 g p a v ¢ k %
L E » ¢ R T L s p ¥ KN I ¢ K E S§ T L H L Vv L R L R G & [M} Qg I F Vv K T

FiG, 8. Sequence comparison of the host cell-aerived insertions in the gencmes of BYDV CP1 and Osloss (Renard et &/, 1987) including the
flanking viral sequences. The host cell-derived regions are capitalized while viral paris of the sequence arg indicated by lower case letiers.
Residues missing in the Osloss sequence are indicated by a dashed line. (A) Comparison of the nuciectide sequences, differences are marked
by dots. (B) in addition tc the CP1 and Osloss amino acid sequences the conservad animal ubiquitin sequence shown as part of @ polyubiquitin
{denoted "anUB) is included. The first methionine of each ubiquitin maonomer is marked by a box. The two exchanges in the Osloss ubiguitin are

underiined.

framn all BVDV-infected cells (Fig. 7A, lanes 2, 3 and 4).
As expected, pB0O can only be detected in Osloss and
CP1 infected cells {Fig. 7A, lanes 2 and 3, respectively)
but not after infecticn with NCP1 (Fig. 7A, lane 4). In all
aspects these data are in agreement with the results
reportad for cpBVDY and noncpBYDV. Taking into ac-
count, however, the major differences in genome orga-
nization of the three strains investigated here, these
findings were surprising. According 1o the genetic map
determined for BVDV NADL the duplication in the CP1
gencme encompasses part of the region coding for
p125 and should also be expressed.

Further insight was obtained after RIP with a serum
raised against a BYDV NADL-deduced peptide located
within pb4 of p12L (peptide encompassing aming
acids 1335 to 1351 of the published BVDV NADL se-
guence (Collett et al., 1988a)). As expected precipiia-
tion of p12b was observed for all three BVDV strains
{Fig. 7B, lanes 3, 6, and 9). In addition a protein with an
apparent molecular weight of 41 kDa (p4 1) was specifi-
cally pracipitated from extracts of Osloss-infected cells
{Fig. 7B, lane 9). This protein most likely is analogcus tc
pb4 of BVDY NADL, and thus represents the second
product of p125 processing. The differences in size
between ps4 of BVDV NADL and p41 of BVDV Osloss
indicate differences in the location of at least one of the
respective processing sites. If the carboxyterminal

cleavage site of this protein is conserved for both vi-
ruses, p41 of the Osloss strain should contain the ubi-
quitin sequence. In fact, aniibodies directed against
ubiquitin specifically reacted with p41, even though
they failed to precipitate p125 {Fig. 7B, lanes 7 and 8).
p41 therefore represents a stable ubiquitin fusion pro-
tein which couid thoroughly influence the host cell biol-
ogy (see Discussion).

A cleavage product equivalent to pd1 of Osloss or
p54 of NADL could not be detacted after infection with
CP1 {Fig. 7B, lane B}, indicating that in the raspective
cells p125 is not cleaved. As, however, p80 is detect-
able in CP1-infected cells it seems likely that this pro-
tein is encoded by the duplicated sequence following
the ubiquitin element while the ganomic region preced-
ing the cellular ingertion in the CP1 gencme codes for
p1256 of this virus (Fig. 8). This would be in accordance
with the genetic map published for BYDY NADL (Col-
latt et al., 1988h). Cleavage between adjacent ubiquitin
monomers is a standard cellular function responsible
for the release of menomeric ubiquitin from the poly-
meric precursors (Finley et al., 1987; Ozkaynak et 4/,
1987 Rechsteiner, 1887}, Since the cellular sequence
integrated intc the CP1 polyprotein encompasses
more than one ubiguitin monomer it also contains the
respective protease target site. Accordingly proteolytic
processing within the host celi-derived sequence of
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Fia. 7. Immuncprecipitation of proteins extracted from BVDV-infected ¢alls after metabolic labeling with & mixture of [¥55]cysteine/[*58]-
methicnine. Immunopracipitates were anahzed by 10% SDS-FAGE. {A) BExtracis of MDBK cells infected with straing Csloss (fane 2}, CF1 {lane
3], and NCP1 (lane 4) and extracts of noninfected cells (lane 1) were incupsled with an antiserum against a bacterial fusion protein containing
part of p80 of BVDV NADL (expression clone B10; Collett er o/, 1988h). Arrows indicate the positions of p12% and p80. (B) Extracts of cells
infectad with BVDV NGCP1 (lanes 1-3), CP1 {lanes 4 -8), or Osloss (lanes 7-9) were incubated with a serum directed against a peptide
encompassing amino acids 1336 to 1351 of the polyprotein of BVDY NADL (Callett er af., 1888a) {lanes 3, 6, and 9} or two different antisera
raised against yeast ubiquitin (serum 1: lanes 1, 4 and 7; scrum 2: lanes 2, &, and 8). Bands corresponding to p126 and p41 are marked by
arrows. The additional bands visible in all lanes were also obsarved with noninfected calls. The host cellular ubiguitin cannot be detected an Lhis

figure, bul was clearly visible using anather gel system {data not shawn).

the CP1 polyprotein could occur, resulting in genera-
tion of p125 and p8OC.

A possible explanation for the failure to precipitate
virus-gpecific proteins from CP 1-infected cells with the
anti-ubigquitin antisera (Fig. 7B, lanes 4 and 5) is that the
respective epitopes are not accessible for the antibod-
ies. This must be the reascn why these antisera did not
react with the Osloss p125 since the protein containg
the target sequences. According to our modef on gen-
eration of p125 and p80 in BYDV CP1-infected ceils
different ubiguitin fusion proteins may be generated.

Search for the putative cellular recombination
partner

The identical location of the insertions in the ge-
nomes cf BVDV Osloss and CP1 could be explained by
site-directed recombination reacticns between the
viral and celluiar RNAs based on primary or secondary
structure elements. The integration of ubiquitin-coding
sequences at a specific position in the BVDV gename
could be guided by nucleotide interactions between
the two RNA molecules. To investigate this guestion
bovine ubiguitin-specific cDNA clones were analyzed.

Two types of ubiguitin mRNAs have been described for
eukaryotic cells, one encoding a ubiguitin monomer
fused with small ribosomal proteins, and the cther one
coding for a polyubiguitin (Finley et &/, 1987, 1989;
@zkaynak et al, 1887, Redmann and Rechsteiner,
1889). The celiular insertion in the BVDY Qsloss ge-
nome could be derived frem both types of ubiquitin
mRNAs. The ubiguitin-coding elementin the CP1 RNA,
however, most likely originates from a polyubiguitin
mRNA gince more than one monomer of the gene is

Osloss

Fra. 8. Schematic drawing indicating the location of p125 and p80
in the deduced polyproteing of BVDV Osloss (Renard et /., 1987)
and CF1. Ubiguitin seguarces are shewn as dark gray bars. The
dupiicated regions of CP1 and the regpaciive unique part of the
Osfoss palyprotein are indicated by light gray bare. Closed triangies
indicate putative protease cleavage gites; their exact location is not
known. Open triangles represent speculative further cleavage sites.
Ub:quitin monamers or parts theraal are marked by arrows.
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found. We have isclated two types of polyubiquitin-
specific cDNA clones from a library constructed with
poiy(A’Y RNA of MDEK cells. No full-length cDNA frag-
ments were obtained but both types of clones contain
several ubiquitin gene monomers and end in a poly(A)
1ail. The last ubiguitin gene of each clone is followed by
a short clone-specific 3’ extension capable of encoding
6 and 1 aminc acids (clones rpub1 and rpub?, respec-
fively). Between the stop codons and the poly(A) tails
short 3 nontranslated trailers are found (Fig. 9).

The ubiguitin ceding seguences ¢f the rpub1 and
roub2 exhibit no homology to the regions ftanking the
insertions in the viral genomes. The sequence encod-
ing the carboxyterminal extension of rpub1, however,
is capable of hybridizing to the sequence directiy up-
stream of the BVDV Osloss insertion. An analogous,
however weaker, interaction is possible for BVDV
MCP1. Base pairing betwean a poivubiquitin mRNA
and genomic BVDY RNA might ba involved in the mech-
anism of the proposed recombination reactions (see
Discussion).

DISCUSSION

Pathogenesis of mucosal disease in cattle repre-
sents a complex process which is linked 1o the coexis-
tence of two different bictypes of a virus in cne animal
{Brownlie &t a/., 1884; Bolin et af., 1985, Baker, 1987).
BVDV CP1 and NCP1 constitute such a pair of cyto-
pathogenic and noncytopathogenic viruses isclated
from one animal that had come down with MD {Corapi
et al., 1988). Our findings provide substantial evidence
that BVDV CP1 represents a mutant of NCP1. It seems
very likely that the described aramatic differences be-
tween the genomes of both viruses are respansible for
their different phenotypes although changes in other
genomic regions cannet be fully excluded. Accord-
ingly, the most reasonable explanation far pathogene-
sis of MD is tha generation of a cytopathogenic virus by
a recombination process. This has already been pro-
posed after the identification of host cell-derived se-
guences in the genomes of the cpBYDV strains NADL
and Osloss (Meyers et al., 1989b, 1930).

The cytopatihogenicity of cpBVDV could be due ai-
ther to alterad viral proteins or to the expression of the
inserted cellular sequences. Cleavage of the 125-kDa
protein has been proposed as a molecular difference
between cpBVDV and noncpBVDVY (Denis and Dubovi,
19873a). This model has to be modified since at leastin
CP1-infected celis the described 80-kDa protein is not
generated by cleavage of p125 butis expressed from a
duplicated region in the viral genome,

Our data on BVDV CP1 indicate that cytopathogeni-
city is not dependent on processing of p125% or the
presence of a protein like the NADL p&4 or the Osloss

p41. Thus on the protein lavel expression of p80 repre-
sents the only obvious marker of cpBVDY. Whether
this protein is responsible for the cytopathic effect re-
mains to be investigated. However, the cbservation
that all cpBVDV strains analyzed so far express a pro-
tein analogous to p80, whether by processing of p12b
or by duplication of the respective coding RNA, indi-
cates a linkage between mucosal disease, the cyto-
pathic effect, and this pretein. According 1o sequence
comparison studies p80 contains serine proiease mo-
tifs as well as amino acid sequences previously found
in helicases (Gorbalenya ef al., 1989a,b). Biochemical
studies on the function ot this protein will help to un-
derstand its putative role for the cytopathic effect of
cpBVDY,

Cytopathegenicity of BVDV Osloss could also be
due to expression af the nonphysiological ubiquitin fu-
sion protein p4 1 which may act as an efiective competi-
tor in enzymatic reactions of the different ubiguitin
pathways. In this context it is impoertant 1o mention that
expressicn of certain point mutants of ubiguitin in yeast
had cytostatic effects on the cells (Butt et &/, 1988).

Direct evidence for the molecular basis of cytopath-
cgenicity of cpBVDV could be cbtained by analyses
involving mutaganesis of the viral genome. However,
these experimants reguire infectious BVDV cDNA
which is thus far not available.

In considering the mechanism of the proposed re-
combination it has to be kept in mind that the respec-
tive reactions reprasent rare events. Mucosal disease
develops only sporadically during years of persistent
infection althaugh high virus titers are detectable in the
animals, indicating enormous virus replication activity
{Baker, 1987). Thus, statistically, a large number of rep-
lication cycles seems 1o be necessary for a recombina-
tion resulting in integration of additiona! sequences. In
addition only recombinants with the ability 1o cauge
MD are selected from a probably much larger number
of recombinznt viruses. To achieve this selective ad-
vantage it appears likely that the location of the possi-
ble recombination positions as well as the nature of the
cellular reaction partner is restricted. That is probably
the reason why all three identified insertions are io-
cated in the region coding for p125 within a stretch of
less than 200 nucleotides, and two of them are derived
from ubiguitin-coding seguences.

Pestiviruses are considered 1o replicate in the ¢yto-
plasm of the host cell, and reverse transcription has
not been reported for these viruses. The integration of
additional sequences described here for BVDV there-
fore should have occurrad at the RNA level. RNA re-
combination has been reparted for different viruses (for
review see King et &/, 1987}. In addition to homaolo-
gous reactions between two molecules of viral RNA
(Lai er af., 1985; Saunders et af, 1985; Kirkegaard and
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TTCATAATGT TCAATGATGACATCCTTCTGCACTC TAGCCATTTACCCCAAT TTAAGTTTAGARATTACCAGTTTCAGTAATAGCTGAACCTGTTCAAAATA

TTAATAAAAGTTTTGTTGCATGCAAAARAAALARAA

Fig. 9. Parial nuclectide and deduced aming acid sequence cf two ¢cDNA clones derived from bovine polychigutin maNAs. The firs:
rmathionine of each ubiguitin monomer is marked by a box. The carbaxyterminat exiensions of the primary proteing are underlined.

Baltimcre, 1986; Makinc et &/, 1986) much less fre-
guent heterologous recombinations between viral
RNAs and other partners, i.e., tRNA {Monroe and
Schlesinger, 1983) or ribosomal RNA (Khatchikian et
al., 1989), have been reported. A so-called “copy
choice" mechanism has been proposed as the enzy-
matic basis for both types ot reaciions {Lazzarini et af.,
1981; Kirkegaard and Baitimore, 1988; King &t &/,
1987; Khatchikian et af., 1889). Accordingly recombi-
nation results from a template switch of the viral RNA
polymeérase during gencme replication. Base pairing
between the nascent RNA strand and the recombina-
tion partner has been proposed to participate in direct-
ing recombination reactions {Lazzarini et af., 1981; Lai
et al., 1985; Makino et af., 1986; King et a/., 1987).
While most RNA recombinations were explained by
a single template switch, the integration of host cellular
sequences into the genomes of BVDY NADL, Osloss,
and CP1 by a copy choice mechanism would reprasent
heterologous reactions requiring two template
swilches between viral and cellular RNA, As the cellu-
lar reaction partner is of positive polarity such a pro-
cess should occur during viral negalive-sirand synthe-
sis to result in the gbserved integration of cellular se-
quences in coding orientation. Accordingly, the first
template switch would determine the 3 border of the
insertion while the second one would be responsible

for its 5%~end formation. if the second polymerase jump
occurred to a pesition downstream of the first “cross-
ing-over'' point a duplicaticn as observed for CP1
would resuft (Fig. 10). Switching back to the criginal
pesition could generate a gencme as found for Osloss
and NADL. For a “backward switch’" as postuiated for
CP1 less stringent conditions can be imagined as long
as the increase in genome size resulting from the du-
plication dosg not interferg with virian formation. The
conserved location of the 3’ ends of the ubiguitin-cod-
ing elements of BVDV QOsloss and CP1 as well as the
integration of cellular sequences into the genomes of
Osloss and NADL without any duplication or deletion
argues, however, in favor of specific and directed pro-
cesses. Base pairing between the nascent viral nega-
tive strand and the sequances downstream of a ubigui-
tin gene monomer in ane of the two analyzed bovine
polyubiquitin mRNAS {rpub1 or rpoub?2) should not ac-
cur. As already mentioned above thie rpubl mRNA
could hybridize to positive-stranded BVDVY genomic
RNA directly upstream of the first recombination point.
A template switch during negative-strand synthesis
just at this region of base pairing would lead to forma-
tion of the conserved 3' recombination product (Fig.
11). After copying parl of the ubiguitin-coding se-
quence the polymerase wolld then execute a second
template switch back to the viral RNA {Fig. 10}). How-
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Fia. 10. Model for generation of the genome of BVDY CP1 by a recombination process between genomic NCP1 RNA and polyubiquitin mRNA.
RNA of positive polarity is indicated by bars while negative strands are shawn as thin lines. Dark gray bars represent ubiquitin-coding sequences.
The region of the NCP1 genome which is duplicated in the CP1 INA Is indicatad by light gray bars. Numbers along the bars indicate the size of

the viral RNA in kilobases.

ever, the codon usage cof the ubiguitin sequences
which wouid be integrated by this reaction invalving
rpub1 is quite different from that found in the respec-
tive viral insertions. For the Osloss ubiquitin 26 out af
228 and for the CP1 insertion 43 out of 386 nucleo-
tides are different from the respective sequence in
rpubl. In the case of CP1 this would mean that 43
mutations had to be acquired in a stretch of 366 host
cell-derived nucleotides (about 12% difference) while
in the same time oniy 0.3% of BVDV-specific nucleo-
fides have been changed with respect to the NCP1
sequence {Table 1). The nuclectide sequences of the
ubiguitin-coding elements in the genomas of BVDV
Osloss and CP1 exhibit only six differences (Fig. 6A). It
therefore seems likely that in both recombinations the
same type of ubiguitin mRNA was involvad. This low
number of differences between the Osloss and CP1
ubiquitin insertions also indicates conservation of the
host celi-derived sequences within the virai genomes.
Because of this observation recombination between
BVDV genomic RNA and rpub1 and subsegquent muta-
tion of the ubiguitin-coding sequences at a frequency
necessary for the observed differences seems rather
uniikely. Therefore a template switch guided by the
proposed interaction between BVDV gencmic RNA
and rpubl may not be responsible for the chserved
integration of ubiquitin coding seguences.

While the two ingertions containing ubiquitin-coding
elements {BVDV strains CP1 and Osloss) are located at
exactly the same gencmic position, the BYDV NADL
insertion is found about 160 nucleatides upstream of
the ¢ther two and its flanking viral sequences are com-
pletely different from those of the Osloss and CP1 in-
sertions (Meyers et a/., 1990). In addition no conserva-
fion of distinct nucleotide sequence elements like in-
verted or direct repeats are detectable in the
sequences adjacent to the inseried elements nor do
computer calculations reveal striking secondary struc-
tures in the respective regions of the RNA (data not
shown). Thus no obvious recombination motif respon-

/CGGL\EEGGAAUUCGCGU. ..5f Trubs

37, . UCGARYOL, -

¥
ee - cucuuGaruTTY
ahh Ak EEEEERE

5. GMCRCCUAGGAUGGAUCUUAMAAGGGCCUGCCGUGU'GCAAMAG. ..3' BVDV Osloss/n

FiG. 11. Possible inferaction between complementary nucleotides
of a bovine polvubiguitin mRNA (rpubk1) and the genomic RNA of
BVDY Csloss. The ubiquitin coding insertion has been deleted (posi-
tion marked by a triangle) to demionstrate the genome of the putative
noncytopathogenic ancestor of this virus {genoted BVDY Osloss/nin
this drawing). Nugleclide interactions are indicaled by stars while
migsing nucleatides are represented by dots. The bent arrow repre-
sents the negalive strand created by a hypathetical template switch
of the viral RNA poiymerase leading 1o recomizination. The nucleo-
tides af both RNA molecules found in the primary recornbined ge-
nome are marked by small strokes on the bent arrow.
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sible for the uptake of the additional seqguences into
the genomes of BVDV strains CP1, Osloss, and NADL
could be identified. Nevertheless, a mechanism based
on template switches of the viral RNA polymerase dur-
ing negative-strand synthesis appears to be the most
probable explanation for the observed recombinations.

To our knowledge bovine viral diarrhea virus is the
first classical positive-stranded RNA virus for which in-
tegration of host cellular protein coding sequences has
been demonstrated. Acquisition of new properties
from the host cell by recombination has long been pro-
posed as an important force in the evolution of RNA
viruges (Steinhauer and Holland, 1987; Strauss and
Strauss, 1988). In contrast to the usually slow develop-
ment achieved by point mutations recombination reac-
tions as observed here for BVDV represent large-scale
evolutionary jumps. In the case of BVDV this evolution-
ary force becomes obvious by the connection of the
recombination process with both pathogenesis of mu-
cosal disease and development of cytopathogenicity.
[dentification of the BVDY recombination was tacili-
tated by the biological selection system "“mucosal dis-
aase' but analogous processes may of course also
happen with other RNA viruses. A recombination be-
tween influenza virus RNA and ribosomal RNA which
also led t¢ a virus with altered biclogical properties has
been observed {Khatchikian et al., 1989). BVDV pairs
isalated from MD animals can serve as madel systems
for future studies an RNA recembination, virus—host
cell interactions, and pathogenesis of virus-induced
diseases.
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