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The major immediate-early (IE) RNA of bovine herpesvirus 4 (BHV-4) has been identified and characterized
by analyzing cytoplasmic polyadenylated RNA isolated from Madin-Darby bovine kidney cells infected with
BHV-4(DN-599) in the presence of cycloheximide. Hybridization of cDNA to Southern blots of viral DNA,
Northern (RNA) blot analysis, and Si nuclease analyses showed that the major BHV-4 IE RNA is a spliced,
1.7-kb RNA, which is transcribed from right to left on the restriction map of the BHV-4 genome from DNA
contained in the 8.3-kb HindIll fragment E. The major IE RNA contains three small exons at its 5' end, spliced
to a 1.3-kb 3' exon. This RNA is present in much-reduced amounts when cells are infected in the absence of
cycloheximide. However, late in infection, the major IE RNA gene region encodes abundant RNAs which differ
in structure from the major IE RNA. Nucleotide sequence analysis of the gene encoding the major IE RNA
revealed an open reading frame encoding 284 amino acids. A homology search of amino acid sequence data
bases showed that a 141-amino-acid region near the amino terminus of the predicted amino acid sequence is
similar to sequences near the amino terminus of herpes simplex virus type 1 IE110. This region of homology
includes CXXC pairs, which could be involved in zinc finger structures. The region encoding this putative zinc
finger domain is also found in RNAs transcribed from this IE region late in infection, but it is spliced to different
sequences than those used in IE RNA. Thus, the major IE region of the BHV-4 genome could encode a family
of proteins sharing a zinc finger domain.

Bovine herpesvirus 4 (BHV-4) has been isolated from
cattle affected with a wide variety of disorders, including
respiratory diseases, abortion, malignancies, and metritis, as
well as from tissues of apparently healthy cattle (reviewed in
references 3 and 53). Infection is widespread in Europe and
the United States, with an incidence of 86% in a serological
survey conducted in Idaho, Oregon, and Washington (20).
Experiments designed to test whether BHV-4 is the causal
agent of the diseases with which it is associated have yielded
mixed results (reviewed in references 3 and 53).

Herpesviruses have large complex DNA genomes, and
transcription is sequentially regulated during infection in
vitro (27). Genes are divided into three classes, immediate
early (IE), early (E), and late (L), on the basis of their time
of expression (24). This temporal regulation of herpesvirus
gene transcription is accomplished through transactivation
of viral transcriptional promoters by products of specific
viral genes. IE proteins are among the transactivators.
Expression of IE genes requires no prior synthesis of viral
proteins; IE genes are the only viral genes transcribed when
cells are infected in the presence of protein synthesis inhib-
itors such as cycloheximide. Under these conditions, only a
few genes are expressed. Proteins encoded by the IE genes
are required for expression of E and L genes. L genes are
expressed after the onset of viral DNA replication and are
not expressed when cells are infected in the presence of
specific inhibitors of viral DNA polymerase (22).

Regulation of herpesvirus gene expression has been most
thoroughly examined for human herpes simplex virus type 1
(HSV-1). HSV-1 produces five IE RNAs, each encoding an
IE protein (reviewed in reference 56). Each of the five
HSV-1 IE proteins (IE175, IE110, IE68, IE63, and IE12) has
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a role in regulation of E and L gene expression. IE175
stimulates transcription from many E and L promoters
tested, but in most cases, both IE175 and IE110 are neces-
sary for maximal stimulation (6, 16, 17, 34, 38, 39, 43, 45).
IE12 may augment the stimulatory effects of IE175 and
IE110 on some E promoters (38). IE63 is required in addition
to IE175 and IE110 for stimulation of at least some E and L
genes (17, 46, 49, 52, 57). However, IE63 can also inhibit
activation by IE175 and IE110 of certain other E promoters
(49, 52). A role for IE68 in activation of L genes is suggested
by the observation that a deletion in the IE68 gene leads to
a deficiency in L protein synthesis (48). As expected for
transcriptional regulators, HSV-1 IE proteins are nuclear
and phosphorylated (42).
The BHV-4 genome contains approximately 144 kb. Both

ends of the genome contain multiple copies of a 2- to 3-kb
repeating unit flanking a 110-kb unique portion (15). The
cloning and generation of a restriction map of the entire
BHV-4 genome was recently reported (8). The recent gen-
eration of a large set of monoclonal antibodies against
BHV-4-infected cells will facilitate characterization of viral
proteins (14). No work on regulation of BHV-4 gene expres-
sion has been reported.

This article reports the characterization of the major IE
RNA in BHV-4(DN-599)-infected Madin-Darby bovine kid-
ney (MDBK) cells. The purpose of this work was to identify
BHV-4 IE genes so that their function in regulation of
transcription can be studied. We identified two IE RNAs in
cells infected in the presence of cycloheximide. The major
IE RNA is a spliced 1.8-kb transcript which is transcribed
from left to right on the restriction map of the BHV-4
genome. Nucleotide sequence analysis of the DNA encoding
this RNA revealed that it could encode a 33-kDa protein.
The putative protein contains a cysteine-rich region which
could form zinc fingers characteristic of some DNA-binding
proteins.
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MATERIALS AND METHODS

Cell culture and virus propagation. MDBK cells and BHV-
4(DN-599 isolate) were obtained from David Stringfellow,
Department of Pathobiology, Auburn University. Cells were
cultured in Dulbecco's modified Eagle medium containing
penicillin, streptomycin, and 10% defined, supplemented
bovine serum. Virus was propagated by infecting confluent
monolayers with 1 50% tissue culture infective dose
(TCID50) per five cells. After 4.5 days, cultures were frozen
and thawed three times to release virus. After removal of cell
debris by low-speed centrifugation, the TCID50 was deter-
mined 10 to 14 days after infection ofMDBK cells by limiting
dilution. Virus stock thus obtained was stored at -80°C.

Preparation of viral DNA used for Southern blotting. Con-
fluent monolayers of MDBK cells were infected with 0.5 to
1 TCID50 of BHV-4 per cell. After most of the cells had
detached from the flasks (4 to 5 days), cell-associated virions
were liberated by freezing (-80°C) and thawing the flasks
three times. Cell debris was removed by low-speed centrif-
ugation, and virions were pelleted by centrifugation in a
Beckman SW28 rotor at 25,000 rpm for 1 h at 4°C. The pellet
was resuspended in cold 0.1% Nonidet P-40 in TE buffer (10
mM Tris-HCl [pH 8.0], 1 mM EDTA), and virions were

pelleted through a 3-ml cushion of 30% sucrose in TE buffer
in a Beckman SW41 rotor at 35,000 rpm for 90 min at 4°C.
The pellet was resuspended in TE. MgCl2 was added to a
final concentration of 10 mM, and DNase I was added to a
final concentration of 13 jig/ml; the suspension was incu-
bated at 37°C for 1 to 2 h to destroy contaminating host cell
DNA. If DNase treatment was omitted, DNA preparations
contained >90% host cell DNA. To inactivate DNase and
liberate viral DNA, sodium dodecyl sulfate (SDS) was added
to 2%, EDTA to 40 mM, and proteinase K to 300 ,ug/ml, and
the mixture was incubated at 55°C for at least 3 h. After this
point, standard precautions were taken to avoid mechanical
shearing of viral DNA. After addition of sodium acetate to a
final concentration 0.3 M, DNA was purified by extraction
with phenol-chloroform (1:1) and with chloroform, then
precipitated with ethanol and resuspended in TE buffer.
Viral DNA was separated from remaining host cell DNA
fragments by pelleting viral DNA through a 4.5-ml cushion
of 1 M NaCl in a Quick-Seal bell-top tube (14 by 18 mm)
(Beckman Instruments) in a Beckman SW41 rotor using
floating spacers at 35,000 rpm for 2.5 h at 20°C. The
translucent viral DNA pellet was resuspended in TE buffer,
sodium acetate was added to 0.3 M, and the DNA was
precipitated with ethanol. Viral DNA was resuspended in
TE buffer and stored at 4°C. The yield was 1 to 2 ,ug of viral
DNA per 75-cm2 flask of infected cells.

Preparation of IE RNA. Confluent monolayers of MDBK
cells in 150-mm-diameter plates were infected with 2 to 3
TCID50 per cell in medium containing 100 jig of cyclohexi-
mide per ml. After 6 to 8 h, cells were washed with ice-cold
Dulbecco's balanced salt solution without calcium and mag-
nesium (DBSS) and scraped from the plates into ice-cold
DBSS with a rubber policeman. Cells were pelleted at 3,500
rpm in a Beckman JS13.1 rotor at 4°C and lysed by resus-
pending them in 6 ml of ice-cold DBSS containing 1%
Nonidet P-40 and 10 mM vanadyl ribonucleoside complexes
(5) for each 10 plates of cells and incubating them on ice for
10 min. Nuclei were removed by centrifugation at 3,500 rpm
in a Beckman JS13.1 rotor at 4°C. An equal volume of 7 M
urea-2% SDS-0.35 M NaCl-0.01 M Tris-HCl (pH 7.4)-10
mM vanadyl ribonucleoside complexes was added to the
cytoplasmic fraction, and nucleic acid was purified by ex-

traction with phenol and chloroform, followed by extraction
with chloroform. For each 1 ml of solution, 0.4 g of solid
CsCl was added, and RNA was pelleted through 1.5-ml
cushions of 5.7 M CsCl in conical ultracentrifuge tubes (14
by 89 mm) in a Beckman SW41 rotor with conical adaptors
at 30,000 rpm for 14 to 18 h at 20°C. The RNA pellet was
resuspended in 20 mM Tris-HCl (pH 7.4)-0.2% SDS and
heated at 68°C for 10 min. NaCl was added to 0.4 M;
polyadenylated RNA was bound to oligo(dT) cellulose type
3 (Collaborative Research, Bedford, Mass.) and eluted with
20 mM Tris-HCl (pH 7.4)-0.2% SDS. RNA used in the
experiments shown in Fig. 1 was bound to and eluted from
oligo(dT) cellulose a second time. n-Lauroylsarcosine was
added to 0.4% to prevent precipitation of SDS, sodium
acetate was added to 0.3 M, and RNA was precipitated with
ethanol and resuspended in diethyl pyrocarbonate-treated
H20 at a concentration of 0.5 to 1 mg/ml and stored at
-800C.
RNA harvested at 8, 12, and 24 h postinoculation (p.i.)

used in the experiments shown in Fig. 8 and 9 was prepared
the same way, except cells were infected with 1 TCID50 per
cell, and cycloheximide was omitted.

Synthesis and hybridization of cDNA. cDNA was synthe-
sized in 100-11l volume containing 3 pLg of polyadenylated
RNA; 100 ,uCi [ca-32P]dCTP (3,000 Ci/mmol); 200 FM (each)
dATP, dGTP, and dTTP; 20 mM dithiothreitol; 50 mM
Tris-HCl (pH 8.3); 3 mM MgCl2; 75 mM KCI; 40 ,ug of
random hexanucleotide primers; 60 U of placental RNase
inhibitor; and 600 U of Moloney murine leukemia virus
reverse transcriptase for 2 h at 37°C. EDTA was added to 20
mM, and RNA was destroyed by adding NaOH to 0.6 M and
incubating for 30 min at 65°C. cDNA was recovered by
centrifugation through Sephadex G-50 in TE buffer. cDNA
was hybridized to viral DNA restriction fragments bound to
nitrocellulose in buffer containing 1Ox Denhardt's reagent
(47), 100 ,ug of denatured herring sperm DNA per ml, 1 mM
EDTA, 0.5% SDS, 6x SSC (lx SSC is 0.15 M NaCl plus 15
mM sodium citrate), 20 mM sodium phosphate (pH 7) at
68°C for 20 h. Filters were washed at 68°C in dilutions of SSC
down to 0.25x SSC.

Northern (RNA) blot analysis. Polyadenylated RNA (1 to 2
[Lg) was denatured at 60°C for 5 min in 50% deionized
formamide-2.2 M formaldehyde-i x MOPS electrophoresis
buffer (20 mM 3-[N-morpholino]propanesulfonic acid [pH
7.0], 5 mM sodium acetate, 1 mM EDTA) and electro-
phoresed in a 0.8% agarose gel in lx MOPS electrophoresis
buffer-2.2 M formaldehyde. Lanes containing marker RNAs
were cut off and stained with acridine orange. For the
experiment shown in Fig. 1, the remaining lanes were treated
with 50 mM NaOH-150 mM NaCl, then with 1 M Tris-HCl
(pH 7.0)-3 M NaCl, and transferred to nitrocellulose in 20X
SSC by vacuum blotting. For the experiment shown in Fig.
8, the remaining lanes were transferred to nitrocellulose in
20x SSC by capillary blotting without prior treatment. The
DNA probe was labeled using a random primers DNA
labeling kit (GIBCO-Bethesda Research Laboratories,
Grand Island, N.Y.). Probe was hybridized to the trans-
ferred RNA in buffer containing 50% deionized formamide,
5x SSC, 20 mM sodium phosphate (pH 7.0), 0.5% SDS, 4x
Denhardt's reagent, 100 ,ug of denatured herring sperm DNA
per ml at 42°C for 20 h. Filters were washed at 68°C in
dilutions of SSC down to 0.25x SSC.

S1 nuclease analysis. Single-stranded, uniformly labeled
DNA probes were synthesized by using DNA cloned into
M13 vectors as template. Approximately 2 ,ug of template
DNA was annealed to 5 pmol of universal primer, and DNA
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was synthesized in 30 ,ul containing annealed primer and
template, 50 mM NaCl, 10 mM Tris-HCl (pH 7.4), 10 mM
MgCl2, 7 mM dithiothreitol, 50 ,uCi [a-32P]dCTP (3,000
Ci/mmol), 10 ,uM unlabeled dCTP, 0.7 mM (each) dATP,
dGTP, and dTTP, and 2 to 3 U of Klenow fragment of
Escherichia coli polymerase I at room temperature for 2 to 3
h. After inactivation of the polymerase at 68°C for 10 min,
double-stranded DNA was cleaved with a restriction enzyme
cleaving at the 3' end of the probe fragment and the
single-stranded probe fragment was separated from the
larger template strand by alkaline low-melting-point agarose
gel electrophoresis. Si nuclease analysis was as previously
described (47); hybridization with single-stranded probes
was at 30°C and that with double-stranded probes was at
48°C, except in the experiment shown in Fig. 7 (see figure
legend). Si nuclease digestion was at room temperature for
45 min, using 1,000 U of Si nuclease per ml. Protected
fragments were electrophoresed on polyacrylamide gels con-
taining 7 M urea.

Nucleotide sequence accession number. The nucleotide
sequence data reported in this article have been submitted to
GenBank and assigned the accession number M60043.

RESULTS

Identification of BHV-4 DNA encoding IE RNA. Viral IE
genes are experimentally defined as those which are tran-
scribed when cells are infected in the presence of protein
synthesis inhibitors, because IE gene expression does not
require de novo viral protein synthesis. Under these condi-
tions, RNA transcribed from IE genes usually accumulates
to higher levels than in the absence of inhibitors, presumably
because of the lack of feedback inhibition. Therefore,
BHV-4 IE RNA was characterized by using cytoplasmic
polyadenylated RNA prepared 6 to 8 h p.i. from MDBK cells
infected with BHV-4 in the presence of 100 ,ug of cyclohex-
imide per ml. To rid the RNA of viral DNA from virions
present in the cytoplasm or on the cytoplasmic membrane,
RNA was pelleted through a CsCl cushion prior to analysis.
To identify BHV-4 DNA encoding IE RNA, 32P-labeled
cDNA to IE RNA was synthesized by using random hexa-
nucleotide primers and hybridized to Southern blots of
BHV-4 DNA isolated from virions and cleaved with HindIII.
Results are shown in Fig. 1A. As a negative control, cDNA
was synthesized to uninfected cell cytoplasmic polyadenyl-
ated RNA and hybridized. cDNA to cytoplasmic polyade-
nylated RNA harvested at 24 h p.i. in the absence of
cycloheximide also was synthesized and hybridized to iden-
tify all viral DNA fragments. All viral DNA fragments
except Ahet and Bhet were clearly visible upon longer
exposure of the autoradiograph shown in Fig. 1A (lane 24
hr.). cDNA to IE RNA specifically identified the band
containing two 8.3-kb viral HindIII fragments, E and F (Fig.
1A, lane IE). There was also a faint signal indicating hybrid-
ization of IE cDNA to viral HindIII fragment G. However,
no IE RNA transcribed from Hindlll fragment G could be
detected by Northern blot analysis, and the possibility of IE
transcription from HindIll fragment G was not pursued
further. Additional experiments (not shown) using cloned
viral fragments showed that cDNA to IE RNA hybridizes to
both fragments E and F, but it hybridizes 2 to 14 times more
to fragment E than to fragment F. The positions of these two
fragments on a restriction map of the BHV-4 genome are
shown in Fig. 2A. In addition, hybridization of radiolabeled
cDNA to cloned viral restriction fragments (not shown)
showed that IE RNAs are transcribed from a 2.2-kb SmaI-
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FIG. 1. (A) Identification of BHV-4 DNA encoding IE RNA.
32P-labeled cDNA to the indicated RNA was synthesized by using
random hexanucleotide primers and was hybridized to Southern
blots of BHV-4 DNA isolated from virions and cleaved with
HindlIl. Shown are a photograph of the ethidium bromide-stained
gel from which the Southern blot was made (Eth. Br.) and autora-
diographs of the blot hybridized to cDNA prepared from uninfected
cell RNA (U), IE RNA (IE), and RNA harvested at 24 h p.i. in the
absence of cycloheximide (24 hr.). Viral HindlIl fragments are
identified by letters beside each lane. (B) Northern blot analysis of
HindIII E-encoded IE RNA. Cloned viral Hindlll fragment E was
labeled with 32P by random hexanucleotide-primed synthesis and
was hybridized to Northern blots of polyadenylated uninfected cell
RNA (U) and IE RNA (IE). Positions and sizes (in kilobases) of
marker RNAs (0.24 to 9.5-kb RNA ladder; GIBCO-Bethesda Re-
search Laboratories) are indicated on the left. The arrowhead on the
right indicates the 1.7-kb IE RNA identified by the probe.

BglII fragment within HindlIl E and from a 2.6-kb EcoRI-
PstI fragment within HindIII F (Fig. 2B). Characterization of
the major IE RNA (IE RNA 1 in Fig. 2C) and the DNA
which encodes it is the subject of this report.

Structure of major IE RNA. Hybridization of 32P-labeled
cloned HindIII E to Northern blots of IE RNA showed that
HindIll E encodes a 1.7-kb IE RNA (Fig. 1B). To determine
the structure of this major IE RNA, S1 nuclease analysis was
undertaken. First, S1 nuclease analysis was performed by
using probes representing each strand of the 2.2-kb SmaI-
BglII fragment shown in Fig. 2B. This fragment was cloned
into the single-stranded phage vectors M13mpl8 and
M13mpl9 and used as template for synthesis of uniformly
labeled, single-stranded DNA probes. Portions of one probe
were protected from S1 nuclease digestion by IE RNA (data
not shown), indicating that IE RNA 1 is transcribed in the
direction shown in Fig. 2C. Further experiments with single-
stranded probes used only the strand complementary to IE
RNA. In S1 nuclease analysis using the entire 2.2-kb SmaI-
BglII fragment as a single-stranded probe, IE RNA specifi-
cally protected fragments of approximately 1,300, 186, 151,
and 63 nucleotides (nt) (Fig. 3A and B, probe E). To
determine roughly where these protected fragments map
within the 2.2-kb fragment, additional single-stranded probes
were synthesized and used for S1 nuclease analysis. These
probes were derived from the 5' and 3' portions of the
fragment (5' and 3' as defined by the RNA), divided by a
BstEII restriction site (Fig. 3C). IE RNA protected 225-,
186-, 151-, and 63-nt fragments of the 5' probe (Fig. 3A, 5'
probe). The 186-, 151-, and 63-nt fragments appear identical
to protected fragments of the entire SmaI-BglII fragment
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FIG. 2. Map location and direction of transcription of IE RNA. (A) Hindlll restriction map of BHV-4(DN-599) genome, showing

fragments which encode IE RNA as bold lines. This map is an adaptation of the one published by Bublot et al. (8). Fragment names have been
changed to include the Ahet and Bhet fragments. These fragments are heterogeneous in size because of variable numbers of 2.5-kb terminal
repeats (shown as striped arrows). (B) Restriction maps of fragments encoding IE RNA. Portions to which cDNA synthesized to IE RNA
hybridized (data not shown) are indicated as bold lines. The stippled line indicates a small amount of hybridization. Abbreviations: H,
HindlIl; E, EcoRI; P, PstI; S, SmaI; B, BgIll; X, Xbal. (C) Structure and direction of transcription of IE RNA 1 and IE RNA 2. The map
positions of the RNAs are shown relative to the restriction maps shown in the bottom line of panel B. The structure, direction of transcription,
and map position of IE RNA 1 (the major IE RNA) were determined by the experiments shown in Fig. 3 through 7. Preliminary S1 nuclease
analyses of IE RNA 2 (not shown) have shown its direction of transcription and approximate map location.

probe; the 225-nt protected fragment is novel to the 5' probe.
IE RNA protected a single 1.1-kb fragment of the 3' probe
(Fig. 3B, 3' probe). This is smaller than the 1.3-kb protected
fragment produced when the entire SmaI-BgIII fragment
probe was used. If all protected fragments are protected by
a single RNA species, these results suggest that the RNA
consists of three small exons (186, 151, and 63 nt) in the 5'
portion of the molecule and a 1.3-kb exon at the 3' end. IE
RNA protects 225- and 1,100-nt fragments of probes consist-
ing of sequences on the 5' and 3' side of the BstEII site,
respectively, suggesting that the 1.3-kb 3' exon begins ap-
proximately 225 nt 5' to the BstEII site. Less of each
protected fragment was produced when RNA from cells
infected in the absence of cycloheximide was used (Fig. 3A
and B), indicating that the major IE RNA may be subject to
negative regulation by viral proteins during the normal
course of infection.
To determine whether the four fragments protected from

Si nuclease digestion by IE RNA were protected by a single
RNA molecule, two-dimensional Si nuclease analysis was
performed with the 5' probe illustrated in Fig. 3C. In the first
dimension, electrophoresis of S1 nuclease digestion prod-
ucts was in a nondenaturing agarose gel without prior
disruption of RNA-probe hybrids. After destruction of the
RNA by soaking the gel in alkaline electrophoresis buffer,
the protected probe fragments were electrophoresed in the
second dimension under alkaline conditions. In the autora-
diograph shown in Fig. 4, dots falling on the vertical line
below the diagonal indicate probe fragments protected by a

single IE RNA species. The source of the dot above the
diagonal is unknown, but since it represents a molecule
which migrates more slowly in the alkaline dimension than
the neutral dimension, it cannot represent DNA protected
from nuclease digestion by RNA. The autoradiograph was

overexposed to make the smallest protected fragment visi-
ble. However, even on shorter exposures, the 225-, 186-, and
151-base protected fragments identified in Fig. 3A were not
visible as discrete dots. Nevertheless, all the protected
fragments appear to fall on a single vertical line, showing
that all probe fragments protected from Si nuclease diges-
tion by IE RNA, including the small, approximately 63-nt
fragment, are protected by a single RNA species.

To confirm that the 5' portion of BHV-4 major IE RNA is
spliced and to determine whether all the 5' exons had been
identified by the Si nuclease analyses illustrated in Fig. 3,
the primer extension analysis shown in Fig. 5 was per-
formed. At the same time, an SI nuclease analysis was
performed with a double-stranded 5'-end-labeled probe la-
beled at the same site as the 5'-end-labeled primer. Primer
and probe are illustrated in Fig. SB. Primer extension yielded
a 622-nt product, while the fragment protected from Si
nuclease digestion was 225 nt (Fig. 3). This discrepancy in
size indicates that the 5' portion of the major IE RNA is
spliced. The size of the primer extension product (622 nt) is
in good agreement with the sum of the protected fragments
identified by using the 5' probe in Fig. 3 (225 + 186 + 151 +
63 = 625 nt), indicating that all the 5' exons of this RNA have
been identified.
The map positions of the 5' exons of the major IE RNA

were determined by the S1 nuclease analyses shown in Fig.
6. The probe was the double-stranded SmaI-DraI fragment
shown in Fig. 6B, uniformly labeled on one strand. The
restriction sites indicated in Fig. 6B were determined by the
nucleotide sequence (see Fig. 10). Aliquots of the probe
were cleaved with one of five restriction enzymes prior to
hybridization or were used uncleaved. The results are shown
in Fig. 6A and interpreted in Fig. 6B. The 129-nt protected
fragment was present regardless of whether the probe was
cleaved. This fragment is protected by a portion of the fourth
exon, the 5' end of which had already been located 225 nt 5'
to the BstEII site by the Si nuclease analysis shown in Fig.
5. The 186-nt protected fragment was not produced when the
probe was cleaved with AvaI. Instead, 132- and 54-nt pro-
tected fragments appeared. Therefore, one end of the 186-nt
exon is 69 nt from an AvaI restriction site and the other end
is 83 nt from the restriction site. Indeed, 69 nt 5' to the
second AvaI restriction site is a 5' splice site consensus
sequence, and 83 nt 3' to this AvaI restriction site is a 3'
splice site consensus sequence (see Fig. 10). This indicates
placement of the 186-nt exon as shown in Fig. 6B. Cleavage
of the probe with ThaI resulted in absence of the 151-nt
protected fragment and appearance of 83- and 69-nt pro-
tected fragments. This observation and location of splice site
consensus sequences indicate the location of the 151-nt exon
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FIG. 3. Si nuclease mapping of major IE RNA. Uniformly labeled single-stranded probes shown in panel C were synthesized by using the
2.2-kb SmaI-BglII fragment of HindIll E shown in Fig. 2B and subfragments cloned into the single-stranded phage vectors M13mpl8 and
M13mpl9 as templates. (A and B) Autoradiographs of denaturing polyacrylamide gels of fragments protected from Si nuclease digestion. (A)
6% gel. (B) 4% gel to show large fragments. Three different probes were used, representing the 5' portion of, 3' portion of, and the entire (E)
gene. Lanes: U, uninfected cell RNA control; IE, IE RNA; 6, RNA harvested at 6 h p.i. in the absence of cycloheximide; X, pTZ19U DNA
cleaved with XbaI and with XbaI + PvuI; T, pTZ19U DNA cleaved with TaqI; M, pBR322 DNA cleaved with MspI. Marker sizes are noted
in nucleotides at the left of each panel. Sizes (in nucleotides for panel A, in kilobases for panel B) of fragments specifically protected from
Si nuclease digestion by IE RNA are shown next to arrowheads and the bracket at the right of each panel. The lower portion of panel A is
overexposed to make the -63-nt protected fragments clearly visible. These small fragments were observed reproducibly, even in
2-dimensional Si nuclease analysis (Fig. 4) and are not artifacts of incomplete Si digestion. (C) Schematic diagram of probes used, protected
fragments, and structure of major IE RNA. The probes are illustrated in the opposite orientation to that shown in the map of the entire BHV-4
genome in Fig. 2 so that the RNA could be drawn left to right in the standard 5'->3' orientation. The hatched portion at the 5' end of each
probe represents M13 vector sequences. The sizes of each protected fragment are shown in nucleotides. The positions of the 3 small exons

in the 5' portion of the RNA were determined in the experiment shown in Fig. 6.

BgTI'
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FIG. 4. Two-dimensional Si nuclease analysis of major IE RNA.
S1 nuclease protection products obtained by using IE RNA and the
uniformly labeled 5' probe illustrated in Fig. 3C were electro-
phoresed in a neutral 2% agarose gel in the first dimension and under
alkaline conditions (50 mM NaOH, 1 mM EDTA) in the second
dimension. Alkaline and neutral dimensions are indicated. The black
dot marks the origin. Size markers (in nucleotides) in the alkaline
dimension (pTZ19U DNA cleaved with TaqI) are indicated on the
left.

shown in Fig. 6B. The location of the approximately 63-nt
exon is not as obvious from this experiment, because,
although the 63-nt protected fragment is clearly visible when
the probe is not cleaved or is cleaved with ThaI, it is
apparently absent when the probe is cleaved with each of the
other restriction enzymes used. However, these restriction
sites cover a region of at least approximately 140 bases and
cannot occur within a 63-base exon. The following consid-
erations suggest the location of the 63-nt exon shown in Fig.
6B. Two-dimensional Si nuclease analysis (Fig. 4) had
already shown all four exons to be part of a single RNA
species. However, the distance (99 and 87 nt) between the
other exons already mapped is insufficient to contain a 63-nt
exon plus flanking intervening sequences. Therefore, the
63-nt exon is 5' to the other exons but 3' to the SmaI site. A
GT dinucleotide (nearly absolute requirement of a 5' splice
site) must immediately follow the exon. There are only four
GT dinucleotides in this region. Two of these are within 30 nt
of the 151-nt exon; an intervening sequence this small is
unlikely. One of the other two GT dinucleotides is sur-
rounded by nucleotides conforming to the 5' splice site
consensus sequence (see Fig. 10). Thus, this GT dinucle-
otide is the most likely position for the 3' end of the
approximately 63-nt exon. Therefore, the 3' end of the 63-nt
exon is shown at this position in Fig. 6B.
The 3' end of the 1.3-kb exon was mapped by S1 nuclease

analysis using the double-stranded 3'-end-labeled probe il-
lustrated in Fig. 7B. As shown in Fig. 7A, IE RNA specifi-
cally protected a 248-nt fragment. This analysis locates a
single polyadenylation site of the major IE RNA approxi-
mately 31 and 18 nt 3' to two closely spaced AAUAAA
consensus polyadenylation signals (see Fig. 10).

Transcription from BHV-4 IE-1 gene late in infection.
Results shown in Fig. 3 indicated that very little of the major
IE RNA is present 6 h p.i. in the absence of cycloheximide.
To determine whether the BHV-4 IE-1 gene region is tran-
scribed later in infection, we performed Northern blot and
Si nuclease analyses of cytoplasmic polyadenylated RNA
prepared 8, 12, and 24 h p.i. in the absence of cycloheximide.
This RNA represents late transcription because viral DNA

B.

P, r ern te r .,'

Si probe

P r o t e- c t e {l ac r et_Protectud~~ ~ ~ ~ ~ ~~~.:

RbA _

FIG. 5. (A) Primer extension and S1 nuclease analysis of the 5'
portion of major IE RNA. Lanes: PE, primer extension, S1, S1
nuclease analysis; U, uninfected cell RNA control; IE, IE RNA.
Marker sizes (pBR322 DNA cleaved with MspI) in nucleotides are

indicated on the left. Sizes of the major primer extension product
and protected fragments are indicated next to arrowheads on the
right. P, S1 nuclease analysis probe. Primer extension analysis was

performed as described previously (47), with the following minor
modifications. Primer was annealed to RNA at 48°C, dactinomycin
was omitted from the reverse transcription reaction, RNA was not
destroyed after the reaction, and the products were dissolved
directly in formamide loading buffer before electrophoresis. (B)
Schematic diagram of the double-stranded 5'-end-labeled primer and
S1 nuclease probe, primer extension products, and S1 nuclease
protection products. 5'-end label is indicated by an asterisk. The
map positions of the 5' exons in the RNA shown at the bottom were
determined by the experiment shown in Fig. 6.

synthesis begins about 6 to 8 h p.i. (55). The 2.2-kb SmaI-
BglIl fragment (see Fig. 3C) probe hybridized to multiple
species in RNA prepared at these late times. The largest
amount of these RNAs was detected at 24 h p.i. Northern
blot analysis using RNA prepared 24 h p.i. is shown in Fig.
8. These RNAs belong to the late kinetic class because they
were either not detected or greatly reduced in amount in
RNA prepared from cells infected in the presence of phos-
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FIG. 6. Si nuclease mapping of the 5' exons of major IE RNA. (A) The double-stranded SmaI-DraI fragment shown in panel B, uniformly
labeled on one strand, was used as probe. Prior to hybridization, the probe was cleaved with a restriction enzyme as indicated over the lanes.
Lanes: N, none; B, BstNI; H, HaeIII; V, AvaI; A, AluI; T, ThaI. In the lanes labeled Probes, an aliquot of each cleaved probe was
electrophoresed to confirm that cleavage had occurred and to show the sizes of the resulting fragments. In the lanes labeled Si are the
fragments of each probe protected during Si nuclease analysis. Lane U, uninfected cell RNA control, uncleaved probe. Positions and sizes
(in nucleotides) of marker (pBR322 DNA cleaved with MspI) are indicated on the left. On the right, sizes (in nucleotides) of uncleaved probe
fragments protected by IE RNA are shown next to arrowheads and the bracket. Sizes of cleaved probe fragments protected are shown next
to black circles, and the letter indicates the restriction enzyme (V, AvaI; T, ThaI). (B) Diagram of probe, showing restriction sites, and
interpretation of results (see text). The hatched DraI-BstEII portion is shown to enable comparison to the probes shown in Fig. 3 and 5 but
was not included in this probe.

1 29

a a 3

VOL. 65, 1991

K L .. ..

1: 1'S

I:: ...

a



5218 VAN SANTEN

6 2 21

8,I _

;!eI1

RNA a- atA,;:.3'3

FIG. 7. (A) Si nuclease mapping of the 3' end of major IE RNA.
Lanes: P, probe; M, marker (pBR322 DNA cleaved with MspI); U,
uninfected cell RNA control; IE, IE RNA. Sizes of marker (in
nucleotides) are indicated at the left. Sizes of protected fragments
are indicated next to arrowheads at the right. Because of the
extremely low G+C content of the probe (35%), hybridization was
at 40°C. (B) Schematic diagram of probe, protected fragment, and
RNA. The double-stranded probe was labeled at the SpeI site.
Hatched portion represents vector sequences in the probe.

phonoacetic acid, a specific inhibitor of herpesvirus DNA
polymerases (25, 33; data not shown).
To determine whether late transcription occurs from the

same or opposite strand of the viral genome as immediate-

FIG. 8. Northern blot analysis of RNA transcribed from BHV-4

IE-1 gene late in infection. The 2.2-kb Smal-Bglll fragment (Fig.
3C), labeled by random hexanucleotide-primed synthesis, was hy-
bridized to a Northern blot of cytoplasmic polyadenylated RNA.

Positions and sizes (in kilobases) of marker RNAs (0.24- to 9.5-kb

RNA ladder; GIBCO-Bethesda Research Laboratories) are indi-

cated at the far left. Sizes (in kilobases) of L RNAs identified by the

probe are indicated next to arrowheads on the left. Lane L, RNA

prepared 24 h p.i. IE and uninfected (U) cell RNA were included for

comparison. The position of the IE RNA identified by the probe is

indicated by the arrowhead on the right. In this gel, the position of

the IE RNA indicates a size of 1.8 kb rather than 1.7 kb.

F .;,t a _ . _

FIG. 9. (A and B) S1 nuclease analysis ofRNA transcribed from
BHV-4 IE-1 gene over the course of infection. The fragment shown
in panel C was used as uniformly labeled, single-stranded probe. In
panel A, the probe was the strand from which IE RNA is tran-
scribed; in panel B, the probe was the opposite strand. Lanes: U,
uninfected cell RNA; IE, IE RNA (included for comparison); 8, 12,
24, RNA prepared 8, 12, and 24 h p.i., respectively. Marker sizes (in
nucleotides) for both panels are noted on the left. At the right of
panel A, sizes of major protected fragments are indicated in nucle-
otides, and the times at which RNA protecting each fragment is
present in maximum amounts are indicated in parentheses. Sizes of
the protected fragments >500 nt were determined more accurately
by electrophoresis on a gel run three times as long as the one shown,
using the size markers used in Fig. 3B. Fragments of 1,300 nt
protected by IE RNA and 800 nt protected by L RNA, clearly
visible on original autoradiograph, are obscured by background
smear in this reduction. (C) Schematic diagram of probe, IE RNA
(for comparison), and major fragments protected by late RNA (12
and 24 h p.i.). Map positions of fragments protected by late RNAs
were determined by additional S1 nuclease mapping experiments
(not shown).

early transcription, we performed Si nuclease analysis by
using single-stranded uniformly labeled DNA probes repre-
senting each strand of the 2.2-kb SmaI-BglII fragment.
Results (Fig. 9A) showed that most of the late transcription
occurs from the same strand as IE transcription. Very little
DNA of the opposite strand was protected (Fig. 9B). Si
nuclease analysis of late RNA using the 2.2-kb SmaI-BglII
fragment from which the major IE RNA is transcribed
yielded an additional interesting result. While two of the
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probe fragments (63 and 1,300 nt) protected by IE RNA
showed a decrease or modest increase in amount protected
by RNA prepared 12 and 24 h p.i. compared with IE RNA,
the other two fragments (151 and 186 nt) were protected in
larger amounts by RNA prepared 12 and 24 h p.i. compared
with IE RNA (Fig. 9A). Additional SI nuclease analyses (not
shown) using fragments of the 2.2-kb SmaT-BglIl fragment as
probes showed that the 151- and 186-nt fragments protected
by late RNA map within the same restriction fragment as the
151- and 186-nt fragments protected by IE RNA and are thus
likely to be the same fragments. This suggests that the 151-
and 186-nt IE exons are also used in late transcripts, but,
because the 63- and 1,300-nt IE exons do not exhibit the
same increase in amount during the late stage of infection,
they are used in a different context. In addition to the
fragments shared with IE RNA, late RNA protected major
fragments of approximately 800, 165, and 74 nt; several
minor fragments were also protected. In addition, an approx-
imately 85-nt fragment was protected by RNA isolated at 12
h p.i. but was not as evident 24 h p.i. Additional Si nuclease
analyses (not shown) using fragments of the 2.2-kb SmaI-
BglII fragment as well as the entire 3.2-kb HindlII-BgIII
fragment (see Fig. 2B) yielded results consistent with the
placement of the major late exons shown in Fig. 9C. Instead
of the IE exon 1, late RNA contains an exon beginning
approximately 140 nt 5' to the beginning of IE RNA. This
was shown by primer extension analysis (not shown) to
represent the 5' end of a late transcript rather than a splice
site. Another primer extension analysis (not shown) showed
that the 5' end of the fifth late exon (800 nt) shown in Fig. 9C
is not the 5' end of a late transcript; this exon is spliced to
upstream sequences. As is evident from Fig. 8, multiple
RNAs are transcribed from this region late in infection and it
is not possible to determine from these experiments which
exons are part of which RNA.

Nucleotide sequence analysis of the gene encoding major IE
RNA and 5' and 3' flanking regions. The nucleotide sequence
(Fig. 10) of the entire 3,241-nt HindTTT-BglII fragment encod-
ing the major IE RNA (Fig. 2B) shown in Fig. 8 was
determined by the dideoxynucleotide chain termination
method, using the Sequenase 2.0 sequencing kit (United
States Biochemical Corp., Cleveland, Ohio) and single-
stranded templates. It includes approximately 1.1 kb of 5'
flanking sequences and 0.15 kb of 3' flanking sequences. This
3.2-kb portion of the BHV-4 genome contains 60% A+T and
40% G+C. At 20 to 27 nt 5' to the approximate start site of
the major IE transcript is an A+T-rich sequence
(TATATAA) which might serve as a TATA box (35). No
CAAT box-like sequence (35) is apparent. The portion of the
sequence contained in the major IE RNA contains an open
reading frame encoding 284 amino acids and a long (approx-
imately 817 nt) 3' untranslated region. The sequences includ-
ing the first ATG codon in this open reading frame conform
to the sequence (A/GNNATGG) shown to be necessary for
efficient translation initiation (31, 32). Each intervening
sequence disrupts a codon in this open reading frame, but
splicing preserves the reading frame.
Comparison of the predicted amino acid sequence of BHV-4

IE-1 to other proteins. We refer to the putative protein
encoded by the 284-codon open reading frame of the major
IE RNA as BHV-4 IE-1. The predicted amino acid sequence
of BHV-4 IE-1 was compared with the amino acid sequences
in the GenPept and SWISS-PROT protein sequence data
bases using the Pearson and Lipman FASTA program (41).
The protein most similar to BHV-4 IE-1, as indicated by the
highest "opt" score, 109, was an HSV-1 IE protein, IE110.

The region of similarity is a 141-amino-acid region near the
amino terminus of the predicted amino acid sequence of
BHV-4 IE-1 which shows similarity to sequences near the
amino terminus of HSV-1 IE110 (Fig. 11). The region of
similarity includes a cysteine-rich region of HSV-1 IE110
(residues 99 to 156). Eight of the nine cysteine residues in
this region are present in the same position in BHV-4 IE-1
(shown in boldface letters in Fig. 11). These include three
CXXC motifs, which could be involved in zinc or other
metal binding, as found in the zinc finger DNA binding
domains of several proteins (4, 28). Although the mRNAs
encoding BHV-4 IE-1 and HSV-1 IE110 are both spliced, the
exon junctions occur at different points in the region of
similar amino acid sequence, as indicated in Fig. 11. In
addition, whereas HSV-1 IE110 RNA is spliced between
codons in the region of similarity, BHV-4 IE-1 RNA is
spliced within codons.

DISCUSSION

Features of BHV-4 major IE RNA. We have characterized
the BHV-4 major IE RNA. This is the most abundant viral
RNA species found in MDBK cells under IE conditions, i.e.,
when cells are infected in the presence of cycloheximide as
an inhibitor of protein synthesis. The amount of the major IE
RNA is greatly reduced at 6 h p.i. in the absence of
inhibitors, relative to its abundance in the absence of protein
synthesis. This suggests that transcription of this RNA is
subject to negative regulation by newly synthesized viral
proteins and that during infection in the absence of inhibi-
tors, it might not be the most abundant of the IE transcripts,
even at earlier times. Our experiments do not directly
address the issue of whether this is the most abundant RNA
very soon in infection when cells are infected in the absence
of inhibitors. However, since it is the major RNA found
under IE conditions, we refer to it as the major IE RNA.
The BHV-4 major IE RNA is a spliced, 1.7-kb RNA

transcribed from right to left on the restriction map of the
BHV-4 genome from DNA contained in the 8.3-kb HindTIT
fragment E of the DN-599 isolate. It contains three small
exons at its 5' end, spliced to a 1.3-kb 3' exon. No evidence
has been obtained for minor IE RNAs transcribed from the
same region and generated by alternative splicing, as was
found for the spliced major IE RNA of human cytomegalo-
virus (50). However, additional RNA species are generated
from this region at late times after infection (see below).

Features of the nucleotide sequence of DNA encoding major
IE RNA and flanking sequences. The nucleotide sequence of
the DNA encoding the BHV-4 major IE early RNA, approx-
imately 1.1-kb 5' flanking sequences, and 0.15-kb 3' flanking
sequences contains 60% A+T and 40% G+C nucleotides.
The region exhibits depression in frequency of CpG dinucle-
otides and a corresponding excess of TpG and CpA dinucle-
otides, as is expected for an IE gene of a betaherpesvirus or
for any region of the genome of a gammaherpesvirus (23).
The 5' flanking sequences of this BHV-4 IE gene do not
contain multiple repeat motifs characteristic of the major IE
promoter region of human (7, 54), murine (12), and simian
cytomegaloviruses (26). However, a 29-nt inverted repeat
with seven mismatches is found between 716 and 648 nt 5' to
the beginning of transcription, and several interrupted pal-
indromes extending 22 to 34 nt are present between 809 and
607 nt 5' to the start of transcription (Fig. 10). The signifi-
cance of these sequences for transcription of this IE gene is
not yet known.
The nucleotide sequence of the portion encoding the major
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-1092 aa gctttgagcat gacataaat gagattaatg gagaacataa acaggttaaa taaggcacca taagaacagt tgtaaaggct ggctcaggag

-1000 ctgacaccag cactgatctg accaaattct ccccttttat accctttttg gcccgtcccc ccatctgatt atttacataa aacatatcat aattctaaaa

-900 taccatttat acatcatatt gataaaaaaa acactgtttt gcccaattat catcaataaa ccataattcc tttttctccc tctagatact cttaactgta

-800 tattcggtac

-700 actgccttga

>>> >> > >>> >>>> >>>>> >> .. ........».
cgatgactca gctaaataac aagaataaaa actaataata tatactatat atagggccag gacaaccaaa tccaaacacc tgattggcta

*~~~~~~~~»»»>>>> >>> »>> > > »> >

ccaatcactg tcCgtcctca tggcagtcag ccaatcatgg attgatgggt ggttaacggc ctatcaggag ctcccccttg gctgtcagat
. .. ... .. .... . .. <<<<<< << < <<< <<<< <<<<

tccatcacca

caatgatgtt

tctagaaatt

tttttttttc

tgcgtcactg

tggagacaat ttccataaac tgtagtttgg gagacatccc aaacaatttc

tcatgatttg tgttgtacaa acatggttta tagaataact ggtaactttt

tgtcactgtt ttacacactg gaactgctta tgttttaccc attgcctttt

aggggatcac tctaccccag ctaggcaagg gccttattta aactcctgac

cggtttagca agtggtaaga tatttaagta acattaagct ggagctggac

-100 ggaatgatga cctgttgttg caacccctct ctgacgtttg tttggtaaca caccccccaa

ttcattccaa acacatcatc tttttttgtg gttatgaacc

ggggggttgg gaggttgagg gaagaatgtt ggtttatctt

gatggtggtt tggggggatg tcatagctct ctctagaaac

atgggtgata ggctctgtgt gcatgtccta gaaaccgcat

tttttggaga gattccaggt tgtgtgagtg tcatatcctt

actgcggcct tc gcacagaata accatcccgg
OTATAO

M A S K D S
1 GCAAAGAACA TTTTCAGGAG GCCTGGCTCT TGCTAGACTG CTACAGAAAA TGGCCAGTAA AGACTgtaag tatcttattc tcaatacttg agcatttagg

5S Ss

101 atgcccattt tatatttttc tcggggaaat gctggttgta
D V R C V K C S L K P

acctatgctt tcttgaacat tlagCTGATG TGCGGTGTGT GAAATGTCAA TCTTTGAAAC
3'SS

T T P L T G Q D R C A R C V A I N E L K P W I S T C N I N P C Y D
201 CAACAACCCC ACTGACGGGT CAGGATAGGT GCGCGAGATG TGTTGCCATC AATGAGTTGA AGCCTTGGAT AAGCACGTGT AACATTAATC CGTGTTATGA

G D L S E
301 TGGTGATCTA TCAGAGIaag2taaaggcaaa

5SSS

S N E T I E M M D
401 agATCCAATG AAACCATTGA GATGATGGAT

S K Q P K H T S K N
501 ACTCCAAACA ACCCAAACAT ACCTCCAAGA

601 cacactttat ttaattttga aacaaaaata

S I D E E G K Q C W

701 TCTATAGATG AAGAGGGGAA GCAGTGTTGG

E E C L K T W I S M

801 ATGAAGAATG TTTAAAGACA TGGATTAGCA

G L P G Y W D R D D
901 GGGGTTACCT GGTTATTGGG ATAGAGATGA

Y L L V V L C G K Y
1001 TATCTTTTGG TTGTTCTGTG TGGCAAATAT

L F M Y F Q I G N L
1101 CTTTATTCAT GTATTTCCAA ATTGGTAATT

ctctgtatct tcaggagtgg tgcccaatat gccatCtttg gctgcgaata ctcagtgggg cttttttccac
3'SS

I N S C R E D T P S D A E S E T R F M P F V A H
ATAAACTCTT GCCGAGAGGA TACCCCGAGT GACGCAGAGA GTGAAACAAG GTTCATGCCA TTTGTAGCCC

P T K G E I Q Y F P V E K C K D I H R
ACCCCACAAA AGGAGAGATC CAATATTTCC CAGTAGAGAA ATGCAAAGAC ATCCACAGgLAaaaactaaac

5'SS

V E N Q S
ctgcttgtta cctgagagtc ccatcctcac tgatgaatat ttgttttttc ctagAGTGGA AAACCAATCA

3'SS

I C R D G E S L P E A R Y C N C Y G D L Q Y C H

ATATGTAGAG ATGGTGAGAG TTTACCTGAA GCAAGGTACT GCAATTGTTA TGGGGACTTA CAATATTGTC

S G E K K C K F C Q T P Y K V N R Q L S L K R
TGTCTGGAGA GAAAAAGTGT_AATTCTGCC AGACACCCTA CAAAGTGAAT AGGCAACTGT CTTTGAAGCG

5SSS(L)

R F V F I A G F I G M G T I L A G W I A S F F
CCGATTTGTC TTCATTGCTG GTTTTATAGG TATGGGGACA ATATTGGCTG GGTGGATTGC TAGTTTTTTT

F T Y K D V M I V V G G L A I I Q V V G L M F S
TTCACATATA AGGATGTCAT GATTGTGGTG GGTGGGTTGG CTATTATACA AGTTGTGGGA CTGATGTTCT

L R Q Y I N Y M T E T N I D P L R T *
TACTGCGCCA GTACATTAAT TATATGACAG AAACTAACAT AGACCCACTC AGGACATGAT TTTTCATGTT

f 1 y r s k t d l e e s q m y a e c w i c k g s e 11
1201 AAGAACCTGG AGTGATTTCT TTACAGATCA TTAAAAACTG ACCTAGAAGA ATCACAAATG TATGCAGAGT GTTGGATCTG TAAAGGGTCC GAAGGTATTA

3'SS(L)

d v k y c h c i g d 1 q y v h s e c 1 v h w i r v s g t k q c k f
1301 TTGATGTTAA GTACTGTCAT TGTATAGGAG ATTTACAATA TGTGCACAGT GAGTGTCTGG TACATTGGAT TCGTGTATCT GGGACCAAAC AATGTAAGTT

nuclear localization
c q y t y I 1 k e k e r r r p r v p h y w t e a q t a t f y r w g

1401 TTGCCAGTAC ACTTACATTT TAAAGGAGAA GGAGAGACGC CGCCCCAGAG TACCCCACTA TTGGACTGAG GCACAGACAG CCACTTTTTA TAGATGGGGT

c g f I f I i f s w v v s f m t v s a c y s w s t a ll v v v
1501 TGTGGGTTTT TATTTATAAT TTTTAGTTGG GTCGTGTCTT TTATGTTGAC TGTCCTTAGT GCATGTTATA GTTGGAGCAC TGCTTTAATT GTTCTTGTTG

s v v c i y p 1 f g v y f v v m v 1 c i a n li t e f d s y n s
1601 TTTCAGTGGT TTGCATTTAT CCCATATTAT TTGGGGTATA TTTTGTGGTC ATGGTTCTTT GTATTGCCAA TCTGTTGACT GAATTTGATA GTTATAATTC

y e m s p c v s d e c 5 1 k i d A

1701 TTATGAGATG AGTCCATGTG TTTCAGATGA ATGCCTTTCC ATAAAGATTG ACTAGTCCIC TCAGACCCTG TCAAATGCTT TTTATTATC ACACTATCCA

1801 TGTACTTT T TTATAACCG _AACfaTACTT TGACTTTATA TGTTGTCAAT TGTTATGGTA CCAGACC CTGTCAAATG GTTTTTAATT ATCACACTAT

1901 CCATGCACTT TATAACCTGA CAT&CACTTT GACTTTATAT GTTGTCAATT GTTATGGGCA CATGAAdAA&TACAACCAA_.A.MTATTTA TTATTTCAAA

PA PA

2001 GAgttttatt gttctgtctc attttctaag gggtatccat gggggagggg gtgttttctg attttaagtt aaggtgacac ctggaataaa ttatattttc

2101 cccgagtgtg gcaacattca tggaatcc:tc ccaggttata gttagatct

-600
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initn= 88 initl= 52 opt= 109 21.3% identity in 141 aa overlap

Exon 21 Exon 3
10 20 30 40 50 60

BHV4 IE-1 CVKCQSLKPTTPL¶GQDRCARCVAINELKPWITNINPCYDGDLSESNIEMINSC
1: :1: : ::I ::::I: :: I1:

HSVIEIIO MEPRPGASTRRPEGRPQREPAPDVWVFPCDRDLPDSSDSEAETEVGGRGDADHH
10 20 30 40 50
Exon 1 Exon 2

Exon 3 Exon 4
70 80 90 100 110 120

BHV4 IE- 1 REDTPSDAES- ETRFMPFVAHSKQPKHTSKNPTKGEIQYFPVEKCKDIHRVENQSSIDEE
:1::1:1:1 :1 :: ::: :: : :: I :: I: :I :1

HSVIE1 10 DDDSASEADSTDTELFETGLLGPQGVDGGAVSGGSPPREEDPGSCGGAPPREDGGS- -DE
60 70 80 90 100 110

130 140 10 160 170 180
BHV4IE- 1 GKQCWICRDGESLPEARYCNCYGDLQ- YCHEECLKTWISMSGEKKCKFCQTPYKVNRQLS

1: I 1I ' I1 I I:11 1: :: :: I'I
HSVIE110 GDVCAVCTD-EIAPHLR-CDTFPCMHRFC-IPCMK1WMQLR- -NTCPLCNAKLVYLIVGV

120 130 140 150 160

FIG. 11. Homology of BHV-4 IE protein predicted amino acid
sequence with that of HSV-1 IE110: GenPept (release 64.0) and
SWISS-PROT (release 14.0) protein sequence data bases were
searched for proteins with similarity to the predicted amino acid
sequence of proteins encoded by the BHV-4 major IE RNA using
the Pearson and Lipman FASTA program (41) with a "ktup" value
of 1. The resulting alignment yielding the highest opt score is shown.
Only the regions of each protein exhibiting similarity are shown. |,
exact match; :, match with a conservatively replaced amino acid.
Conserved cysteine residues are emphasized by large, bold type.
Dashes indicate gaps introduced to maximize homology. Exon
junctions of the RNA are noted above the BHV-4 IE-1 sequence and
below the HSV-1 IE110 sequence.

IE RNA includes a short (50-nt) 5' untranslated sequence, an
open reading frame with the potential to encode a 285-amino-
acid polypeptide, and a long (816-nt) 3' untranslated region.
The 3' untranslated region contains a second open reading
frame; this is unlikely to be translated from the IE RNA
because its putative initiation codon is 1,258 nt from the 5'
end of the mRNA. However, Si nuclease analysis shows
that the region containing this open reading frame is repre-
sented in late transcripts. Therefore, this open reading frame
may encode all or part of a late protein. The amino acid
sequence predicted by the second open reading frame exhib-
its no significant similarity to any amino acid sequence in the
GenPept or SWISS-PROT data bases. Immediately follow-
ing the termination codon of the second open reading frame
is a 97-bp tandem repeat with only five mismatches. The first

copy contains a 5-bp insertion relative to the second copy
(Fig. 10). The significance of this long repeated sequence
near the 3' end of the RNA is unknown.

Protein encoded by the major IE RNA. The nucleotide
sequence of the DNA encoding the major IE RNA predicts
that it encodes a protein of 33 kDa. IE proteins have not yet
been identified in BHV-4-infected cells (13). To aid in
identification of this IE protein in infected cells, we plan to
produce antibodies to this putative IE protein expressed
from cDNA in bacteria. Antibodies to this protein will also
be useful in determining the location of the protein in
infected cells. The predicted amino acid sequence of IE-1
does not contain a clear nuclear localization signal of several
basic amino acids flanked by helix-breaking amino acids (29)
as several other herpesvirus IE proteins do (36).
The amino-terminal region of BHV-4 IE-1 shows amino

acid sequence similarity to the IE protein IE110 of HSV-1.
Although the similarity is not especially striking, the region
of similarity includes a cysteine-rich region which includes
CXXC pairs which could be involved in metal binding to
form finger structures which are found in some DNA-binding
proteins (4, 28). These cysteine residues are also conserved
in the HSV-1 IE110 homolog in varicella-zoster virus (42a),
further suggesting functional importance. HSV-1 IE110 is a
DNA-binding protein (21), but it is not known whether its
DNA binding is mediated by this region of the protein.
Although similarity searches showed that the amino acid
sequence of BHV-4 IE-1 is more similar to that of HSV-1
IE110 than to any other protein for which the amino acid
sequence is known, these two proteins are not likely to be
evolutionary homologs because the intron-exon junctions
fall at different positions within the similar amino acid
sequence. Also, splicing of HSV-1 IE110 mRNA occurs
between codons, while splicing of BHV-4 IE-1 mRNA
occurs within codons. In addition, HSV-1 IE110 contains
nearly three times the number of amino acids as the putative
BHV-4 IE-1 polypeptide. Nevertheless, the two proteins
could be functionally homologous. IE110 is a nonspecific
transactivator, activating transcription from nearly every
promoter tested, including other viral and cellular promoters
as well as HSV-1 promoters (39, 49). In addition, IE110 acts
synergistically with another HSV-1 IE protein, IE175, to
activate transcription from HSV-1 E and L promoters (16,
17, 45, 49). Mutational analyses have shown that the region

FIG. 10. Nucleotide sequence of the gene encoding BHV-4 major IE RNA and flanking sequences. Numbers of nucleotides is relative to
the approximate start of transcription. Exons, as determined by experiments shown in Fig. 3 through 7, are in uppercase letters; intervening
sequences and 3' and 5' flanking sequences are in lowercase letters. The precise locations of the 5' and 3' ends of the RNA are not known.
Sequences at the intron-exon junctions conforming to the 5' splice site consensus sequence (AG/GTAAGT; 40) and 3' splice site consensus
sequence (Py.NPyAG; 40) are underlined and marked 5'SS and 3'SS. Splice site consensus sequences which might be used in late transcripts,
based on preliminary Si nuclease analyses, but not used in IE RNA, are marked (L). 5' to the 3' ends of the RNA, sequences conforming
to the consensus polyadenylation signal (AAUAAA; 44) are underlined and marked PA. In the 3' untranslated region, a 97-nt tandem repeat
is underlined, the first copy with single underlining, and the second copy with double underlining. The first copy contains a 5-nt insertion
relative to the second copy at nt 1810 to 1814. 5' to the transcription start site, a sequence which might function as a TATA box (35) is
underlined and marked "TATA." In the 5' flanking sequences, an inverted repeat is marked with dots. Dots above the sequence mark the
first copy; dots below the sequence mark the inverted copy on the complementary strand. Several palindromic sequences are marked with
arrowheads. Arrowheads above the sequence mark nucleotides on the strand shown; arrowheads below the sequence mark nucleotides on
the complementary strand. Palindromes located at -647 to -626 and -634 to -607 are overlapping. The repeats and palindromes were
identified by Pustell matrix analysis with MacVector sequence analysis software (International Biotechnologies, Inc., New Haven, Conn.)
using the following settings: hash value = 6, window size = 30, minimum % score = 65. Above the nucleotide sequence, the predicted amino
acid sequence of exons is shown in single-letter code. Uppercase letters indicate the predicted amino acid sequence of the protein presumably
encoded by the major IE RNA. The translation of a second open reading frame (see Discussion) is shown in lowercase letters. A possible
nuclear localization signal in the second open reading frame is marked. Homology between amino acid sequences in the putative IE protein
encoded by nt 785 to 871 and the amino acid sequence encoded by nt 1330 to 1416 in the second open reading frame is denoted by italics. Only
identical amino acids are italicized. Similar amino acids are not marked.
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of IE110 containing the putative metal-binding fingers is
absolutely required for stimulation of transcription by IE110
alone and is necessary for full activation in the presence of
IE175 as well (18, 19). The region immediately amino termi-
nal to the putative metal-binding fingers, which is also
similar to the sequence of BHV-4 IE-1, appears nonessential
to IE110 function (18, 19). IE110 appears to be a functionally
complex protein, with different domains involved in activa-
tion of different promoters (9). No homology of other regions
of BHV-4 IE-1 with other regions of HSV-1 IE110 is
apparent. The function of BHV-4 IE-1 remains to be deter-
mined. On the basis of the functions of other herpesvirus IE
proteins, it is likely to function in transcriptional activation
of E and L genes.

Proteins encoded by late transcripts from the IE-1 region.
Multiple RNAs are transcribed from the BHV-4 IE-1 region
late in infection. These RNAs have not been characterized in
detail. However, limited Si nuclease analyses suggest that a
longer exon 1, exons 2 and 3 of IE RNA, the 5' portion of
exon 4 of IE RNA, and an additional fifth exon as shown in
Fig. 9C are abundant in late mRNAs. We do not know
whether these exons form a single late mRNA. Many late
RNAs are transcribed from this region. For this reason,
interpretation of two-dimensional Si nuclease analysis to
determine which exons are linked together would be difficult;
mapping and sequencing of cDNAs would be more informa-
tive and is currently under way. However, if the abundant late
exons comprise a single mRNA, the RNA would be approx-
imately 1.5 kb; an RNA of this size is present late in infection
(Fig. 8). In such an RNA, the additional sequences at the 5'
end of exon 1 compared with those of IE RNA would not
encode additional amino acids at the amino terminus; the
RNA would just have a longer 5' untranslated region. The
alternative transcriptional start site might be responsible for
the alternative splicing of late compared with that of IE
transcripts. On the basis of the location of splice site consen-
sus sequences predicted to be used by S1 nuclease analysis,
such an RNA would encode a truncated version of the IE
protein, containing only the first 172 amino acids and two
additional amino acids. However, the truncated protein
would contain the putative metal-binding finger domain. If
this is a DNA-binding domain, the same DNA-binding do-
main would be used in more than one protein.

In a late RNA with the structure just proposed (the five
major late exons linked together), the open reading frame
found in the 3' untranslated portion of the IE RNA would not
be translated. Our analyses do not show whether this open
reading frame is in a position in a late RNA with a different
structure in which it could be translated. However, a 29-
amino-acid portion of this second open reading frame exhib-
its amino acid homology to a portion of the putative IE
protein encoded by part of exon 4 (Fig. 10). This homology
is evident at both the nucleotide and amino acid sequence
levels, but similarity is stronger at the amino acid sequence
level, suggesting functional significance. Alternative splicing
could produce an RNA encoding a late protein with the same
amino acid terminus as the IE protein and a similar, but
different, carboxyl terminus. Such a protein might have a
similar, but different, function as the IE protein. The pre-
dicted amino acid sequence of this second open reading
frame, in contrast to the predicted IE amino acid sequence,
does contain a possible nuclear localization signal (29),
KGRRRPR, encoded by nt 1429 to 1449 (Fig. 10).

Classification ofBHV-4. BHV-4 was at one time classified as
a bovine cytomegalovirus on the basis of biological properties
(51). However, several recent findings at the DNA sequence

level call this classification into question. First, several seg-
ments of the genome not containing IE genes show a depres-
sion in CpG dinucleotide frequency and a corresponding
relative excess of TpG and CpA dinucleotides (8) character-
istic of the gammaherpesviruses (23). Second, this work
shows that the nucleotide sequence 5' to the DNA encoding
the major IE RNA does not contain the multiple repeat motifs
characteristic of human, simian, and murine cytomegalovi-
ruses (7, 12, 26, 54). In addition, the protein encoded by the
BHV-4 major IE RNA is much smaller (predicted molecular
weight 33,000) than the predicted molecular weight of pro-
teins encoded by the major IE RNAs of human and murine
cytomegaloviruses (55,000 and 67,000; 1, 30). Third, the
nucleotide sequence (55) of the other BHV-4 IE gene we have
identified, BHV-4 IE-2, predicts that it encodes a protein with
amino acid sequence homology to transactivating proteins of
two gammaherpesviruses, the Epstein-Barr virus BRLF1
transactivator (2, 10, 11) and an IE protein encoded by the
herpesvirus saimiri EcoRI D fragment (37). Together, these
findings suggest that BHV-4 might be most closely related to
the gammaherpesviruses rather than the cytomegaloviruses
(betaherpesviruses).
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