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The immediate-early gene ie2 of murine cytomegalovirus was characterized. The 1.75-kb ie2 transcript is
spliced from three exons, of 78, 124, and 1,283 nucleotides, which are separated by introns of 1,245 and 364
nucleotides. An ATG codon located in the third exon leads into an open reading frame of 391 codons.
Immediate-early expression of the predicted polypeptide was confirmed by immunoprecipitation of a 43-kDa
protein by using an antiserum raised against a bacterial fusion protein. The predicted IE2 amino acid sequence
has regions with similarity to amino acid sequences of members of the human cytomegalovirus US22 family.

Herpesvirus genes are expressed in three sequential
phases which are temporally controlled and regulated in a
cascade fashion. Immediate-early (IE) genes are the first
viral genes which are transcribed upon infection. They are
operationally defined as those genes which are transcribed
without the need for prior viral protein synthesis. Herpesvi-
ruses differ in their numbers of IE genes. In herpes simplex
virus, for example, five IE polypeptides are encoded, two of
which are essential for replication in cell culture (9, 31).
Herpes simplex virus IE proteins modulate early and late
gene transcription (6, 11, 26), play a role in establishment
and reactivation from latency (21), and may be required for
replication in certain cell types (24, 29).
For cytomegalovirus (CMV), the organization of IE genes

and the functions of their products during the viral replica-
tion cycle are under scrutiny. Some common features of IE
genes of CMV from different species have emerged. A
complex regulatory sequence containing binding sites for
various transcription factors is located upstream of the
abundantly expressed IE genes (1, 3, 10, 12, 39). This
enhancer sequence regulates the expression of two genes,
referred to as IE1 and IE2 in human CMV (HCMV) (34-38)
and simian CMV (20) and iel and ie3 in murine CMV
(MCMV) (15, 16). The most thorough analysis of this region
has been carried out with HCMV (13, 14, 22, 28, 35). The
two genes form a complex transcriptional unit from which
mRNAs derived from at least five exons arise by alternative
splicing. Whereas IE1 and iel gene products are translated
from mRNAs which originate from the first four exons, the
IE2 and ie3 products do not use information encoded within
exon 4 (14-16, 37).
A remarkable divergence from the organization of abun-

dantly expressed CMV IE genes is represented by the
MCMV ie2 gene, which has no obvious counterpart in
HCMV and simian CMV (4). This gene is located at the other
side of the enhancer sequence and is transcribed in the
direction opposite to that of iel and ie3 (16). No role in
transcriptional regulation could be assigned to the ie2 gene
product (17), nor is it essential for virus growth in tissues
(23). There is, however, evidence for its involvement in the
reactivation of latent MCMV in spleen cells (25). Here, we
describe the structural organization of the ie2 gene, the
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sequence of the expressed IE2 polypeptide product, and the
pattern of ie2 gene expression.

In MCMV, abundant IE transcription originates from a
region of approximately 11 kbp located between map units
0.769 and 0.818 (Fig. 1). Previous data indicated that tran-
scription of the ie2 gene begins close to map unit 0.802 and
ceases between map units 0.814 and 0.818 (16). The DNA
sequence between map units 0.802 and 0.818 was determined
in order to identify potential open reading frames. Figure 2
provides the nucleotide sequence of the ie2 gene, starting 18
nucleotides (nt) upstream of the TATA box and ending 38 nt
downstream of the potential polyadenylation signal. The
exon-intron structure of the ie2 gene was analyzed by
nuclease protection experiments. The experimental proce-
dures used for the structural mapping have been reported
previously (15). Briefly, in vitro-transcribed cRNAs or 5'-
end-labeled DNA fragments were hybridized to IE RNA
isolated from cells which were infected in the presence of
cycloheximide (CH). After digestion with either RNases A
and T, or nuclease S1, the nuclease-resistant fragments were
size fractionated on denaturing polyacrylamide gels. The
results of the nuclease protection experiments are summa-
rized in Fig. 3.

Following hybridization of a cRNA transcribed from map
units 0.818 (HindIII) to 0.797 (DraI) to IE RNA and subse-
quent digestion with RNases A and Tl, three protected
fragments of 78, 112, and about 1,280 nt were detected (Fig.
3, panel IIA, lane 1), indicating that the ie2 gene comprises
three exons and two introns. A cRNA transcribed from map
units 0.818 (HindIII) to 0.802 (HpaI) (panel IIA, lane 2)
protected fragments of 32, 112, and 1,280 nt which located
the start point of the ie2 mRNA close to the HpaI site and
identified the 78-nt fragment as the first exon. Sequence
analysis had revealed at map unit 0.802 two HpaI sites
separated by 78 nt. S1 analysis with the 5'-end-labeled 78-nt
HpaI fragment yielded a protected fragment of 46 nt (Fig. 3,
panel IIB, lane 1) and mapped the 5' cap site of the ie2
mRNA 46 nt upstream of the second HpaI site (nt 47 in Fig.
2). The position of the 3' end of the first exon was corrobo-
rated with cRNAs transcribed from map units 0.806 (PstI) to
0.797 (DraI) and 0.802 (HpaI). Fragments 78 and 32 nt in
length were protected (Fig. 3, panel IIA, lanes 3 and 4). A
consensus splice donor site, GTAAGG, was detected at
positions 125 to 130 of the nucleic acid sequence (Fig. 2).
A cRNA transcribed from map units 0.818 (HindIII) to
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FIG. 1. Physical map of the MCMV IE region. The HindlIl cleavage map of the MCMV genome is shown. The enlarged segment shows
the gene organization of the IE region between map units 0.769 and 0.818. The hatched bar represents the enhancer region. The splicing
patterns of the iel and ie2 genes and the orientation of transcription in the ie3 region are detailed.

0.813 (PstI) (Fig. 3, panel IIA, lane 5) protected a fragment
of 617 nt and placed the largest exon at the 3' end of the
transcription unit. The 3' end of the ie2 mRNA was located
617 nt downstream of the PstI site at position 3129. A
consensus polyadenylation signal, AATAAA, was found at
positions 3107 to 3112 (Fig. 2). The 5' end of the third exon
was located 164 nt upstream of an EcoRV site at map unit
0.811 by using a 5'-end-labeled 703-nt EcoRV-XhoI fragment
for Si analysis (Fig. 3, panel IIB, lane 3). A consensus splice
acceptor site was found at positions 1843 to 1859 (Fig. 2).
The second exon, which consisted of about 112 nt, had to

be located between nt 125 and 1859 of the sequence. Poten-
tial splice acceptor and donor sites were detected at posi-
tions 1352 to 1370 and 1495 to 1500, respectively. Si analysis
with a 5'-end-labeled 125-nt AvaI fragment revealed a frag-
ment of 79 nt and confirmed the predicted 5' end of the
second exon at position 1371 (Fig. 3, panel IIB, lane 2). The
location of splice sites predicted the second exon to be of 124
nt. However, the RNase-resistant fragments in Fig. 3, panel
IIA, lanes 1 and 2, migrated at a position corresponding to a
size of 112 nt. To clarify this discrepancy, a cDNA was
prepared and amplified by the polymerase chain reaction.
The sequence corresponding to positions 1967 to 1948,
located on the noncoding strand in the third exon, and the
sequence corresponding to positions 70 to 90, located in
exon 1, served as 3' primer (primer 1) and 5' primer,
respectively. Primer 1 was hybridized to ie2 mRNA and
elongated with reverse transcriptase. The resulting cDNA
was amplified by the polymerase chain reaction in 35 cycles,
by established procedures (32). A DNA product of about 300
nt was identified by agarose gel electrophoresis. This DNA
fragment was isolated from the gel and directly sequenced by
the chain termination method with primer 1 and polymerase
T7. This analysis confirmed the location of the expected
splice donor and acceptor sites (data not shown). The
protected 124-nt cRNA fragment may have migrated with a
higher mobility because of its propensity to form a stem
loop.

In order to analyze the expression kinetics of the ie2
mRNA, whole-cell RNA was isolated at various times post-
infection (p.i.) and Northern (RNA) blot hybridization was
performed by methods detailed previously (16) (Fig. 4). The
1.75-kb size of the polyadenylated ie2 mRNA is in good
agreement with the structural analysis of the gene that
should give rise to an RNA of about 1.5 kb prior to
polyadenylation. The ie2 mRNA became detectable 1 h after
infection. In contrast to the iel/ie3 transcription unit, which
is heterogeneous with regard to size and abundance of

individual transcripts, only one major mRNA originates
from transcription unit ie2 and there is no evidence for
differentially spliced products. Expression of ie2 mRNA was
maximal at 2 h after infection (Fig. 4, lane 3) and declined
rapidly thereafter. Between 6 and 12 h after infection, only
small amounts of ie2 mRNA were detectable (Fig. 4, lanes 5
and 6). At later times in the replication cycle (16 and 20 h
p.i.), reexpression of ie2 was seen (Fig. 4, lane 7). Reexpres-
sion required DNA replication, as it did not occur in the
presence of the inhibitor phosphonoacetic acid (Fig. 4, lane
8). At IE times, the transcription of ie2 mRNA was enhanced
by the addition of CH (Fig. 4, lane 2). These expression
kinetics are comparable to those of iel mRNA, which is
detectable 1 h p.i. and which has its maximum of expression
at between 2 and 3 h p.i. (16). Also, iel mRNA is reex-
pressed at late times in a phosphonoacetic acid-sensitive
fashion (23, 30).
The open reading frame starting from the first ATG codon

downstream of the 5' cap site stops after only 13 codons. The
second ATG, which is located at position 1862 in the third
exon, leads into an open reading frame of 391 codons.
Translation of the ie2 mRNA probably begins in exon 3
because this start codon fits the consensus sequence for
initiation codons (A/G)NNATGG (19) better than the ATG
in exon 2. The TGA stop codon of the reading frame in exon
3 is followed by the polyadenylation signal 69 nt down-
stream. The predicted protein of 391 amino acids has a
calculated molecular mass of 43.8 kDa.
No IE2 protein of expected size could be identified fol-

lowing immunoprecipitation of infected cell lysates with
murine antisera after MCMV infection (16). In order to
confirm the expression of the predicted IE2 protein, a
specific antiserum was produced. A 638-bp PvulI-BamHI
DNA fragment (map units 0.810 to 0.814), representing 54%
of the ie2 open reading frame, was cloned into the expression
vector pATH10 (8). A 63-kDa trpE-IE2 fusion protein was
isolated from Escherichia coli C600 (33) and used to immu-
nize BALB/c mice. Murine embryonic fibroblasts (MEF)
were labeled with [35S]methionine at various times following
infection with MCMV, and proteins were immunoprecipi-
tated from cell lysates by using the antiserum to the fusion
protein. A polypeptide with an apparent molecular mass of
43 kDa, which is in good agreement with the calculated
molecular mass of the deduced amino acid sequence, was
detected (Fig. 5). A second band of minor abundance which
might represent a modification product of the 43-kDa IE2
protein was detected at 41 kDa. The IE2 proteins were
produced predominantly between 0.5 and 3 h after infection
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aacgggcgga gttaaccaTA TMttgctgt ccccatgcc attcgafccc aeatca2tac fteacctcQtc tcfatacac
cctacctact ttaacafc Qtftaactea eccccccall cceigtaagg ttgcattggg ctcggctatg ggacggggat
ttggcccggt actttaatat gggtggggtc ttatgggtag ggggcttatt aatataacgc cccctaccca tacatattgc
gtcacgtaat tagaagcccc ctaccacgcc attggcgccc gcccatagcg gtactttcgg ttctatacaa gatggctacc
gcggttttcg atcgctcccg ggggtctcat ttctatagct ggaaagcatc cgacccccat gatctgtgcc ttagacccca

gggtacgtgc ctggataggt gggcgacccc tagcggctgc ttgtattttt atatcagaga tcgaaaatca cagccgcccg
taacagctgt cagggctata caagatggcg accgctactt tcgatcgctt tttcttccct cgatcctgct tccgaaacgc
aacccacccc cggggtatgt gccttagacc ctatagatgc cccccaggac gcaggaaaaa ttttagctcc cctctataat
tttattcgag cgatcgaaat ccgcggaccg cccgggtttt tactttcgtt ttctcggtcg ccgctcggct cggattccga
gcagaaaaag ggctagaaag ctgcgctcac ctgccgaaac gcgttgttcg gatcatcccg ggagggccag cgtagtctcc

gttgctgggt tcggccgagg gatcgagtcg agcgggcggc gggacgccgg gaacgagaga ggatcgggag cgggcgcccg
ggtggctcgg gagcggccgg gagacggtct gcagagctcc agagctgcgt gtcctgacac tgaacagttg ggaaaaatac
tggatcttat aatgacccag gggaaggggt ccgagatcct cccagtgtcc gagactgcca agagacactc ctgttgaaaa
gcagctctaa aacgttttcc tgctcatctc tgccagaccc ccgcccactg acagagctca attgatagca gatgtcctct
ttggaaggac acacgcttcc acaaacaccg ttcctcactg aggtgcattg tctgggaggg aaggtcacct tcttgttcat
tgtggacggt gtgcggccca ggcctcggac gaccctggcc cgggcttcct tcttcctgat ccaggtagat tgacgtgcgg
acatcgcgaa cgaccgcagt cttcctgatc tttgaatgac tcgagtacat gagcgcacct ttcgagactg atctctcttg
ttctccatag &tcaactac& cccctactcc aaactcfcta cteaaatacc tttattcttc aaactaacac caetafaeQa
cttcctcaaa gaaat aaaa caccaitaca aatactacta acctattatt actagtgagt acagtggctg gctgacgtgt
ccctgcggat cttatacaat agtccttgtg tcctgacaga atagcattgt gggagatttg caaggtgacc taggctgcac
aggtgagata aagctcagag cagagcgtcc gagcacggag caggtaagac ggcggtgttc tctgcacgga tgctggtgac
cggtcatttc ttggtgaagg gactcttgct ctcgcccgcc cgcccggtcg ttcgctcgct cgctcgatcc attcttcttt
ctgattgcag cacggaggtc ggggtagcag ctgtagtgag agtctctcgg gtccgggggc gtgagggacg cgactgctca
cggttctgtt tgtctgtaga tATGGAGCGT GTTCGGGGAG CTTCCTCCTC AGACTCGGTG GCGACCCTCC ACGGCGATCA

M E R V R G A S S S D S V A T L H G D H
CAACTACCAC TGCATGGCGA CCTTCAAGCT GGATTGCACT TCGGCTCGGA CCCGGGGGGT TGTAAGTATC CTGGAGCACA
N Y H C M A T E K L D C T S A R T R G V V S I L E H R
GGGACCCCGC GACCGTGGAC GATATCTTTA TGCAGCGGGT CTGTCACGAC ATCAACGACG TGCTGCGGCC GGTCGMTGT

D P A T V D D I F M Q R V C H D I N D V L R P V E C
CTCACGAGCT TCCCCGAATA CAGAAGAACC CTGAGGGTGG CCGTGGAGGC CGCCACCGAA CTCCACGGCG TCTCCGCTCT
L T S F P E Y R R T L R V A V E A A T E L H G V S A L
GTCCGGCCAG CTGACCMGT TCTTGGAGGA CCACGATGGA GCGATGCTGC CCCTGGCCTG GCCCCCGAAC AGGTACCTTC
S G Q L T K E L E D H D G A M L P L A W P P N R Y L R

GCCTGACGTC GGGCAGAAAG CTGGGTTATC TCGACGTGGC GGAGAAGCTG CGCAAGGAAT ACCCCATGTG CAACGGTCCC
L T S G R K L G Y L D V A E K L R K E Y P M C N G P

CTCGAGGTTC TCGGCGTGAT CCTCGGACCC GGACAGTCCC TCTACAGCGA CCAGCACCCC GTCCTCTTGA TGGGCCTCAC
L E V L G Y I L G P G Q S L Y S D Q H P V L L M G L T
CGGGACCATC TTCCTCCACG CCAGAGGCAG GCCCGTCTGG AGTCCCGACT ACGATCCGGA GCGGGACGCC GATCGACTCT
G T I E L H A R G R P V W S P D Y D P E R D A D R L E
TCCTGGCCGC CGAGTCCCTG CAGTCCTTCG GTAGGGMGG ACTCTGCAGG TGCGACAACG TCTACACCGA GGACGGCGGC

L A A E S L Q S E G R E G L C R C D N V Y T E D G G
GCTCCGTACG CTACTCCCGA GGACCCCGTG CTCAAGAACA TCGTGTTCAC GCCCCATCTC GGCGGGAAGG CGCTCCACCA
A P Y A T P E D P V L K N I V E T P H L G G K A L H Q
GCAGATCTGT AAGATCAAGG GACACACCTG GTACCTGAAC GGTTGCCCCG GCATGCTGAA GGACAGGGTG TTCGTCGCCA
Q I C K I K G H T W Y L N G C P G H L K D R V E V A T
CGCCGGACAT CCCCCCCTTC GTCCGCCACG TGAACCTGGA ACTCTTTGGA CATAGGTTTC TACCCATCGG TAGGGTGACC

P D I P PE V R H V N L E L E G H R E L P I G R V T
CGTTCCCCCG AGGATCCCGA GTGTGAGATG TTTATCATGG TGGACGCCGG GGGGGCCATC TACGGGCACA TGTTAGATAG
R S P E D P E C E M F I M V D A G G A I Y G H M L D S
CGGGAAGGTG AGGAGGCTAG CTGATMCTT TGACCAGTTC ATGCGGATGG GCACCCGGAG GGTTATTTCA ATTTCCAGGT
G K V R R L A D N E D QE H R M G T R R V I S I S R W
GGTTAAGGGA GGTAGTCTCA ACACCGAGTA CGAGGAGACC TCGTTTGGGA CCAAGGACCA CGGGTTCTTT CTCTtaacca

L R E V V S T P S T R R P R L G P R T T G S E S
fiaacetfat aacc tcagg aafaaaattc atftaeaaaa caceaaftat atcateattt ttaatcaata aataaafafa

J. VIROL.
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FIG. 2. Nucleotide sequence of the ie2 gene. The nucleotide sequence is shown from 18 nt upstream of the TATA box to 38 nt downstream
of the polyadenylation signal. Exons are underlined, and the coding sequence, the TATA box, and the polyadenylation signal are in capital
letters. The deduced amino acid sequence of the IE2 protein (one-letter code) is indicated below the open reading frame.

(Fig. 5, lane 3). During the early phase of infection (4 to 8 h
p.i.), only traces of the proteins were detectable (data not
shown). Restriction of expression to IE gene products was
achieved by infection in the presence of CH, followed 3 h
later by incubation with dactinomycin for a further 3 h. This
resulted in an enhanced amount of IE2 proteins (Fig. 5, lane
2). Reexpression of the IE2 proteins at late times was not
detected by using the antiserum. It is probably the low
affinity and the low titer of the antiserum which prevented
the detection. Precipitation following cell fractionation sug-
gested that the IE2 protein is located in both the cytoplasm
and the nucleus (data not shown).
The analysis of the amino acid sequence revealed no

obvious indication for the function of the protein. It has no
acidic or basic domains, no glycosylation sites, and no

signals for a secretory pathway or for nuclear transport. The
high overall content of hydrophobic amino acids is remark-
able (39%).
Comparison of the IE2 amino acid sequence and the

NBRF protein data base (release 23, December 1989) with
the sequence analysis program FastA (7, 27) revealed a low
similarity to the HCMV US22 family protein HCMVUS24
(FastA score, 90). The 95 carboxy-terminal amino acids of
the IE2 protein show 24.2% identity to amino acids 235 to
330 of HCMVUS24. A detailed comparison with the HCMV
family 4 proteins (40), which form part of the US22 family
(4), detected a low similarity of the IE2 protein to other
members of this family as well. For example, 20.4% of the
amino acids at the amino terminus are shared between the
IE2 protein and HCMVUS26. However, the degree of
homology between members of family 4 is much higher. One
member of the US22 family represents a putative IE mem-
brane glycoprotein, and three sequence motifs are shared
between this putative IE glycoprotein and the proteins of
family 4 (18). Whereas motifs 2 and 3 show 30% identity to
amino acids 198 to 230 and 325 to 355 of the IE2 protein, no
counterpart to motif 1 was found in the IE2 protein, which
makes a firm association of ie2 with members of this gene
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FIG. 3. Structural analysis of transcription unit ie2. Nuclease
protection experiments were performed to analyze the exon-intron
structure of the gene. (I) Design of the experiments; (II) experimen-
tal data. (I) The positions of some restriction enzyme sites are
indicated. Abbreviations: A, AvaI; B, BamHI; D, DraI; E, EcoRV;
H, HindlIl; Hp, HpaI; P, PstI; S, SmaI; X, XhoI. (A and B)
Experimental protocol. Evenly labeled cRNAs (. ) and 5'-end-
labeled DNA fragments (-_) were hybridized to IE RNA and then
were digested with RNases A and T1 and nuclease S1, respectively.
Solid bars and numbers indicate the locations and lengths, respec-
tively, of the protected fragments. (C) Summary of the results. (II)
Autoradiographs of protected fragments, which were separated by
electrophoresis in denaturing polyacrylamide gels. To present all
relevant information in one figure, the autoradiographs were
cropped and refitted as indicated. (l) Size markers were obtained
from commercial suppliers or prepared by cleaving pBR322 with
HpaII and labeling the fragments at the 5' ends. (A) Protected
fragments from the cRNAs after digestion with RNases A and T1. *,
Migration of protected fragments according to a length of 112 nt. (B)
In each pair of lanes, the left lane shows the 5'-end-labeled frag-
ments prior to digestion with nuclease S1 and the right lane reveals
the nuclease-resistant fragments.

family questionable. The low degree of similarity between
ie2 and HCMV genes is not unexpected. The homology
between IEl of HCMV and iel of MCMV is apparent from
the number and the size of exons and introns, the organiza-
tion of coding and noncoding exons, the regulation of

kb
FIG. 4. Expression kinetics of the ie2 mRNA. Northern blot

analysis with an ie2-specific probe was performed to determine the
kinetics of the synthesis of the ie2 mRNA. MEF were mock infected
(lane 1) or were infected in the presence of CH (lane 2) or
phosphonoacetic acid (lane 8) or without inhibitors (lanes 3 through
7). Whole-cell RNA was isolated at 2 (lanes 2 and 3), 3 (lane 4), 8
(lane 5), 12 (lane 6), and 24 (lanes 7 and 8) h p.i. Exposure time of
lane 2 was three times shorter than for the other lanes.

transcription, and the functional homology but not, how-
ever, from the nucleic acid and amino acid sequences. On
the other hand, this does not mean that there is no sufficient
relationship in general between amino acid sequences of
HCMV and MCMV gene products to identify homologs. The
gB gene of MCMV could be clearly identified by its similar-
ity to its HCMV counterpart (5, 14a), and an HCMV
homolog to the MCMV el gene has also been identified (2).
On the basis of our preliminary sequence information,

1 2 3

43-
41 5

kDa

FIG. 5. Synthesis of the IE2 protein. Lysates of infected cells
labeled with [35S]methionine were immunoprecipitated with the
antiserum directed against the fusion protein and analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Lanes:
1, mock-infected MEF labeled with [35S]methionine for 3 h; 2,
MCMV-infected MEF incubated from 0 to 3 h p.i. with CH and from
3 to 6 h p.i. with dactinomycin and labeled with [35S]methionine
during the dactinomycin block; 3, MCMV-infected MEF incubated
with [35S]methionine from 0.5 to 3 h p.i.
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MCMV recombinants in which foreign sequences replace
the HpaI fragment at map unit 0.802 have been constructed.
This type of insertion destroys the ie2 promoter and subjects
the inserted promoter to the control of the enhancer se-

quence. Accordingly, the introduced gene was found to be
regulated as an IE gene (23). The detailed information on the
ie2 gene structure now allows the insertion of indicator genes
under variable promoter control for studies on cell tropism
and latency regulation.
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