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ABSTRACT

Within the conserved 5' untranslated region (UTR) of
the pestivirus genome three highly variable regions
were identified. Preceding the polyprotein start codon,
multiple cryptic AUG codons and several small open
reading frames are characteristic for all the five
pestiviruses. Inspection of the context of AUGs
revealed that the polyprotein initiation AUG of
pestivirus has a weak context for efficient translation
initiation. The most favorable context was found in two
of the cryptic AUGs. Two oligopyrimidine-rich tracts
upstream to the conserved either cryptic or authentic
AUG in the 5'-UTR of pestivirus were identified and
83.3% of their nucleotide sequences are
complementary to the consensus sequence at the 3'
terminus of eucaryotic 18S rRNA. A secondary
structure model for the 5'-UTR of pestivirus was
predicted. Nucleotide sequence comparison among
five pestiviruses led to the Identification of a variable
region and a conserved region in the 3'-UTR. A deletion
of 41 nucleotides was found within the variable region
in Osloss. A secondary structure model for the 3'-UTR
was also predicted. The structural similarity of the
5'-UTR between pestiviruses and picornaviruses and
hepatitis C viruses was demonstrated and the possible
implications of features of the 5' and 3'-UTR of
pestiviruses are discussed.

INTRODUCTION

Bovine viral diarrhea virus (BVDV) of cattle, hog cholera virus
(HoCV) of swine and border disease virus (BDV) of sheep make
up the pestivirus group. The genome of pesitivirus is a single
stranded, positive sense and nonpolyadenylylated RNA molecule
with a size of about 12.5 kb (1, 2). It encodes a larger polyprotein
which is proteolytically processed during virus replication to
produce a series of structural and nonstructural proteins (3). The
complete genomic RNA sequence of cytopathic (CP) BVDV
strain NADL (2, 4) and noncytopathic (NCP) BVDV strain SD-1
(5) have been reported. In addition, almost complete genomic
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RNA sequences of other 3 strains of pestivirus: CP BVDV strain
Osloss (6), HoCV strains Alfort (7) and Brescia (8), have been
determined. It is known that the nucleotide sequence at the termini
of the viral RNA molecules harbors specific signals for viral RNA
replication, transcription and translation (9). The signals origniate
from both primary and secondary structure and are specifically
recognized by a virus-specific replicase (RNA dependent RNA
polymerase) and cellular translational complexes. Recently, a

specific internal sequence within the 5' untranslated region (UTR)
of picornavirus, called internal ribosome entry site (IRES), was
reported to mediate the direct binding of ribosome to viral RNA
template and initiate viral RNA translation (10-15). A similar
IRES sequence within the 5'-UTR of hepatitis C virus (HCV)
(16) and some cellular mRNAs have also been identified (17).
In addition, it has been reported that the consensus primary and
secondary structures in the 5'- and 3'-UTR are functionally
important for replication, phenotype and virulence of the viruses
(9, 18-21).
Although some of the primary structural features of the 5' and

3'-UTR of pestiviruses have been described previously (2, 8,
22), no comprehensive and comparative analyses were made.
With the determination of the complete 5' and 3' terminal
nucleotide sequence of BVDV strain NADL (4) and SD-1 (5),
structural analysis for the entire 5' and 3'-UTR is possible. In
this report, the primary sequence and secondary structure of the
5' and 3'-UTR of five pestiviruses were compared and analyzed.
A secondary structure model for the 5' and 3'-UTR of pestivirus
RNA is proposed. In addition, the structural similarity of the 5'-
UTR of pestivirus RNA to picomavirus and hepatitis C virus
RNA is demonstrated.

MATERIALS AND METHODS
Computer analysis
Primary structural analysis was made with HIBIO DNASIS
(Hitachi Software Engineering Co., Ltd, Brisbane, CA) (23) to
determine nucleotide sequence homology, nucleotide sequence
repetition and open reading frame prediction. One limitation of
this program imposed when performing nucleotide sequence
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homology searches is that a deletion or insertion of more than
10 nucleotides can not be aligned by the program. In this case,
the sequence upstream and downstream the deletion or insertion
must be aligned separately.

Secondary structure prediction was done using the FOLD
program (24) and HIBIO DNASIS program (24). The first 500
nucleotides of the genome, which included the entire 5'-UTR
and part of the coding sequence, was folded to predict the
secondary structure of the 5'-UTR. The nucleotide sequence
downstream of the stop codon of the viral polyprotein was folded
to predict the secondary structure of the 3'-UTR. To derive a
consensus model of the secondary structure, the nucleotide
sequences of the 5 '-UTR and 3 '-UTR from five pestiviruses were
folded separately and elements common to or dominant in these
five pestiviruses were retained. Next, the intervening segments
were refolded until a consensus structure maximizing total base
pairing was achieved. Taking into account the conservation of
primary structure, the substitution of one base pair for another
and the thermodynamic stability of the structure; some
adjustments were made to niaintain the structural details among
all the five pestiviruses.

Source of sequence information
Primary structures of the pestivirus genome were taken from the
references indicated in the parentheses: CP BVDV strain Osloss
(6), CP BVDV strain NADL (2, 4), NCP BVDV strain SD-1
(5), HoCV strain Alfort (7) and HoCV strain Brescia (8).

RESULTS AND DISCUSSION
Primary structural feature of 5'-UTR of pestivirus genome
The genome of the pestiviruses has a relatively long 5'-UTR,
ranging from 360 to 363 nucleotides for HoCV (7, 8) and 383
to 385 nucleotides for BVDV (2, 5, 22). The 5'-UTR is the most
conserved nucleotide sequence among five pestiviruses (5).
Within the 5'-UTR three highly variable regions (designated as
region I, II and IE) were identified when the nucleotide sequence
of the 5'-UTR from five pestiviruses was compared (Fig. 1).
Region I extended from nucleotides 1 to 72, Region II from

nucleotides 206 to 221 and Region III from nucleotides 280 to
320. One of the characteristic features of the pestiviral 5'-UTR
is the presence of multiple cryptic AUG start codons ranging from
5 to 8. Two of them, one located at nucleotides 108 to 110 and
the other 7 bases upstream of the polyprotein initiation AUG at
nucleotides 379 to 381, are conserved among all the five
pestiviruses. Most of these cryptic AUGs can potentially open
a reading frame containing 7 to 57 amino acid residues (Fig. 1).
Studies on the small ORFs in the 5'-UTR of poliovirus RNA
indicate that the upstream ORFs are not essential for virus
replication (25). However, the utilization of upstream ORFs in
the 5'-UTR of human rhinovirus has been demonstrated by the
fact that a number of unexpected polypeptides appeared early
in time-course experiment in addition to the expected products
(15). It has been also reported that two AUG start codons,
separated by 84 bases, were used to initiate viral protein synthesis
of foot-and-mouth disease virus (FMDV) both in vivo and in vitro
(26). Limited data of in vitro translation of BVDV RNA revealed
that in addition to viral specific proteins, a large number of other
proteins evidenced by high levels of background were synthesized
in a cell free translation system (27), possibly suggesting
initiations of viral RNA translation at upstream cryptic AUGs.
Although it was believed that these small ORFs had no coding
function because most of these small ORFs are poorly conserved
among pestiviruses and no virus specific polypeptides have been
detected in vivo or in vitro from this region (3, 7), further
experiments are required to determine the function of these small
ORFs.

It has been reported that insertion of a tract with an AUG codon
upstream to the authentic AUG reduced virus growth, conferring
a small plaque phenotype and all the large plaque revertants had
lost the inserted AUG codon as a result of point mutations (28).
It has also been reported that an AUG, created by point mutation
8 bases upstream the authentic AUG, acted as a barrier to
initiating at the downstream authentic AUG (29). In the 5'-UTR
of pestivirus, just 7 bases upstream of the polyprotein initiation
AUG is a conserved cryptic AUG in a different reading phase.
It remains to be determined whether this closely located cryptic
AUG could function as a negative regulator to the downstream
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SD-1 **GUAUACGAGAACUAGAUAAAAUACUCGUAUAC*AUAUUGGACAACAGAAAAUAACUAUUAGGCCUAGGGAAUGA AUCCCIIcUCAGCGAAGGCCGAAAGGAGGCUAGCCAUGCCCUUAGUAG
IADL *- ----U----A--GGC --------- *G---- G UUA------ UA --------------CA-U-----------A---- ------ALUG----------
0SL6S0 AUIG----------U-U-**CCU-AC---------*-------G--UUCU----*-UAA----------A--G-CA- - --U- -A----------AUG-
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BRESCIA *****************-GUUC--U ----- G ----ALJG-------- AUC ----- CU-A --- U--UUC ---- ****C -C------ GCU-* -------- AJG- - -AC -----
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SD-1 GACUAGCAUAAUGAGGGGGGUAGCAACAGUGGUGAGUUCGUUGGAUGGCUUAAGCCCUGAGUACAGGGUAGUCGUCAGUGGUUCGACG CCUCGGUAUAAAGGU CUCGAGALGCCACGUGG
IU L ----------AUG-------------------------------AUG----------------------------------------- --- U--A ------- -- ---- AUG --------
OSLOSS -------- A--CA---A-A-------------------------AUG---G------------------------------------ - U--- UGUG-C-A-C ------G----------
ALFORT -------- *--C-GA --- AC ---- CGU ----- C --- C--CC ---G --- UC ----U ------------ AC ---------- A -------- UGAGCACUAGCCCAC ------ AUG-U ------
BRESCIA --------*--C-GA - AC---- CGU -----C---C--CC ---G ---UC----U ----------- AC ----------A-------- UGAGCAG-AGCCCAC ------AUG-UAUG ---

241 (CII)
SD-1 ACGAGGGCACGCCCAAAGCACAUCUUAACCUGAGCGGGGGUCG CCCAGGCAAAAGCAGAUCGACCAAUCUGUUACGAAUACAG
IADL --------AIG----------------------------- ------ U-------- U-UU-A-CGA ---------------
0LOSS - A------AUG----C------------------------ UU----UG---- G-U-UA---- *-C-C----------
ALFORT --------AUG----- GA ----C------- CUG --------- - UAG--UG ---U--C--*****UAUG--AUGG-GG --- GA
BRESCIA --U-----AUG----- GA----C--------*----------- UUAG--UG ---U--C-*****-CAUG--AAJGG--G--- GA

361 (b)

360
|CCUGAUAGGGUGCUGCAGAGGCCCACUGUAUUGCUA**C

--------------------------- AGCAG - -GUA
---------------------------A-UAG ---- GUA

480
SD -1 UAAAUAB q ALIGGCACALJGGAGUUGAUUACAAAUGAACUUUUAUACAAACAUACAAACAAAACCCGUCGGGGUGGAGGAACCUGUUUACGAUCAGGCAGGUAAUCCCUU
NA_I----~--A----.U-C-U-G-.WuL ..--E-+!+-.AG---AUG--------C--------------------------------------------------------------U------------G-------
OSLOSS ----- L-AIG----AUG-------------------------------------------------CU--A-----------A--A--UA-C--A------G-C--U--
ALFORT --- --AU1GG----AUG--A-CAUUU----U-A------------AG------------A--G--A-----------G--G--U--CACC--G--G-GA--AC-
BRESCIA -----*.----AUG----AUG-------A-CAUUU-------------------A ----------- AA-G--A-----------G--A----- GUAA-G--G-GA--A--

Polyprotein initiation AUG

Figure 1. Primary structure for 5'-UTRs of five pestiviruses. The sequence shown in the top line is for SD-I and the coordinates of the nucleotides for SD-1 are
given above the sequence. Hyphens indicate the identity with SD-I sequence. Asterisks denote the deletions compared with one another. AUG codons within the
5'-UTR are bolded. The polyprotein initiation AUGs are underlined. Three variable regions (I, n and 111) are boxed. Two oligopyrimidine-rich tracts (a and b) are shadowed.
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authentic AUG and decrease the initiation efficiency of viral RNA
translation, resulting in relatively poor growth of pestivirus in
vitro (30) and possibly in vivo.
Compared with the context of AUG start codon for efficient

initiation (29), the authentic AUG of pestivirus has a weak context
for initiation, where the nucleotide at position -4 is C rather
than A or G. The weak context of the authentic AUG may be
one of the reasons that pestivirus can not efficiently replicate in
vitro (30) and possibly in vivo. The most favorable context was
found in two of the cryptic AUGs. The one at nucleotides 131

Pestivirus (tract a)
18S rRNA 3' AUUACUAGGAAGGCGUCCAACUGGAUGCCUUU 5'

SD-i 5' (74) AUCCCUCU CAG 20 GCC** * (111) 3'

NADL 5' (74) AUCCCUCU CAG 20 GCC AC (111) 3'NASLSS 5' (73) AUCCCUCU CAG 20 GCC A^OC (110) 3'
OSLOSS 5' (73) AUCCUCCU UAG 20 GCC .0.C (1)3'
ALFORT 5' (58) ACCCCUC- CAG 19 GCC AMYC (94) 3'
BRESCIA 5' (56) CUCCCUC- CAG 19 GCC AUGC (91) 3'

Pestivirus (tract
18S rRNA

SD-1
NADL
OSLOSS
ALFORT
BRESCIA

Picornavirus
18S rRNA

t b)
3' AUWACUAGGAA GGCGUCCAACUGGAUGCCUUW 5'

5' (366) AUCUCUGCUGUAC AUGGCACAUSGA (390) 3'
5' (366) AUCUCUGCUGUAC AUGGCACAUSGA (390) 3'
5' (364) AUCUCUGCUGUAC AUGGCACAGA (388) 3'
5' (344) AUCUCUGCUGUAC AUGGCACAUGA (368) 3'
5' (341) AUCUCUGCUGUAC AUGGCACAUGGA (365) 3'

3'

PV1M 5' (556)
COXB1 5' (559)
RHIND1B 5' (557)
EMCV-R 5' (809)

GUGUUUCC 18
GUGWWUCA 19
GUGUWUCA 18
JUWCCUUU 14

CUGGAUGCCUUU 5'

GCUUAXT0G 3'
GCUUAG (593) 3'
GCUUAU.G (590) 3'
UAAUYG ( 8837) 3'

Hepatitis C virus
18S rRNA 3' AUUACUAGGAAGGCGUCCAACUGGAUGCCUUU 5'

HCV-1 5' (190) GGUCCUWCU 10 GCUCAAt8SC (219) 3'
HCV-J 5' (17 7) GGUCCUWEJCUU 10 GCUCM C (206) 3'
HCV-H 5' (18 9) GGUCCUWUCWU 10 GCUCAC (218) 3'

Figure 2. The complementarity of oligopyrimidine-rich tracts in pestivirus,
picornavirus and hepatitis C virus to the eucaryotic 18S rRNA. The 18S rRNA
sequence was taken from Hagenbuchle et al. (1978). The viral names are

abbreviated as follows: PV1M, poliovirus type 1 strain Mahoney; COXB1,
coxsackievirus strain Bi; RHINOIB, rhinovirus type 1 strain B; EMCV-R,
encephalomyocarditis virus strain Rueckert; HCV-1, HCV-J and HCV-H, hepatitis
C virus strain 1, J and H, respectively. The viral nucleotide sequences are taken
from the following sources: PV1M, COXB1 and RHINOlB, Pilipenko et al.
(1992); EMCV-R, Duke et al. (1992); HCV-1, Choo et al. (1991); HCV-J, Kato
et al. (1990); HCV-H, Inchauspe et al. (1991). The coordinates of the first and
last nucleotides of the oligopyrimidine-rich tracts are given parenthetically. The
conserved AUG codons are shadowed. The numbers of omitted nucleotides in
the middle of the tracts are given. Asterisks denote the possibility of base pairing
between 18S rRNA and the viral RNA sequences.

to 133 can potentially open a reading frame with 45 amino acid
residues in both BVDV NADL (2) and SD-1. The other at
nucleotides 312 to 314 can potentially open a reading frame with
17 amino acid residues in both HoCV Alfort and Brescia. The
context similar to that of the polyprotein initiation AUG was also
found in another two cryptic AUGs which are located at
nucleotides 165 to 168 and 369 to 371, respectively. It should
be noted that the nucleotide sequence around the authentic AUG
from -25 to +10 is identical among all the five pestiviruses
(Fig. 1), indicating the importance of that sequence for viral RNA
translation.
Comparison of the consensus sequence at the 3' terminus of

eucaryotic 18S rRNA (31) with the 5'-UTR of pestiviruses
revealed that two oligopyrimidine-rich tracts (designated as track
a and b) in the 5'-UTR of pestiviruses were complementary to
that consensus sequence by 83.3% when G:U base pairing was

speculated (Fig. 2). Tract a is located 34 bases upstream of the
cryptic AUG at position 108 to 110 and track b 13 bases upstream
of the cryptic AUG at position 379-381 and 20 bases upstream
of the authentic AUG. It has been proposed that, similar to the
Shine - Dalgarno sequence in procaryotic mRNA, an

oligopyrimidine-rich tract upstream of the authentic AUG in a

number of eucaryotic mRNAs mediates base-pairing with the
consensus sequence at the 3' terminus of eucaryotic 18S rRNA
and directs the translation initiation (31-32). Recently, an

essential cis-acting oligopyrimidine element in the 5'-UTR of
picornaviruses has been described to be important for directing
initiation of viral RNA translation (33-35). Whether either of
the oligopyrimidine-rich tracts identified in the 5'-UTR of
pestiviruses mediate ribosome binding to and direct the translation
initiation at the downstream AUG sites remains to be determined.
Comparison between pestiviruses and other related viruses

revealed that the primary structural features of the 5'-UTR of
pestivirus resemble that of picornavirus (25, 33-36) and hepatitis
C virus (16, 37-40) rather than a number of Flaviviridae (41)
(Table 1 and Fig. 2).

Secondary structure of 5'-UTR of pestivirus genome

With the completion of the genomic sequence ofBVDV NADL
and SD-1, we have now been able to perform secondary structural
analysis for the entire 5'-UTR of the pestivirus genome. The RNA
secondary structure model for the 5'-UTR of pestivirus was

created through the FOLD program of Zuker and Stiegler (24).

Table 1. Primary structure features of 5'-UTR of pestiviruses and other related viruses*

Number of Number of Initiator AUG
Virus 5'Cap Size AUGs ORFs context References

Pestiviruses
BVDV SD-1 No 385nt 6 4 CxxAUGG Deng and Brock, 1992
BVDV NADL No 385nt 6 4 CxxAUGG Collett et al., 1988a
BVDV Osloss No 383nt 5 5 CxxAUGG Renard et al., 1987b
HoCV Alfort No 363nt 7 5 CxxAUGG Meyers et al., 1989
HoCV Brescia No 360nt 8 6 CxxAUGG Moormznn et al., 1990

Hepatitis C Virus
HCV1 ? 341nt 5 3 AxxAUGA Han et al., 1991

Piconavirus
EMCV-R No 834nt 10 6 AxxAUGG Duke et al., 1992

Flavivirus
YFV Yes ll9nt 0 0 AxxAUGU Brinton et al., 1988

*The viral names are abbreviated as follows: HCV1, hepatitis C virus strain 1; EMCV-R, encephalomyocarditis virus strain Rueckert; YFV, yellow fever
virus.
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The model shows a series of stem-loop structures which were
divided into 4 domains: domain A, B, C and D (Fig. 3). About
70% of the nucleotides in the 5'-UTR participate in the base
pairing to conform to the secondary structure. The optimal AG
values of the structures calculated by the FOLD program are
-103.8 Kcal/mol, -109.6 Kcal/mol, -117.3 Kcal/mol, -110.8
Kcal/mol and -102 Kcal/mol for BVDV SD-1, BVDV NADL,
BVDV Osloss, HoCV Alfort and HoCV Brescia, respectively.
Domain A is a stable and conserved stem-loop structure in the
3 BVDV strains. The variable nucleotide sequences including
base substitutions and deletions are exclusively located in the loop
of this domain. The complete nucleotide sequence at the extreme
5' termini of both HoCV Alfort (7) and HoCV Brescia (8) has
not been established and the published sequence was used to
predict the secondary structure, it was, therefore, not surprising
that no similar domain A structure was found in HoCV. Domain
B is located in the variable region I of the primary sequence and
shows little conservation among the pestiviruses. Domain C is
a conserved, relatively large and imperfect stem-loop structure.
The most significant is Domain D which covered two thirds of
the 5'-UTR sequence from nucleotides 139 to 361 and is
conserved among all the five pestiviruses. It is a stable, multiple
stem-loop structure with AG values of -74.2 Kcal/mol, -76.6
Kcal/mol, -82.8 Kcal/mol, -78.1 Kcal/mol and -72.7
Kcal/mol for SD-1, NADL, Osloss, Alfort and Brescia
respectively. Although two of the variable regions (II and III)
of primary sequence are located in this domain, the secondary
structure is almost identical among the pestiviruses. The
conserved part of primary nucleotide sequence in this region is
a factor contributing to the maintenance of the common secondary
structure. The other, perhaps more important, contributing factor
is a large number of compensatory mutations, that is the
simultaneous alterations of two noncontiguous nucleotides that

Di

result in the substitution of one base pair for another. When
comparing the structure between BVDV and HoCV, about 36%
of the base pairs maintaining the common secondary structure
are substituted in this domain. In addition to the compensatory
substitutions, the other heterogenous nucleotide sequence
containing a number of base substitutions and small stretches of
nucleotide deletions is exclusively located in the loop structure
of this domain, mainly in the loops of D2 and D4 domain. It
should be noted that the oligopyrimidine-rich tract b described
before does not participate in the base pairing to conform to the
secondary structure of 5 '-UTR and, as linear sequence this tract
is located 4 bases downstream to domain D, indicating the ease
accessibility of this stretch to the eucaryotic 18S rRNA to mediate
base pairing.

Although the secondary structure model presented has not been
demonstrated by experiments, the high conservation of the
structure through a number of compensatory mutations among
all the pestiviruses indicates the possibility of the existence of
such a structure in vivo, particularly, domain D. However, it
is clear that predictions for the folding of RNA molecules are
still in the early stages because different computer programs and
length of input sequence influenced the predicted structure and
secondary structure predictions are only a first approximation,
giving no consideration to tertiary interactions.

Recent evidence suggests that picornavirus behaves unlike most
other eucaryotic mRNA in its translational strategy in that it
appears to initiate translation internally through the internal
ribosome entry site (IRES) within 5'-UTR (10-15). It also has
been demonstrated that the translation initiation of HCV occurs
by direct entry of ribosomes to the internal sequence (IRES)
within 5'-UTR (16). Analysis of the primary and secondary
structure of 5'-UTR of pestivirus revealed that the features of
5' -UTR of pestiviruses resemble that of picornaviruses and HCV.

Domain D

G U

G C
U A
C G
C G
C G 195 A U C CGG
G U AGUCGUC GUGG UCGA GCCU U

Domain C A AGCAG CACC AGCU UGGA A
A AC G GUG GUAG C AAU
U A C G
U A C G

Domain D

18C

D2

DoLain C

G U
-A A
G C
U A
C G
C G
C G 195 A U C GG
G U AGUCGUC GUGG UCGA CCCUU A D2

A AGCAG CACC AGCU UGGAC A
A AC G GUG GUAG C AU
UIA C G

CCC C G C CA
G C GC CA
A A A
U U G C
CCG UA-262
G C AU

100-CGC GC A GG
A GU UAACCUG GCG G D3
G C GGAC CGC G
G U U C C U
A CA A

A A 160-GC A
A G CG A CG
G U UA AGCAGAU A DA

A UA -CGUCUA C
Donain B C G-120 GCU AC

Domain A C G A A-320
A GC

G C UCA GA AGGG
C GCU GCCU U U DS

A U A U A A GC CGGA A C
G A A A A GC G CGUC
A A U U G UA
U A-20 A U C G CC
C A A A GCC AU-350
A U A G-60 A A CG
A A A G C U AU
G C G C U A A
A U A C A U
GC C C CU AU
C G A A 8C- C G CG
A U A G U A GC
U A C G C G AU
A U 40-A G C G UA
U A G A C G 140-G C 370 380

5 1-G C--AUAUUG AUGAA --- U G---------- GUAAAAAUCUCUGCUGUACAUGGCACAUGG-389 3'

BVDV SD-1

C U A C G
G C CC G C
A A G C UA
U U A
C G GC
G C U A-262

100-CGC A U
A G C A GG
GC G U UA CCCUG GCG G D3
A U U tGGAC CGC G

Doain B A U U A- A C U
A A 160-G C A
A G C G A UU
G U U A AGCAGt A D4

A A U A -GUCCW A
A U C G-120 G U CC

Domain A A A C G A A-320
A A A GC
A U G C UCA GA AGGG
U A G U GCCU U U D5

AA U A A A G C CGGA A G
G A A U A G C G CGUC
A A A U G U A
U G-20 A C G G C
UCG G-60 GCC A U-350

A C C G A A C G
A A 40-GC C U A U
G C G C U A A
A U G U A U
G C U A U ACU
C CUG 80-CG CG
A U A G UCA G|C
U A G- CG ACU
A U A CCG UCA
U A UCA CCG 14CCG C 370 380

1-G C------- C ---- AAA ---- UG----------- G UAAAAAUCUCUGCUGUACAUGGCACAUGG-389 3'

BVDV NADL

Dl
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180-G U
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Domain C

Domain D

DI

IA A

CUIAUICUI

CUG
CUG
CUG 194 A U C CGU
G U AGUCGUC GUGG UCGA M G D2

A AGCAG CACC AGCU UGUA U
A AC G GUG GUGG C CAG

U.. C G
C C G

G C C G G C
A A G C UA
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C G G C-260

100-GC U A
G C A U
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A U 160-U A- G U

A A G C A
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Doain B C G_ GIU C
CG -120 A A-318

A G C
C G C UIA GA AGGG

U C U G U GCCU U U D5U U-20 A A A A G CCGA A G
U A A A A G C G CGUC
UIA A A G U A

A C A U C G C
A A U GIC A U
G C U A A A C G
A U C G A A U-350
G C U A A
C G U A U
A U A C A U
U A C G-60 U A C G
A U 40-GC 80-U A G C
U A G C C G A U
G C G U C G 140-U A
U A U A U A G C 370 380

i' 1-A U- ----A---U AGGGACAAAUCC G----------G UAAAAAUCUCUGCUGUACAUGGCACAUtGG- 387 3'

BVDV OSLOSS

Domain C

C
G C
A A
U U
C G
U|C

C
IA

U0-GC
UAGCUUUAC G
G U

A A
G G100

A
Domain A G

C A
U A Doain B A

G C G
U A CIGGU U UGC
CUG-20 C C-40 A A
U A U A A

C U A A A
U - AU C
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CUG CUG U|A
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U A A U CUG
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C U
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U U
U A
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U G
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-GUUAGC - -A

C
G C
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U U
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G C
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U A
A U

A A
A G
G U

A

C G

.A
G C
GIU

C A
70-A

G
C G
GIC

A A-110
A
A
C

C G
C G
U A
C G
C G

C-----CG-----

Domain D

G U
A A

160-G C
U A
C G
C G

176 A U C A Ai!AGUCGUC GU2G UCGAM C D2
A AGCAG CAI8C AGCU M. GUP U
A AC G GUG GUAG C C A
U A C G

C G
% i G C

UA
.CA
G C
U A- 243

G U UA ACCgMGCG G D3
U I.UGGWCGC G
CUG- G U
~P A

140-CU A U
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Figure 4. Primary structure of 3'-UTRs of five pestiviruses. (A) Comparison of nucleotide sequence of the 3'-UTR. 3'V region and 3'C region denote the variable
and conserved region, respectively. The nucleotide sequence shown in the top line is for SD-1 and the coordinates of the nucleotides for SD-1 are given above
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The translation initiation of pestivirus RNA is not satisfactorily
accommodated by the scanning model proposed by Kozak (42).
According to this model, ribosomes and associated factors initially
bind to the capped 5' end of mRNA and scan the RNA molecule
to reach the authentic initiator AUGs which is usually the first
AUG and is in favorable sequence context, and the secondary
structure upstream the authentic AUG dramatically decrease the
translation initiation efficiency (43, 44). Therefore, it is tempting
to speculate that, similar to the translational strategy of
picornavirus and HCV, an internal translational initiation
mechanism could be predicted in pestivirus based on the following
considerations. (I) It has been proposed that pestivirus RNA lacks
a cap structure at the 5' end of the genome (4), suggesting a

possible cap-independent translation initiation mechanism. (II)
Pestivirus has a relatively long 5'-UTR in which multiple cryptic
AUGs and several small ORFs are present upstream of the
authentic AUG and it is unlikely that before reaching the authentic
initiation site, which is in a weak context, the scanning ribosome
could bypass 6 to 8 upstream AUGs, some of which have an

equal or more favorable context for efficient initiation. (E) Since
a conserved and stable secondary structure was predicted in the
5'-UTR of pestivirus, it seems unlikely that the ribosome could
traverse such a great length of secondary structure by binding
at the 5' end of the genome and scanning to reach the authentic
translational initiation site. It has also been reported that secondary
structure rather than merely a linear nucleotide sequence functions

as IRES in picornavirus (33, 45) and HCV (16). Nucleotide
sequence comparison of the 5'-UTR between pestiviruses and
HCV revealed that the IRES identified within the 5'-UTR ofHCV
corresponds to the sequence from nucleotides 133 to 371 in
pestiviruses (16, 40), where the conserved secondary structure
domain D (nucleotides 139 to 361) is located. Therefore, domain
D may be the candidate for IRES in pestivirus.

Primary structure feature of 3'-UTR of pestivirus genome

The pestiviruses also have a relatively long 3'-UTR, 188
nucleotides for BVDV Osloss (6) and approximately 228
nucleotides for the other four strains (2, 5, 7, 8). The complete
3' terminal nucleotide sequences of BVDV NADL, BVDV SD-l
and HoCV Brescia have been reported to be established (4, 5,
8). It is not known whether the 3'-UTRs of BVDV Osloss and
HoCV Alfort cover the complete nucleotide sequence of the 3'
end of their genomes. However, when these sequences are aligned
with BVDV NADL and SD-1, BVDV Osloss genome ends at
the same position as BVDV NADL and SD-1, HoCV Alfort
genome ends 4 bases upstream the 3' end of BVDV NADL and
SD-l genome. Therefore, it is reasonable to assume that the
reported 3'-UTR sequence of those viruses cover almost, if not
completely, the authentic nucleotide sequence of 3' end of their
genomes (Fig. 4). Comparison of the nucleotide sequence among
those 5 strains of pestivirus led to the identification of a variable
region (designated as 3 'V region) and a conserved region
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Figure 5. Consensus model of secondary structure for 3'-UTRs of five pestiviruses. Four stem-loop structures are designated as stem-loop I to IV in 3' to 5' direction.
The polyprotein stop codon UGAs are underlined. The conserved linear sequence between stem-loop I and II are double underlined.

(designated as 3'C region) within the 3'-UTR of pestiviruses.
The 3'V region contains 127 nucleotides, starting at the UGA
stop codon of the polyprotein at position 12080 and ending at
nucleotides 12206. The nucleotide sequence variation in this
region is particularly remarkable between BVDV group and
HoCV group. The most obvious difference in this region is the
presence of a 41 base deletion in BVDV Osloss, which is
responsible for the size variation of 3'-UTR between Osloss and
other pestiviruses. The high heterogenicity of the nucleotide
sequence in this region indicated that this region may not have
a direct critical function for the virus replication. It may function
as an auxiliary element for the maintenance of functional structure
for other regions. The 3'C region is composed of 102 nucleotides
at the 3' terminal portion of the 3'-UTR. This region was
particularly conserved among BVDV group and HoCV group.
The high conservation of the nucleotide sequence in this region
implied that some important signals for viral RNA replication
may be harbored in this region.

An AU-rich stretch as reported in BVDV NADL (2) and HoCV
Brescia (8) was also found in BVDV Osloss, BVDV SD-I and
HoCV Alfort (Fig. 4). However, the locations of the AU-rich
stretch in BVDV group and HoCV group are different (Fig. 4).
Repeat sequence searching revealed that there is no perfect,
relatively large repeat sequence within the 3'-UTR of pestivirus
although a 8 nucleotide repeat has been identified in BVDV
NADL (2). However, as reported in BVDV NADL (2), one
stretch of imperfect repeat sequence containing about 56
nucleotides with a 35 bases identity was also identified in BVDV
Osloss and SD-I (Fig. 4). In addition, two stretches of imperfect
repeat sequence, one containing 18 nucleotides with a 14 base
identity and the other consisting of 32 nucleotides with a 25 base
identity, were identified in both HoCV Alfort and Brescia
(Fig. 4). The nucleotide sequences present in the repeats are not
conserved between different viruses, and the repeat stretches are
also located in the different positions for different viruses. The
repeat sequences present in the 3'-UTR of flavivirus was
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suggested to be viral replication signal (46). The function of the
AU-rich stretch and imperfect repeat sequence identified in the
3'-UTR of pestiviruses remains to be determined.
Complementary sequences between the 5' and 3' terminus of

the genome have been described in a number of single stranded
RNA viruses (9, 46). When the 3' terminal nucleotide sequence
was compared with the complementary sequence at the 5'
terminus, no significantly homologous sequence was found in
pestiviruses although a 17 nucleotide sequence in the 3'-UTR
was reported to be complementary to the sequence in the 5'-UTR
in HoCV Brescia (8).

Predicted secondary structure of 3'-UTR of pestivirus genome
The secondary structure of the 3'-UTR from the 5 pestiviruses
was predicted separately. No consensus structure was found when
DNASIS was used to predict the secondary structure of 3'-UTR.
However, when FOLD was used, the predicted secondary
structure for five pestiviruses was very similar to one another.
The consensus model contains a series of 4 stem-loop structures,
(designated as stem-loop I, II, III and VI) (Fig. 5). The optimal
AG values of the structure are -48.7 Kcal/mol, -44.1 Kcal/mol,
-56.3 Kcal/mol, -46.6 Kcal/mol and -42 Kcal/mol for SD- 1,
NADL, Osloss, Alfort and Brescia, respectively. Stem-loop I
is located at the 3' portion of the 3'C region and conserved among
all the 5 pestiviruses. It should be noted that the intervening
sequence ACAGCACUUUA between stem-loop I and II was
conserved in the five pestiviruses (Fig. 5). Stem-loop II was
composed of part of the 3'V region and part of the 3'C region
of the primary structure and its structural detail was relatively
conserved. Both stem-loop Im and VI are located in the 3'V region
and were less conserved in terms of the length of the stem and
structural configuration, particularly between BVDV group and
HoCV group.

Interactions between viral template RNA and the proteins of
the replication complexes are presumed to be mediated by a signal
sequence present in the viral RNA template (9, 33, 47). An RNA
hairpin at the extreme 5' end of the poliovirus genome was
important for efficient viral RNA replication (48). A 3' terminal
secondary structure has been described in flaviviruses (47, 49,
50), a number of positive stranded RNA plant viruses (9, 51)
and RNA bacteriophages (52). For flaviviruses (47, 50) and
brome mosaic virus (BMV) (53, 54), such structures have been
implicated in initiation of minus-strand RNA synthesis. Secondary
structure prediction for the 5' and 3 '-UTR of pestivirus genomes
resulted in the identification of a stable and conserved stem-loop
structure at extreme 5' (Fig. 2, domain A) and 3' end (Fig. 5,
stem-loop I) of the viral RNA genome. Whether these structures
function as the recognition signals for viral plus and minus strand
RNA replication remains to be determined. In other experiments,
a 100: 1 asymmetric synthesis of plus and minus strand RNA
ofBVDV during the virus replication cycles was observed (Deng
and Brock, unpublished data). A formidable task for future work
is to determine whether two different RNA replication complexes
or two different recognition signals with various efficiencies on
the RNA templates are responsible for the regulated synthesis
of plus and minus strand viral RNA of pestiviruses.

Recently pestivirus was reclassified into family Flaviviridae
(30, 55, 56). However, the features of the primary and secondary
structure of 5 '-UTR of pestivirus resemble that of picornavirus
and HCV rather than flaviviruses. In addition, the predicted cap-
independent translation mechanism of pestivirus is totally different

from that of a number of the family Flaviviridae. Therefore, the
suggested establishment of a separate family for classification
of pestiviruses may be desirable (7, 8, 57).
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