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In murine cytomegalovirus, abundant immediate-early transcription originates from 0.769 to 0.815 map
units of the genome. This region contains the immediate-early gene (gene iel) which encodes pp89, a
phosphoprotein active in transcriptional regulation. In this paper we report on the precise location, structural
organization, and sequence of gene iel. The predominant iel transcript, a 2.75-kilobase mRNA, is generated
by splicing and composed of four exons. The precise termini of the 2.75-kilobase mRNA and the positions of
the exons were determined by nuclease digestion experiments with either 5’ or 3’ end-labeled DNA fragments
or in vitro transcribed cRNA probes. Exons of 300, 111, 191, and 1,703 nucleotides are separated by introns
of 825, 95, and 122 nucleotides. The first AUG is located in the second exon of 111 nucleotides, and a single open
reading frame of 1,785 nucleotides predicts a protein of 595 amino acids with a calculated molecular weight of
66,713. The N-terminal region of the protein contains sequences similar to a consensus sequence of histone 2B
proteins. The regulatory function of pp89 and the role of this protein as an immunodominant antigen are

discussed in relation to the amino acid sequence.

As with other herpesviruses, expression of murine cyto-
megalovirus (MCMYV) genes in infected cells is temporally
controlled and regulated in a cascade fashion (7). In the
absence of protein synthesis, predominant transcription oc-
curs from three immediate-early (IE) transcription units
designated iel, ie2, and ie3 (10). IE proteins are the first
proteins synthesized after infection or reactivation from
latency. At least one herpesviral IE protein is required for
synthesis of early and late mRNAs. The dominant IE protein
of MCMYV could be identified as a phosphoprotein (12) with
an apparent molecular weight of 89,000 (pp89). Expression
of pp89 encoded by gene iel contained in transcription unit 1
is under control of a complex enhancer sequence (2). Func-
tional analysis revealed that, after transient expression or
stable transfer of iel into fibroblasts, pp89 activates heterol-
ogous promoters (14). Transactivation as a function of
herpesviral IE proteins has also been demonstrated for
ICP4, the major IE protein of herpes simplex virus type 1,
and the major IE proteins of human cytomegalovirus
(HCMYV), pseudorabies virus, and varicella-zoster virus (4).
Analysis of the different regulatory genes and comparison of
the different proteins should help us to understand the
mechanism by which this activation is achieved.

Other studies focused on the property of MCMYV proteins
as target structures for the protective immune response of
the host (30, 31, 33). Viral antigens of the IE phase were
detected which are recognized by cytolytic T lymphocytes
(CTL) (31). Cells with specificity for MCMV IE antigens
constitute the major proportion of MCMV-specific CTL (31).
In subsequent studies we could demonstrate that (i) IE
antigen presentation for CTL throughout the replication
cycle correlates with the synthesis of pp89 (29) and (ii) cells
that express pp89 after IE gene transfection are lysed by
cloned MCMYV IE antigen-specific CTL (15, 28).

A viral protein active in gene regulation should contain
signals for nuclear transport, whereas viral antigen recogni-
tion by CTL requires the presence of the antigen at the
plasma membrane. It was of interest to learn whether
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analysis of the sequence of the gene would explain how these
two requirements are fulfilled. In this paper we present the
physical organization, as well as the deduced amino acid
sequence and secondary structure, of pp89 and the complete
nucleotide sequence of iel. The relation of the iel gene to
other known herpesviral IE genes and membrane expression
of the protein are discussed.

MATERIALS AND METHODS

Virus and cell culture. MCMV (Mouse salivary gland
virus, strain Smith, ATCC VR-194) was propagated on
BALB/c mouse embryo fibroblasts as previously described
3).

Isolation of IE RNA. Mouse embryo fibroblasts were
infected with MCMYV at a multiplicity of 20 to 40 PFU per
cell in the presence of cycloheximide (50 pg/ml) (11). Prep-
aration of whole-cell RNA and selection of poly(A)* RNA
by oligo(dT)-cellulose chromatography were carried out as
described previously (11).

Cloning of DNA. Recombinant plasmids were prepared by
published procedures (20). BAL 31 treatment and generation
of blunt ends with the Klenow polymerase were as previ-
ously described (20).

Analysis of RNA. IE RNA (5 ug) was either (i) hybridized
to 0.03 to 0.1 pmol of end-labeled MCMV DNA fragments
and then digested with S1 nuclease (2) or (ii) hybridized to
2 X 10° cpm of uniformly labeled cRNA, transcribed by the
SP6 RNA polymerase, and then digested with RNase A and
RNase T1 as previously described (23). Nuclease-resistant
fragments were size fractionated on denaturing sequencing
gels.

Labeling, strand separation, and sequence analysis of DNA.
End labeling of cloned DNA fragments and preparation of
uniquely labeled fragments by strand separation or second-
ary restriction enzyme cleavage were performed as previ-
ously described (20). DNA sequence analysis was done by
the method of Maxam and Gilbert (21), except that the A+G
modification reaction was 3 min at 22°C in 70% formic acid.
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FIG. 1. HindIII cleavage map of the MCMYV genome and sequencing strategy for iel. The region between map units 0.780 and 0.797 is
expanded. Restriction enzyme cleaveage sites used for DNA sequencing are shown. DNA fragments labeled at the 5' or 3’ end were
sequenced as indicated by the arrows. Arrows connected by open squares represent fragments analyzed with both 5’ and 3’ labeled ends.
Open circles indicate fragments analyzed after 3’ labeling, and closed circles indicate fragments analyzed after 5’ labeling. Abbreviations: A,
Asp718; Ac, Accl; Ap, Apal; Bg, Bigll; D, Dral; E, EcoRI; Ec, EcoRV; H, Hindlll; N, Ncol; P, Pstl; X, Xbal; Xh, Xhol. The EcoRI and
HindllI sites marked with asterisks were introduced by insertion of synthetic linkers after BAL 31 digestion from the Xbal site (E*) at map

unit 0.780 or the Ncol site (H*) at map unit 0.783.

RESULTS

Nucleotide sequence of MCMYV iel. The 5’ cap site of the
2.75-kb mRNA was located at a position 280 nucleotides (n)
upstream of the Xhol site at map unit 0.795 (2) (Fig. 1).
RNase protection experiments with cRNA transcribed in
vitro by SP6 polymerase from the PstI site (0.796 map units)
to the Dral cleavage site (0.797 map units) confirmed the
start position at 50 n upstream of the PstI site (0.796 map
units). Transcription of iel terminates to the right of map
position 0.781 (10), and because cloned DNA from map units
0.780 to 0.782 did not select iel-specific mRNA (unpublished
data), the 3’ end of the 2.75-kb iel transcript is probably
close to map unit 0.782. Therefore, the entire sequence
between map units 0.797 and 0.780 was obtained by repeated
determinations by the method of Maxam and Gilbert (21).
The physical map for the restriction cleavage sites used for
3’ and 5’ end labeling of DNA fragments of iel is shown in
Fig. 1. Figure 2 shows the nucleotide sequence of iel,
starting with the 5’ cap site of the 2.75-kb mRNA close to
map unit 0.796 and terminating 34 n downstream of the
polyadenylation signal AATAAA located at map unit 0.782.

Structural analysis of the iel gene. Structural analysis of the
iel gene was performed by nuclease digestion experiments
with either 5’ or 3’ end-labeled DNA fragments or uniformly
labeled cRNA transcribed in vitro by SP6 RNA polymerase.
The experimental strategy and results are shown in Fig. 3.
Hybridization of IE RNA to labeled cRNA transcribed from
map unit 0.769 (BamHI) to map unit 0.797 (Dral) (panel C,
lane 6) revealed splicing. Protected fragments of 111, 191,
300, and about 1,700 n were detected. This finding was
confirmed with smaller probes which were used to locate the
exons precisely. A HindlIII (0.787 map units)-PstI (0.790 map
units) DNA fragment labeled at the 5’ end (panel Al)
revealed a protected sequence of 521 n. A cRNA transcribed
from map units 0.787 (HindIII) to 0.797 (Dral) (panel C, lane
5) showed the same 521-n fragment and also the three

smaller fragments of 300, 191, and 111 n. A cRNA tran-
scribed from map unit 0.787 (HindIII), which terminated
already at map unit 0.794 (Sacl) (panel C, lane 4), did not
show the 300-n fragment, whereas the other fragments (521,
191, and 111 n) remained detectable. This suggested that the
300-n fragment represents the first exon of the 2.75-kilobase
(kb) IE mRNA and the large fourth exon starts 521 n
upstream of the single HindIII site in iel, whereas the two
exons of 111 and 191 n should be located in between.

Hybridization of cRNA transcribed from map unit 0.787
(HindIII) to map unit 0.791 (Xkol) (panel C, lane 1) resulted
in the 521-n fragment seen before and only one further
fragment of 162 n, and it was concluded that the protected
fragment of 162 n represented a part of the 191-n exon.
Therefore, the 191-n fragment should represent the third
exon, which begins at a position of 29 n upstream of the Xhol
site close to map unit 0.791 and terminates 162 n down-
stream.

The location of the 111-n second exon was mapped by S1
analysis with the small 160-n Accl restriction fragment
located between map units 0.791 and 0.792 (panel A2). The
fragment was labeled at both ends, and after separation each
strand was used for sequencing and S1 analysis. After S1
digestion, protected fragments of 98 and 96 n were seen.
cRNAs that terminated at the right Accl cleavage site (panel
C, lane 2) failed to detect the 109- to 111-n fragment. The
191-n exon appeared to be heterogeneous in some determi-
nations (panel C, lanes 2 and 5); the size heterogeneity of the
second 111-n exon, however, was always found when
cRNAs containing the sequences of this exon were used for
hybridization (panel C, lanes 4 to 6). A fragment size
heterogeneity could be a technical artifact due to imprecise
cleavage. However, this size heterogeneity could also occur
in vivo since a T-rich region (nucleotides 1112 to 1123, Fig.
2) is followed by a repeated splice acceptor site (AGAGAG)
sequence. This exon could therefore start after the first or
second AG dinucleotide. As shown below, this differential
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G6TCGCAGTCT TCGBTCTEAC CACCETABAA CGCABABCTC CTCGCTGLAG TATCCTECCC AAGAAAGAGC GACCTTCCCC GGLTACTGAA BCECATCGEA CCCBCTCEET TCTATI666A 120

CCACBCCCAT CCGCCATATT GBAACAGCCE CCATATTG6T AACGCCOCCA TCTTGATTEE BACCACCELC CCTATTG66A CCACCGCCCA ATTGEGACCA CCGCCCACCC AGCGACCCAA 240

6CCCAGAGEC TACGTCACCA AGACCCCCE6 CTGCCCAGCE CCCCCTCGAG GACACACAAT GTAAGTAGAC CAAGBCCTTT TATTGGCTGC B6TGTTARGE CAAGCTGCCT GTCTATCCCY 360

ATCTATCTAC TATCCACCTS GCTCTCTAGC TCCATACTGC GTACGGTGTT TGTTAGCTTA GGGTGATASC AAGTAGAACG CTGGTGATEG TTGCTCTCTA TCAGTTTAGC GCTGETGATS 480
GTBECCTCCT TCTCCATITC TTATATATAT ATGLTGGT6A T66TCCCTCT TCCATGECCE CG6TGTECTT CE6T6CCE66 TACCETAACE IBGIACAG“ AAAGECCT6A CACETACGLE 600
TCTCICCCTA G6ATGLTATE TBTCTBTAGC ACCGBCG6AE CTTGEGAGCT CGATETCCAA BATAGAGTCT CCATGACTEC TCAGATCGIC TCCTGTSTTC ACACACCABA TATTACAAGC 720
GACGECCECC ATGATARGTC CAAAAATEAG CABAATACAS AATATTBTAC TCAGAGGCTS CAGCCATCTT G6TGECCTGL TGTGETGCTC TTTTCCCETE GAGBACTCCB TCAGTTCCTE 840
CBTGTT6TI6 CTCETACTEC GARBATCTCT CTIBCCCCGT CCTGAAARCC TAGBCCCTEA CAGAAAAAAG GGAGAGTTAG GAGAGGECAC AGAGGATTCT GTCTETGTCA ABGEGECTTC 960
CATETIBTTT CTTTACCTEA GATCTCTTCC ACCABTTETT TITTATCAGC AACTGACAGE TAGTATATCA AAATGAGTGC ACTGATGATT ATTAGCACTG TATACTTTAG ATATCTICTE 1080

BICICTGTEE ACATCTETTE ATGATAAAAA ATTATATTTT TTTAGAGAGA TGGAGCCCGC CGCACCCAGT TECAACATEA TCATGATCGC CGATCAGGCA TCCGTCAACE CCCACGECCE 1200

TCACTTGEAT GAGAACCGT6 TCTACCCATC AGACAAGTAA GTTTCTETTT CCATTTCCTC TCTTGTGACA CATTICATGA CTCTGCATTT ACATAACCCC TGACTCATES TCTTCCCACT 1320

CTIGTICTCT CABGETBCCA GCTCATGTCE CCAACAABAT CCTCGAGTCT BGAACCGAAR CCGTCCGLT6 TGACCTGACT CTGGAGGACA TGTTGGGAGA CTATGAGTAT GaTeATcCCA 1440

CYGAGGAAGA GAAGATCCTC ATGGACCGCA TCGCTGACCA CGTGE66AAT GATRACAGCG ACATGGCCAT CAAGCATGCT GCAGGTGAGT GTCTCASTIA TTCACATCAT GACTCTICTA 1560

ACTATCTTAY CTCCTCTACC TGICTCTBIC TTTCATATIC ACCCACACAG AACACTTGAG TTATACARAC CACTCTTATA TTCCAGTGAG GAGCGTTCTG TTGTCCTGTA AGATTGCACA 1680

CCTCATGATA ARACAGAACT ATCAATCAGC CATCAACTCT GLTACCAACA T,CTCTGTCA GCTABCCAAT BATATCTICG AGCBCATCGA AAGACAACEC AAGATGATAT ACGGCTETTT 1800

CAGATCTGAB TTTGATAATE TCCAGCTABE BAGELTCATE TATGACATET ACCCACACTT CATGCCCACT AATCTABEEC CCTCAGARAA GAGAGTCTEE ATGAGBCTACS TAGGTBAGGL 1920

CATAGTG6CA GCCACCAACA TTGACCACEC ACTAGATBAG CETECCBCAT GGGCCAAGAC TGATTGTTCA TTGCCTGG66 AGTTTAAGCC TGAGTIGTST GTCCTE6TTE 665CCATCAE 2040

GAGGCTTCAT GATCCACCCT 6TTACACCAA BCCTTTCCT6 GATBCCARGT CTCABCTEGC AGTATGGCAE CAGATGAAGE CTATAGAGAG TGAGAGCGTA TCCACACATG TE6TAGTG6T 2160

66AAGCTTTE AAGLTCAGGE ABAATCTGEC TAAGGCAGTG CAGGAAACGA TTGCCTATGA BAGACACCAA TATCACAGES TGTGTCAGAT GAT61uTAAT AACATGAAAG ACCATCTAGA 2280

GRCCACCTET. ATECTGGCCA BAGBCAGAAC CTTGECTACC TTAGCTGATC TGAGGAGCAC CAGATACAAT CTABCACTTY TTCTTCIGAG TGAGATGCAC ATCTTTGATA GCTTCACCAT 2400

GCCTABEATC AGASGTSCTA TGAAACAAGC AABGTGTATE ABTTATGT66 AGAGBACCAT CTCTCTGGCC AAGTTCAGAG AGCTAGCTEA TAGAGTCCAT AACAGGAGYG CACCATCACC 2520

CCABEGABTG ATAGAAGAAC AGCAGCAGEC AGGGGAGGAR GAACAGCAAC AGCAGCAGEA GATABAGTAT GATCCTGAGA TGCCCCCTCT GGAARGAGAG GAAGAGCAGS AGGATEASCA 2640

661AGAG6AG BAGCCCCLTE CAGATGAGEA GGARGGABGA GCTGTTG6TE GTGTCACTCA AGAGBAACCT GCTBGT6AAG CCACTGABGA AGCTGAAGAA BATGAGTCCC AGCCTEEACC 2760

ARGTGACAAC CAGBTE6TAC CTBAGTCTIC AGAGACACCA ACACCTBCTS AGGATGAGEA GACCCAAAGT GCTGATGAAG GAGAATCTCA BGABCTGGAA BGCTCACASC AACTCATCCT 2880

ATCCAGACCT BCTBCCCCTC TGACTGACAG CGARACTGAT TCTGATTCTE AAGATGATGA TGAGGTGACC CBCATCCCAG TGEGATTCAG TCTCATGACA TCTCCTETCC Tecaacciac 3000

GACCAGATCT BCAACAGC66 CABCTTCTTC TBGCACTECT CCTCBLCCAG CTCTCAAGAE GCAGTACGLC ATGETGCATA CCAGATCCAA GICTTCTGAG AATCAACAGC AGCCCAAGAA 3120

GARGAGCAAG AAGTGARTCC ACAAGCCCAG CTCCCCACCC ATCACCATE6 ACAATGTTIT TTTACTAACA CTTGBACAAT BATEGATACT TITTTACTAA CACTTGBACA AT6ATGATSA 3240

TACACTCCIC ACCTBCCCAC TTAGACACAA TTACTAACAC CACACCCCCY CYTTTATITC TCTGTACTTA ATETTTTCTG |AATAARBT6A TCCATBACCA CMIAMSI;L TIcTTTARCT - 3360

FIG. 2. Nucleotide sequence of iel. The sequence shown starts with the 5’ cap site (+. 1) of the 2.75-kb mRNA (2) and extends 3.4 n
downstream of the AATAAA polyadenylation signal (boxed). The exon sequences are underlined, and the open reading frame, translated into
the pp89, is indicated by a heavy line. The arrow shows the 3’ end of the 2.75-kb mRNA.
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FIG. 3. Structural analysis of iel RNA. The experimental protocol for mapping of the 5’ and 3’ ends, as well as the locations of exons, is
depicted in panel a, and experimental data are shown in panel b. To present all relevant information in one figure, the autoradiographs of some
sequencing gels were cropped at identical positions and refitted as indicated (panel C, lanes 1 to 6). (a) Experimental protocol. IE RNA,
hybridized to (i) 5’-labeled (A, closed circle) or 3'-labeled (B, open circle) DNA fragments or (ii) uniformly labeled cRNA (C, arrows indicate
the direction and termination of cRNA transcription) were incubated with S1 nuclease (A and B) or RNases A and T1 (C). The cRNAs used
in C, lines 3 and 6, started at map units 0.780 and 0.769, respectively. Solid bars show the locations of protected fragments, and the number
of nucleotides is indicated. The results are summarized in D. The abbreviations used are the same as in Fig. 1. S, Sacl. (b) Autoradiographs
of protected fragments separated by electrophoresis in sequencing gels. Sequencing gels (60 cm) of 8%, 6%, or 4% polyacrylamide were used.
The sizes of labeled fragments before S1 nuclease treatment in A and B were taken from the sequence. When sequencing ladders served as
size markers, the size of the protected fragments was determined by using +1n correction (6). Additional size markers were (i) from
commercial suppliers and (ii) pBR322 DNA cleaved with Hpall.
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splicing would have no effect on the amino acid sequence of
the protein. In conclusion, the second exon of 111 n spans
from 96 n upstream to 15 n downstream of the Accl site (map
unit 0.792).

The 521-n fragment detected by cRNAs that started at
map unit 0.787 (HindIII) was not found with cRNA that
started at map unit 0.769 (panel C, lane 6), which revealed
instead a protected fragment of about 1,700 n. cRNA tran-
scribed from map unit 0.780 (Xbal) to map unit 0.787
(HindIII) (panel C, lane 3) produced a protected fragment of
about 1,200 n. Taken together, these results suggested that
the fourth exon begins 521 n upstream and terminates about
1,200 n downstream of the HindlII site at map unit 0.787. An
additional protected fragment of 530 n (panel C, lane 3)
probably represents products of transcription unit ie3 (10).
The analysis of this region is under study. To locate the 3’
end more precisely, S1 analysis was performed with a DNA
fragment labeled at the 3’ end after cleavage with Asp718 at
map unit 0.785 and then digested with Xbal, which cleaved
at map unit 0.780. Hybridization of this fragment to IE RNA
followed by digestion with nuclease S1 resulted in a pro-
tected fragment of 570 nucleotides (panel B1). This result
placed the 3’ end of the fourth exon 23 n downstream of the
AATAAA RNA polyadenylation consensus sequence (27).
There was no indication of an additional exon within the
major IE mRNA. Thus, the 2.75-kb IE mRNA coding for
pp89 contains four exons of 300, 111, 191, and 1,703 n with
a sum of 2.35 kb. The sizes of the introns are 825, 97, and 122
n (Fig. 3D). The splice signals (Fig. 2) follow the AG-GT rule
for splice junctions with the presence of C- or T-rich regions
upstream of the AG dinucleotide splice acceptor sequence
(25, 35) and the GTAAGT hexanucleotide at the splice donor
sites (25, 35). The initiation and polyadenylation signals are
also consistent with the respective eucaryotic transcription
signals. In summary, iel is a viral gene which uses the
normal eucaryotic transcription signals for expression.

Deduced amino acid composition and predicted secondary
structure of IE pp89. The sequence of the major IE mRNA,
consisting of the four exons, contains an open reading frame
of 1,785 n that starts with an AUG located within the second
exon and terminates with a UGA. Differential splicing at the
5’ end of the second exon upstream of the first AUG
therefore has no effect on the amino acid sequence of the
protein. This open reading frame codes for a polypeptide of
595 amino acids (Fig. 4). It consists of 105 (17.6%) acidic and
60 (10.1%) basic amino acids. The COOH terminus is basic,
followed by an acidic region, in which 51 (38%) of 136 amino
acids are 38 Glu and 13 Asp. A similar acidic region is found
at the COOH terminus of the HCMV major IE protein (37),
where within 51 residues 22 are Glu and 2 are Asp. A second
acidic region is found between amino acids 51 and 89 near
the NH, terminus, where within 39 amino acids 6 are Glu and
8 are Asp.

Comparisons of the iel nucleotide and amino acid se-
quences with known eucaryotic viral and cellular sequences
were carried out. No significant matches with viral proteins
were found except a nuclear location signal found in
polyomavirus and adenovirus (17, 18) located at the COOH
terminus of pp89. The major IE proteins of HCMV and pp89
show similarities only in a Glu-rich part of the amino acid
sequence. A total of 23 amino acids in the amino-terminal
portion of pp89 were found to be identical with amino acids
of the histone H2B consensus sequence. Identical amino
acids at homologous positions were found in a region of 63
amino acids located in the amino-terminal part of both
proteins.

SEQUENCE OF MCMV IMMEDIATE-EARLY GENE 1 1905

Based on the amino acid sequence, the secondary struc-
ture of pp89 was predicted as described by Chou and
Fasman (1) (Fig. 5). Based on this analysis, we have elimi-
nated the introns and have recently been able to express the
open reading frame in a vaccinia virus (H. Volkmer et al.,
manuscript in preparation).

DISCUSSION

We have shown previously that gene iel of MCMYV is
located between map units 0.781 and 0.796 (10, 11). The 5’
end of the 2.75-kb mRNA transcribed from iel was mapped
downstream of a long enhancer-promoter element and ini-
tiates with a 304-n nontranslated leader sequence 23 n
downstream of the TATA box at the sequence GTCGCA (2).
The first ATG is located at the 5’ end of the second 111-n
exon, which is followed by the third 191-n exon. The major
constituent of the mRNA is contributed by the 3’ terminal
exon of 1,703 n. It terminates 23 n downstream of the
consensus sequence for polyadenylation, AATAAA (27).
This location of iel is in full agreement with data published
before (2, 10, 14). The splice donor and acceptor sequences
follow the consensus sequences of other eucaryotic and viral
mRNAs. The GTAAGT sequence was present at all three
splice donor sites. No additional splice donor consensus
sequence is present within iel. A T- or C-rich region was
always found 5’ to the splice acceptor sites (25, 35).

The amino acid sequence of pp89 was deduced from the
mRNA sequence. The first AUG in the mRNA appears at n
305, a second is at n 332, and a third is at n 338. All three
AUGs could represent the codon for the first amino acid of
pp89 because they contain the consensus sequence for
translation initiation, A/G NNATG (16). Since translation of
most eucaryotic proteins starts at the first AUG, it is likely
that the AUG at n 305 represents the codon for the NH,
terminal methionine of pp89. A single open reading frame
extends from n 305 to n 2,090, where a UGA stop codon is
located. This 1,785-n open reading frame is translated into a
protein of 595 amino acids with a calculated molecular
weight of 66,713. The distribution of charged amino acids
and the phosphorylation of pp89 of MCMYV are most prob-
ably responsible for overestimation of the molecular weight
of pp89 after separation in denaturing sodium dodecyl sul-
fate-polyacrylamide gels. It should be noted that molecular
weights of the HCMV major IE protein (37), ICP4 (Vmw
175) (22), and IE110 of HSV-1 (26) have also been overesti-
mated. In all three IE proteins the apparent molecular weight
is, as with pp89, about 1.3-fold higher than the calculated
molecular weight.

pp89 is a nuclear protein and should therefore contain
nuclear location signals. A nuclear location signal has been
defined for the simian virus 40 large-T protein and consists of
a stretch of predominantly basic amino acids (Pro-Lys-Lys-
Lys-Arg-Lys-Val) located in the amino-terminal part of the
protein (18, 34). This sequence appears to represent a
prototypic nuclear location signal also found in other viral
proteins (36). pp89 contains a similar sequence (Pro-Lys-
Lys-Lys-Ser-Lys-Lys) located at the carboxy terminus. The
possibility that such a sequence functions as a nuclear
location signal is derived from deletion studies of a similar
sequence present in the carboxy termini of the E1A proteins
of adenovirus 5, which resulted in a reduced rate of nuclear
accumulation (17). We therefore suggest that this sequence
represents the nuclear location signal of pp89.

In contrast to the gene coding for ICP4 of herpes simplex
virus, which is transcribed into an unspliced mRNA (22), the
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FIG. 4. Deduced amino acid sequence of IE pp89. Broken line, homology to HCMV major IE protein; dotted line, homology to simian
virus 40 large T antigen; solid line, region homologous to histone H2B. Solid bars indicate identical amino acids at the same position in both
proteins, and open bars indicate conservative amino acid exchanges (comparison with histone H2B) that do not affect the polarity or charge

of the protein.

major IE gene in both MCMV and HCMYV (37) contains four
exons. In both viruses the first exon is nontranslated, the
second exon starts with the first ATG, and the fourth exon is
the major component of the mRNA. In addition, the func-
tions of both gene products seem to be very similar (4, 14).
Remarkably, there was no significant homology between the
nucleotide sequences of these genes. Also, after comparing
the protein sequences, only one region with homology
extending over more than 8 amino acids was found in a
Glu-rich part of both IE proteins, where amino acids 424 to
434 of pp89 and 426 to 437 of the major IE protein of HCMV
share 8 of 12 amino acids.

A notable similarity was found between amino acids 27 to
87 of the histone H2B consensus sequence (39) and amino
acids 96 to 153 of pp89. In this region, 23 (37%) of 63 amino
acids were found to be identical and located at a correspond-

ing position in the amino acid sequence. The codons for
these 23 amino acids display 83% identity, whereas only 48%
homologous nucleotides would be required to encode these
amino acids. The similarity within this region increases to
62% when conservative amino acid exchanges are consid-
ered as similar. The H2B proteins of different species
maintain a high degree of sequence conservation in certain
regions of the polypeptide, including amino acids 67 to 73
(Asn-Asp-Ile-Phe-Glu-Arg-Ile), which are represented in an
identical sequence in pp89 (amino acids 134 to 140). The
region between residues 37 and 114 of H2B is important for
the interaction of H2B with histone H2A (8, 9). It could be
speculated that this region in pp89 plays a role in an
interaction of IE pp89 with cellular chromatin.

After transfection of the DNA sequences which encode
pp89, the lymphocyte-detected IE antigen (LYDIEA) (32)
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FIG. 5. Secondary structure of IE pp89. The method of Chou and Fasman (1) was used. Octagons indicate regions of hydrophilicity of
>0.7, and rhombic symbols stand for regions of hydrophobicity of <—0.7.

was found to be expressed (15). The only other herpesviral
protein reported to play a role in the host response to
herpesviral infection is LYDMA, an antigen detected by
specific T lymphocytes on Epstein-Barr virus-transformed
cells. It is thought that LYDMA is a part of the latent-
infection membrane protein. Analysis of the amino acid
sequence of the latent-infection membrane protein predicted
repeated hydrophobic regions separated by hydrophilic seg-
ments, an arrangement indicative of membrane insertion (5,
19). The predicted amino acid sequence of pp89, however,
does not contain such regions, and there is no evidence for
membrane-spanning domains. Thus, pp89 is structurally
different from the Epstein-Barr virus latent-infection mem-
brane protein, and pp89 probably requires processing for
expression at the cell membrane. The absence of structural
characteristics that indicate cell surface expression does not
contradict the immunological findings. Nonglycosylated in-
ternal viral proteins can reach the cell membrane by alter-
native routes of processing and degradation (24). The known
features of pp89 appear similar to some properties of a
simian virus 40 nonstructural protein, the large-T antigen.
Similar to pp89, simian virus 40 large-T antigen is a phos-
phoprotein involved in regulation of simian virus 40 genes.
The majority of simian virus 40 large-T antigen in the cell is
concentrated in the nucleus, but a small amount of the
protein is present on the cell surface, probably after acyla-
tion (13). Surface-expressed simian virus 40 large-T antigen
serves as a target structure for CTL (38). Work is in progress
to study the surface expression of pp89.
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