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The regulation of murine cytomegalovirus early (E) gene expression was studied in the cell line B25, which
is stably transfected with the immediate-early iel/ie3 gene complex. Infection of B25 cells in the presence of the
protein synthesis inhibitor cycloheximide resulted in the expression of some E genes, whereas for the expression
of other E genes prior protein synthesis was still mandatory, thus showing differences in the expression
requirements of individual E genes. Transcription unit el, a member of the E genes induced by immediate-
early products of the iel/ie3 gene complex, was characterized. It is located between map units 0.709 and 0.721
of the genome of murine cytomegalovirus strain Smith. A 2.6-kilobase RNA specified in this region is spliced
from three exons of 912, 177, and 1,007 or 1,020 nucleotides, which are separated by introns of 93 and 326
nucleotides. The second AUG located in the first exon 119 nucleotides downstream of the 5' cap site is followed
by an open reading frame of 990 nucleotides. The predicted polypeptide of 330 amino acids has a calculated
molecular mass of 36.4 kilodaltons. Transfection with el revealed three antigenically related proteins of 36, 37,
and 38 kilodaltons; these proteins probably represent differently modified forms of the predicted protein. These
three proteins are phosphorylated and are associated with intranuclear inclusion bodies. A 33-kilodalton
protein also derived from el was identified as a product of nonspliced transcripts. Comparison of amino acid
sequences revealed homology between the murine cytomegalovirus transcription unit el and a human
cytomegalovirus E transcription unit.

As in other herpesviruses, the expression of genes from
the 235-kilobase-pair DNA genome of murine cytomegalovi-
rus (MCMV) is temporally controlled and regulated in a
cascade fashion (17). At least three kinetic classes of MCMV
genes can be differentiated: immediate early (IE) or et, early
(E) or 3, and late or -y. Previous work has led to the
identification of the major MCMV IE genes iel, ie2, and ie3,
their transcripts, and translation products (18-20). The tran-
scription of these genes is controlled by a promoter-regula-
tory region with cis-acting enhancer elements that is located
in the HindITI L fragment of the MCMV genome (8). Genes
iel and ie3 are transcribed from the HindlIl L fragment and
the adjoining HindlIl K fragment (see Fig. 7). The iel/ie3
complex encodes five exons. The iel transcripts are spliced
from exons 1 through 4 (18), whereas ie3 transcripts are
produced from exons 1, 2, 3, and 5 (M. Messerle, personal
communication). Gene ie2 is transcribed in the opposite
direction and is almost completely located in HindIII L. A
role of the IE proteins during virus replication and as
antigens in the protective immune response to infection has
been documented (6, 30; U. H. Koszinowski, M. Del Val,
and M. J. Reddehase, Curr. Top. Microbiol., in press).
Whereas transcription in the IE phase is restricted to

distinct regions of the genome, transition to the E phase is
associated with transcription from all along the genome (17,
24). Synthesis of several E proteins has been demonstrated
(17, 20, 25, 38), but no MCMV E gene has been character-
ized. Previous experiments have revealed that initiation of
the E phase of viral gene expression requires preceding IE
protein synthesis (17). This does not necessarily imply that
the expression of all E genes is regulated by IE proteins. The
question of whether all E genes are subject to the same mode
of regulation can be approached by infection of transfected
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cell lines that express IE proteins constitutively. Constitu-
tive expression of proteins encoded by the IE iel/ie3 gene
complex (19) proved to be sufficient for the expression of one
subclass of E genes, whereas expression of further E genes
was only seen after de novo synthesis of other viral proteins.
An E transcription unit belonging to the first subclass of E
genes was characterized.

MATERIALS AND METHODS
Virus and cell culture. MCMV (mouse salivary gland virus

strain Smith; ATCC VR-194) was propagated on BALB/c
mouse embryonal fibroblasts (MEF) and purified as previ-
ously described (17). BALB/c 3T3 cells and clonal deriva-
tives thereof were maintained in Dulbecco modified Eagle
medium supplemented with 10% (vol/vol) fetal calf serum, 2
mM L-glutamine, 100 jig of streptomycin per ml, and 100 U
of penicillin per ml. Cells were infected with 20 PFU per cell
by using the technique of centrifugal enhancement of infec-
tivity at 800 x g for 30 min. Cells were labeled with 150 ,uCi
of [35S]methionine (Amersham, Braunschweig, Federal Re-
public of Germany) per ml of methionine-free medium. To
inhibit transcription and translation, dactinomycin (ActD; 5
,ug/ml) and cycloheximide (50 ,ug/ml) were added.

Transfection and selection of transfectants. Monolayers of
BALB/c 3T3 cells were transfected with plasmid DNA by
using the calcium phosphate precipitation technique. To
establish cell lines that express iel/ie3 gene products, 10 ,ug
of pAMB25 containing the iel/ie3 gene complex (19) and 1
,ug of pAG60 providing the kanamycin-neomycin resistance
gene were coprecipitated and added in 0.5-ml precipitates to
106 cells. Isolation of geneticin (G418)-resistant clones was
carried out by standard procedures (21). Selected clones
were tested for IE gene expression by indirect immunofluo-
rescence with monoclonal antibody (mAb) MCMV-6/58/1
directed against the MCMV IE protein pp89 (20).
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Stably transfected cell lines expressing el gene products
were established by cotransfection with plasmids pBB2.9,
which contains the el gene region, and pAG60 by selection
with G418 and by screening with mAb 20/234/28.

Antisera and mAbs. Antisera and mAbs were produced
essentially as described previously (20). In brief, BALB/c
mice were immunized three times at 14-day intervals with
lysates of 2 x 107 sonicated cells, which were harvested at 10
h postinfection (p.i.), that is, during the E phase of the
MCMV replication cycle. For the first and second subcuta-
neous injections, lysates in phosphate-buffered saline (PBS)
were made up in the same volume of Freund complete
adjuvant and Freund incomplete adjuvant, respectively. The
last immunization was given by the intraperitoneal route.
Then, 3 to 4 days later, splenocytes were isolated and fused
at a ratio of 1:1 with SP2/0-Agl4 myeloma cells. After
selection in hypoxanthine-aminopterin-thymidine medium,
hybridomas were screened by indirect immunofluorescence
for the production of antibodies against E proteins. Positive
hybridomas were cloned twice by limiting dilution.

In the present study, mAb 20/234/28 (immunoglobulin Gl
[IgGl]), recognizing nuclear E proteins of 36 to 38 kilodal-
tons (kDa), and mAb 20/357/4 (IgGl), recognizing cytoplas-
mic E proteins of 53 and 69 kDa, were used.

Immunofluorescence. Cells were fixed for 20 min with 3%
(wt/vol) paraformaldehyde in PBS and for 10 min with 3%
paraformaldehyde in PBS containing 0.1% (vol/vol) Triton
X-100. Indirect immunofluorescence was carried out with
mAb 20/234/28 and fluorescein-conjugated F(ab')2 fragments
of goat anti-mouse IgG (Dianova, Hamburg, Federal Repub-
lic of Germany). For the visualization of cell nuclei by
staining of the DNA, cells were incubated for 5 min with 1 ,ug
of Hoechst dye 33258 (Serva, Heidelberg, Federal Republic
of Germany) per ml of PBS.

Immunocolloidal gold electron microscopy. MCMV-
infected MEF were fixed with freshly prepared 2% (wt/vol)
paraformaldehyde and 0.02% (wt/vol) glutaraldehyde in
PBS. After a rinse with 50 mM glycine in the same buffer,
cells were gently scraped off, collected by centrifugation,
and embedded in 1% (wt/vol) agarose. Cell pellets were
treated stepwise with sucrose from 0.3 to 2.2 M, placed on
copper stubs, and frozen by immersion in liquid nitrogen.
Ultrathin frozen sections were prepared at -100°C with an
ultracut microtome equipped with the cryocut attachment
(Reichert, Nussloch, Federal Republic of Germany) and
transferred with sucrose on 200-mesh hexagonal copper
grids. For immunostaining, sections were incubated sequen-
tially at 20°C with mAb 20/234/28, rabbit anti-mouse IgG
(Cooper Biomedical, Inc., West Chester, Pa.), and protein
A-colloidal gold particles 10 nm in diameter (Dianova) in
0.2% (wt/vol) gelatin in PBS. After sections were rinsed with
PBS and distilled water, they were stained with uranyl
acetate in oxalic acid (pH 7.4), followed by aqueous uranyl
acetate of low pH.

Immunoprecipitation. Immunoprecipitation, 10% (wt/vol)
sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
and fluorography were carried out as previously described
(20). In brief, samples of cell lysates equivalent to 105 cells
were incubated with 5 ,ul of anti-MCMV serum or with 3 ,ul
of ascitic fluid derived from hybridoma 20/234/28 or 20/357/4.
Because mouse immunoglobulin IgGl does not bind to
protein A, a 10% (wt/vol) suspension of fixed Staphylococ-
cus aureus was preincubated with rabbit antibodies specific
for mouse IgG (Dianova) before addition to the antigen-
antibody complexes.
Western blotting (immunoblotting). Samples of lysates

equivalent to 106 cells were prepared as for immunoprecip-
itation. The polypeptides of the cell lysates or 50 pg of
virion-associated polypeptides was separated by 10% so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred electrophoretically to nitrocellulose. Immu-
nostaining of the transferred proteins was performed with
anti-MCMV serum and mAb 20/234/28 as previously de-
scribed (20).

Plasmids. The construction of recombinant plasmid
pBB2.9 followed established methods (19). For preparation
of this plasmid, an XbaI-PstI MCMV DNA fragment (map
units 0.709 to 0.721) was isolated from plasmid clone
pAMB84-5 (9) and inserted into plasmid vector pSP65.

Isolation of RNA and Northern (RNA) blot hybridization.
Preparation of whole-cell RNA, gel electrophoresis, and
transfer to nitrocellulose were done as described previously
(17). DNA probes used for hybridization were labeled with
[a-32P]dCTP by using the multiprime DNA labeling system
of Amersham. 32P-labeled cRNA was transcribed in vitro by
SP6 RNA polymerase (19). For estimation of RNA sizes,
Escherichia coli 16S and 23S rRNAs (Boehringer GmbH,
Mannheim, Federal Republic of Germany) and 18S and 28S
mouse rRNA were used as standard size markers.
Hybrid selection and in vitro translation of RNA. Hybrid

selection of RNA by MCMV DNA fragments and in vitro
translation were performed as previously described (20).

Nuclease protection experiments. Whole-cell RNA was
hybridized to end-labeled MCMV DNA fragments and di-
gested with S1 nuclease or hybridized to evenly labeled
cRNA, which was transcribed in vitro by SP6 RNA poly-
merase, and digested with RNases A and T1. Nuclease-
resistant fragments were size fractionated on denaturing
sequencing gels (19).
Primer extension. Primer extension was carried out as

reported by Bertholet et al. (1). Samples of 5 jig of whole-cell
RNA and 1 ng of 5'-end-labeled DNA fragments were
coprecipitated with ethanol and suspended in 15 ,ul of
hybridization buffer containing 80% (vol/vol) formamide, 400
mM NaCl, 40 mM PIPES [piperazine-N,N'-bis(2-ethane-
sulfonic acid)] (pH 6.4), and 1 mM EDTA. After heating for
5 min at 90°C, samples were incubated for 12 h at 44°C to
allow for hybridization of the RNA to the DNA fragments.
For reverse transcription, nucleic acids were precipitated
with ethanol, suspended in 20 [LI of a reaction mixture
containing 100 mM Tris (pH 8.3), 150 mM KCl, 10 mM
MgCl2, 10 mM dithiothreitol, 500 FM deoxynucleoside
triphosphates, 25 U of human placental RNase inhibitor, and
15 U of reverse transcriptase, and incubated at 42°C. After 1
h, nucleic acids were precipitated with ethanol and size
fractionated by electrophoresis on denaturing sequencing
gels.

Sequence analysis of DNA. DNA sequences were deter-
mined by the method of Maxam and Gilbert with the
modifications reported previously (18). Single end-labeled
DNA fragments were prepared by strand separation or by
restriction enzyme cleavage.

RESULTS

E genes differ in their expression requirements. The expres-
sion of E genes requires the preceding synthesis of IE
proteins (16). When cells are infected in presence of the
protein synthesis inhibitor cycloheximide (CH), de novo
synthesis of viral proteins is prevented and only IE genes are
transcribed. After replacement of CH by the RNA synthesis
inhibitor ActD these transcripts are translated, whereas at
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FIG. 1. MCMV E genes differ in their expression requirements. E-gene expression was studied by immunoprecipitation of viral proteins

from BALB/c 3T3 B25 cells stably transfected with the MCMV iel/ie3 gene complex (A through C, lanes 1 through 4) and infected with
MCMV. Immunoprecipitation of viral proteins from the parental cell line BALB/c 3T3 served for comparison (A through C, lanes 1' through
4'). Lysates of B25 and 3T3 cells labeled with [35S]methionine as described below were immunoprecipitated with murine MCMV antiserum
(A), mAb 20/234/28 (B), or mAb 20/357/4 (C) and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Lanes: 1 and 1',
mock-infected cells incubated with CH that was replaced after 3 h by ActD and [35S]methionine; 2 and 2', MCMV-infected cells incubated
from 0 to 3 h p.i. with CH and from 3 to 7 h p.i. with ActD and [35S]methionine; 3 and 3', MCMV-infected cells incubated from 3 to 7 h p.i.
with ActD and [35S]methionine; 4 and 4', MCMV-infected cells incubated from 3 to 6 h p.i. with CH and from 6 to 10 h p.i. with ActD and
[35S]methionine. E proteins of the second subclass are marked by arrowheads. (D) Experimental regimen that was employed for studying the
expression requirements of E genes. The indicated viral gene products were synthesized in the used cell lines under the different infection
conditions.

the same time any further transcription is blocked. This
means that under these conditions only IE proteins are
synthesized, whereas the expression of E genes is pre-
cluded. When the same experimental regimen is applied to
cells that already express IE proteins constitutively, these
IE proteins may activate transcription of E genes in the
presence of CH. E transcripts synthesized during this period
will then be translated to E proteins after replacement of CH
by ActD.
The preparation of transfectant L-cell lines that constitu-

tively express MCMV IE proteins has been reported (21).
Since L-cells turned out to be refractory to MCMV infec-
tion, BALB/c 3T3 cells were used for transfection to estab-
lish cell lines that are permissive for infection and that
express IE proteins constitutively. Transfection was per-
formed with plasmid pAMB25 containing the iel/ie3 gene
complex (19). A stably transfected cell line, referred to as
B25, was selected that expresses the major IE protein pp89,
as demonstrated by indirect immunofluorescence and by
immunoprecipitation with mAb MCMV-6/58/1.
The induction of E gene expression by IE proteins was

studied by immunoprecipitation of viral proteins from B25
cells (Fig. 1A through C, lanes 1 through 4), and, as a
control, from the parental BALB/c 3T3 cells (Fig. 1A
through C, lanes 1' through 4'). Immunoprecipitation with

antiserum revealed the major IE protein pp89 and its post-
translationally processed derivative pp76 (20) in B25 cells
but not in the 3T3 cells (Fig. 1A, lanes 1 and 1'). After
infection in the presence of CH that was replaced at 3 h p.i.
by ActD, as to be expected, IE proteins pp89 and pp76 could
be seen in both cell lines, but in B25 cells additional proteins
of 36, 38, 43, 47, 48, 67, 94, and 130 kDa were then
synthesized that were absent from 3T3 cells (Fig. 1A, lanes
2 and 2'). When B25 and 3T3 cells were infected in the
absence of inhibitors and ActD was added at 3 h p.i., the 36-,
38-, 43-, 47-, 48-, 67-, 94-, and 130-kDa proteins, seen before
only in B25 cells, were now detected in both cell lines (Fig.
1A, lanes 3 and 3'). This demonstrates that the E genes
represented by these proteins require for their expression
only IE proteins encoded by the transfected iel/ie3 gene
complex.

In addition to the 36-, 38-, 43-, 47-, 48-, 67-, 94-, and
130-kDa proteins found in B25 cells after reversal of the 3-h
CH block, proteins of 42, 53, 63, 68.5, 69, and 75.5 kDa were
synthesized in B25 and 3T3 cells that were infected in the
absence of CH (arrowheads in Fig. 1A, lanes 3 and 3'). The
possibility that the period of 3 h in the presence of CH was
too short to allow the transcription of the RNAs encoding
these additional proteins was excluded, because a 3-h period
of transcription in the absence of CH led to the synthesis of
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FIG. 2. Kinetics of the synthesis of the 36- to 38-kDa E proteins.
Lysates of MEF metabolically labeled with [35S]methionine were
immunoprecipitated with mAb 20/234/28 and analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. Lane 1 con-
tained mock-infected MEF labeled for 1 h with [35S]methionine, and
lanes 2 through 12 contained MCMV-infected MEF labeled with
[35S]methionine during the following intervals p.i.: 2, 0 to 1 h; 3, 1 to
2 h; 4, 2 to 3 h; 5, 3 to 4 h; 6, 5 to 6 h; 7, 7 to 8 h; 8, 9 to 10 h; 9, 11
to 12 h; 10, 15 to 16 h; 11, 19 to 20 h; and 12, 23 to 24 h.

these proteins. When cells were incubated with CH from 3 to
6 h p.i., the additional proteins were also synthesized in both
B25 cells and 3T3 cells after replacement of CH by ActD
(Fig. 1A, lanes 4 and 4'), documenting that CH affected
neither the stability of E transcripts nor the subsequent
translation of E transcripts after the removal of CH. Thus, in
contrast to the E genes specifying the 36-, 38-, 43-, 47-, 48-,
67-, 94- and 130-kDa proteins, the E genes represented by
the 42-, 53-, 63-, 68.5-, 69-, and 75.5-kDa proteins require
protein synthesis for their expression in B25 cells. In con-
clusion, E genes differ in their expression requirements.
Examples of differently regulated subclasses of E genes

can be provided by immunoprecipitation of E proteins with
mAbs. The mAb 20/234/28 precipitated the 36-, 37-, and
38-kDa E proteins; IE proteins expressed in B25 cells proved
sufficient for the synthesis of these E proteins (Fig. 1B). On
the other hand, mAb 20/357/4 precipitated proteins of 53 and
69 kDa that were representatives of the second subclass of E
genes (Fig. 1C).

Molecular characteristics and intracellular distribution of
the 36- to 38-kDa E proteins. As an example of E proteins
whose expression is controlled by the IE iel/ie3 gene com-
plex, the 36- to 38-kDa E proteins and their coding region
were characterized. The kinetics of the synthesis of the 36-
to 38-kDa E proteins was studied in murine embryonal
fibroblasts by metabolic labeling during different times after
infection (Fig. 2). The E phase is initiated at about 2 h p.i.
and is terminated by viral DNA replication at about 16 h p.i.
(17). The 36- to 38-kDa E proteins were detectable by 2 h p.i.
(Fig. 2, lane 3). Up to 6 h p.i. they were synthesized at a high
level (Fig. 2, lanes 3 through 6). Thereafter synthesis dras-
tically decreased (Fig. 2, lanes 7 through 9). During late
times there was some synthesis (Fig. 2, lanes 10 through 12),
perhaps due to a de novo infection of some cells.
The stability of the 36- to 38-kDa E proteins was deter-

mined. Cells were labeled with [35S]methionine from 1 to 6 h
p.i. and incubated without radioactive methionine for 0, 4,
and 18 h. A high stability of the 36- to 38-kDa E proteins was
indicated by the finding that these polypeptides remained
detectable without signs of degradation during the entire
chase period of 18 h (Fig. 3, lane 3).
The association of the 36- to 38-kDa proteins with virions

was studied by Western blot analysis. The antiserum recog-
nized a number of viral proteins in lysates of infected cells
and in purified virions (Fig. 4a, lanes 2 and 3). The 36-, 37-,
and 38-kDa E proteins were only detectable in lysates of
infected cells (Fig. 4a, lane 2). The same result was obtained
with mAb 20/234/28 (Fig. 4b). This indicated that these

38- _M _
36- _ dU

kDa

FIG. 3. Stability of the 36- to 38-kDa E proteins. Lysates ofMEF
labeled from 1 to 6 h p.i. and immunoprecipitated with mAb
20/234/28 after the following chase periods. Lanes: 1, 0 h; 2, 4 h; 3,
18 h.

proteins are not components of the virus particle. It should
be noted that the proportions of the 36-, 37-, and 38-kDa
proteins proved to be variable. In particular the 37-kDa
species was detectable only in some experiments. The
reactivity of mAb 20/234/28 with all three proteins suggests
that they carry the same epitope and are likely to be encoded
by a common transcription unit. Pulse-chase experiments
did not establish a precursor-product relationship between
the 36- to 38-kDa E proteins, since after a pulse of 15 min
their ratio did not change during the chase period from 15 to
60 min (data not shown).
To test whether the 36- to 38-kDa E proteins are phos-

phorylated, cells were labeled with 32p; from 1 to 6 h p.i.
Analysis of immunoprecipitations with mAb 20/234/28 re-
vealed the 36- to 38-kDa E proteins and demonstrated the
phosphorylation of these proteins (data not shown).
The subcellular distribution of the 36- to 38-kDa E proteins

was examined by indirect immunofluorescence (Fig. 5). By 6
h p.i., infected cells showed a faint nuclear staining with
speckles of bright fluorescence (Fig. 5a). By 10 h p.i., the
sizes of the speckles increased, but the number of speckles
decreased (Fig. 5b). By 24 h p.i. a large area in each cell
nucleus was intensively stained (Fig. 5c). The pattern of
nuclear fluorescence resembled the distribution of inclusion
bodies, which are found in the nuclei of MCMV-infected
cells (40), and hence suggested an association of the 36- to
38-kDa E proteins with these structures. Electron micro-
scopic examination after immunocolloidal gold staining doc-
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FIG. 4. The 36- to 38-kDa E proteins are not associated with
virions. Proteins in MEF lysates or of purified virions were sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and analyzed by Western blotting with antiserum (a) and mAb
20/234/28 (b). Lanes: 1, mock-infected MEF; 2, MCMV-infected
MEF at 24 h p.i.; 3, virion-associated proteins.
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FIG. 5. Intracellular distribution of the 36- to 38-kDa E proteins. MEF at 6 h (a and a'), 10 h (b and b'), and 24 h (c and c') p.i. were used
for indirect immunofluorescence with mAb 20/234/28. To show the location of the cell nuclei, cellular DNA was stained with Hoechst dye
33258. (a, b, c) Fluorescein isothiocyanate immunofluorescence micrographs. (a', b', c') Hoechst dye fluorescence micrographs of the same
fields (magnification, x500).

umented an accumulation of these proteins within nuclear
inclusion bodies (Fig. 6).
Genomic localization of transcription unit el. To map the

region encoding the 36- to 38-kDa E proteins, E RNA was

hybrid selected by MCMV DNA fragments and analyzed by
in vitro translation. To obtain a high amount of E RNA
coding for these proteins, the following schedule of inhibitor
treatment was employed: cells infected in the presence of
CH were kept with this inhibitor for 3 h. A 10-min interval
without CH then allowed the synthesis of IE proteins from
the transcripts accumulated during the CH block, which in
turn could induce E-gene expression. Thereafter, CH was
added for another period of 3 h to accumulate E transcripts.
The genomic map positions of DNA fragments used for

the hybrid selection experiments are shown in Fig. 7. Pro-
teins translated in vitro from whole-cell or hybrid-selected
RNA were analyzed before (Fig. 7a) and after (Fig. 7b)
immunoprecipitation. After hybrid selection of RNA by
plasmid pAM84-5 (9), representing the 10.5-kilobase-pair
XbaI-HindIII subfragment (map units 0.709 through 0.753)
of the HindIll F fragment, four proteins of 33, 36, 38, and 46
kDa were synthesized in vitro (Fig. 7a, lane 3). The antise-
rum precipitated the 33-, 36-, and 38-kDa proteins (Fig. 7b,
lane 3). These three proteins were not translated from RNA
selected by either plasmid pAM84-3 (9), representing the
5.3-kilobase-pair HindIII-XbaI subfragment (map units 0.658
through 0.681) of the HindIlI F fragment (Fig. 7a, lane 2) or
by DNA sequences from map units 0.753 through 0.818 (data
not shown). These results located coding sequences for the
36- to 38-kDa E proteins and a 33-kDa protein between map
units 0.681 and 0.753. The 46-kDa protein was detectable
after in vitro translation of RNA selected by the plasmids
mentioned above. Since it was also synthesized in vitro from
RNA selected by plasmids containing the other cloned
MCMV DNA fragments, the 46-kDa protein represents an

artifact of the translation system (data not shown).
Within the region between map units 0.681 and 0.753,

hybridization of cDNA prepared from the E RNA used for
hybrid selection was restricted to sequences between map
units 0.709 and 0.721, represented by the XbaI-PstI fragment
contained in plasmid pBB2.9 (data not shown). This indi-
cated that the in vitro translated 33-, 36-, and 38-kDa
proteins are derived from RNA species transcribed from this
region. Transfection of BALB/c 3T3 cells with plasmid
pBB2.9 led to stably transfected cell lines that express the
36- to 38-kDa E proteins, as demonstrated by Western blot
analysis with mAb 20/234/28 (Fig. 7c, lane 1). This proved
that the complete coding region of the 36- to 38-kDa E
proteins, which is from now on referred to as transcription
unit el, is contained within the sequence between map units
0.709 and 0.721. The Western blot analysis with anti-MCMV
serum showed that the 33-kDa protein is also encoded by
this region but does not share the mAb 20/234/28-binding site
with the other proteins (Fig. 7d, lane 1).
Northern blot hybridization of E RNA with plasmid

pBB2.9 revealed a prominent RNA size class of 2.6 kb (Fig.
7e, lane 2). On the original autoradiograph, a faint signal was
seen also at the position of 3.0 kilobases (kb) (not visible in
Fig. 7). The amount of 2.6-kb RNA at different times after
infection (Fig. 8) showed an expression kinetics that strictly
correlated with the expression kinetics of the 36- to 38-kDa
E proteins seen in Fig. 2. The 3.0-kb RNA species was seen
mainly at 2 h p.i. and quickly decreased afterward.

Nucleotide sequence and structural analysis of the transcrip-
tion unit el. The entire nucleotide sequence between map
units 0.709 (XbaI site) and 0.721 (PstI site) was determined
(Fig. 9). Figure 10 shows the physical map and the experi-
mental strategy employed for identification of the structural
organization of that region.
The analysis of transcription unit el was performed by

nuclease digestion experiments with either 5'- or 3'-end-
labeled DNA fragments or evenly labeled cRNA transcribed
in vitro by the SP6 polymerase. The boundaries of each exon
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FIG. 6. Intranuclear distribution of the 36- to 38-kDa E proteins. Ultrathin frozen sections of MEF fixed at 12 h p.i. were incubated
sequentially with mAb 20/234/28, rabbit anti-mouse IgG, and protein A-colloidal gold particles. (a) Infected MEF (magnification, x4,200). (b)
Framed area of the same cell (magnification, x 39,000). The nucleus, nuclear membrane, nucleolus, and inclusion bodies are indicated by N,
NM, NU, and IB, respectively.

were determined with at least two different end-labeled DNA nuclease digestion, two protected fragments of 189 and 176 n
probes. were seen (Fig. lOAl, lanes b through d). No fragments were
The position of the 5'-cap site of the el mRNA was protected by mock RNA (Fig. lOAl, lane e). To test for the

mapped with the 330-nucleotide (n) XbaI-XhoI fragment existence of two 5' termini of el mRNA, a 66-n XhoI-HaeIII
(map units 0.709 to ca. 0.710). This fragment was 5' end fragment (map unit 0.710) was isolated after 5' end labeling
labeled at the XhoI site and hybridized to E RNA. After Si at the XhoI site and hybridized to E RNA. After extension of
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MURINE CYTOMEGALOVIRUS EARLY TRANSCRIPTION UNIT el 1913
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FIG. 7. Mapping of the coding region of the 36- to 38-kDa E proteins. At the top of the figure are shown the organization of the genome
of MCMV strain Smith and a physical map for the HindlIl fragments. The region between map units 0.658 and 0.753 is expanded, and XbaI
and PstI sites within this region are shown. DNA fragments used for hybrid selection experiments are indicated by hatched bars. The black
bar represents the DNA fragment contained in plasmid pBB2.9. (a and b) Coding sequences of the 36- to 38-kDa E proteins were mapped by
analyzing in vitro translation products of E RNA hybrid selected by cloned DNA fragments. Shown are the proteins before (a) and after (b)
immunoprecipitation with anti-MCMV serum. Lanes: 1, proteins from whole cell RNA; 2, proteins from RNA selected by the 5.3-kilobase-
pair (kbp) HindIII-XbaI subfragment of the Hindlll F fragment (map units 0.658 to 0.681); 3, proteins from RNA selected by the 10.5-kilobase-
pair HindIII-XbaI subfragment of the Hindlll F fragment (map units 0.709 to 0.753). (c and d) Expression of the 36- to 38-kDa E proteins in
cell line 65/3/2, which is stably transfected with pBB2.9, was analyzed by Western blotting with mAb 20/234/28 (c) and with anti-MCMV serum

(d). Lanes: 1, cell line 65/3/2 stably transfected with plasmid pBB2.9; 2, MCMV-infected BALB/c 3T3 cells at 16 h p.i.; 3, mock-infected
BALB/c 3T3 cells. (e) Transcripts synthesized from the region between map units 0.709 and 0.721 were determined by Northern blot
hybridization with plasmid pBB2.9. Lanes: 1, mock RNA; 2, E RNA.

1 2 3 4 5 6 7 8 9 10 11 12

3.0- 4
2.6-

kb

FIG. 8. Kinetics of expression of the 2.6-kb RNA. Samples (5
,ug) of whole-cell RNAs prepared from MEF at different times after
infection were analyzed by Northern blot hybridization with a

strand-specific 32P-labeled cRNA that was transcribed in vitro from
map units 0.710 to 0.709 by the SP6 RNA polymerase. Lane 1
contained mock RNA. Lanes 2 through 12 contained RNA prepared
from MEF at the following times p.i.: 2, 1 h; 3, 2 h; 4, 3 h; 5, 4 h; 6,
6 h; 7, 8 h; 8, 10 h; 9, 12 h; 10, 16 h; 11, 20 h; 12, 24 h.

this primer by reverse transcriptase and separation of the
extension products on sequencing gels, only the 189-n frag-
ment could be detected (Fig. 1oA1, lane b). This result
supported a single 5' cap site of the el mRNA at 141 n

downstream of the XbaI site and 24 n downstream of the
potential TATA box sequence TATAA.
By hybridizing E RNA to labeled cRNA transcribed from

map units 0.715 (BstEII site) to 0.712 (XhoI site) and
nuclease digestion, two fragments of 250 and 177 n were

detected; this indicated splicing (Fig. 10C, lane b). cRNA
transcribed from the XhoI site (ca. map unit 0.716) to the
XhoI site at map unit 0.712 also protected the 250- and 177-n
fragments and an additional fragment of about 85 n (data not
shown). This revealed the presence of at least two introns
and three exons. The 3' end of the first exon was located by
hybridization of the 3'-end-labeled 842-n XhoI fragment
(map units 0.712 to ca. 0.716) to E RNA. An Sl-nuclease-
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1914 BUHLER ET AL.

gcgtgatgca gactttataa atcgcaagcc ggagcggatc ctaggctcat ttcttctgcg atcttcgcat

ttagcagacc aaatgctgat agttcctgcg tcgcggtaga ttacgtgccc acttttctcg tcgcgaccgg

tgaaaagacc ttcgttcgga ccATGGCCGC GCCAGATCGA CGCGGATCGC CCATCGTTTC GAGACGACGT

TACTTCACCT TCCGGAACTC GAGTCGGACG CTGCATCAGA ATGTCACCCG CATGTTCGAC CTCCGTCAGT

GGACCTACGA GAGCGCCCGC GMTGGACT GCACGAACGG CGAGGGCCGC ACCGAGAACT GGGGGCCCGG

CTGGCTGTGC GCGACCATCA TGCAGTCTCC GGACAGCGGC TCGTCGTCCG GATCGGCGGC CCAGGGATGC

ATGTCTCTGG ACATCACCTC GGACGACGGA CCGGAGAAGG TCATGAACAT GTTCCACCGC GGGAGCATCG

TCTGTAACAA GACCGTCTCT TCGGTCGCGA CGCCGCCGGG GTCCGACGGC ACGGGCGCCA GCCTCTTGAC

TCTGGTGGCG GACGGCAGCT TGCTGCAAGT CATCCTGGTC GAACACTCGC CGGGCGCCCA CCGCGCCGM

GCCGACGATG TCGCCGAGAG CGTCGGCAAC GCCGCGGTGG CCGCCGCCGT GCAGTCGGCC ACTTCGATGG

GTAGCTCGAG CTCCGTCGGC GGCGCCGGTG GCGGCGGCTT CAATTCTTCG GMGMCGTC GCCGCGATM

AGACTCGTCC AAATCTCACG ATGACGACCG ACGTMGAGA TTCGAACTCT GCAACGGTAC CCTTCATAGG

GAGCGGACCT CGGGTAGCTC CGGATCGAGC GGCGGCGGCG GCGGCAGCGG CAGCGGAGGC AGCAGCGGCC

TCAGTACAAA GCAGAAGGAG CGCAGCAGGA GGCTCGAAGA GGMATgtaag tagttctgat cggggtttta

ctggtcgctt tccccctcga ccttcggtga accgtcacgg gactaatgtt gttactctgt tcggaaagGT
TCTCCACGCA GCGGGGGGGA GCCCAAGCGC CAGAAGACCC ACCACGATCC GAGACCGGAG AGGGATCTGG

AACCGCCTAG GAGCAGTACC ACTGTCGATG GTAATGCAGA CGAAGCTGGA GCGGTCTCCT TITTGAACAG

TTATGCTGCT AGTTCGCTGT CCGCCGTCAG CGATGgtgcg ttaccaccct cctctccggt gactatagag

acaccaaggt ttaatgactt gatagaatcc gaggaggaag acgatggaac tcggtgttcg tctgccgatg

gtacggcgac ggtaaccgag accggggcgt ctgccgagat cgagcaaacg ttcaccgacg gtgggctagc

atgcatgagg tccttaattg actcgcgggc cctcatggat ctcgccttta cgagccgcat gacggcggtg

aagtcgggat ctgagggagc gggcaacacc tgtcctgggg aacagaggct ttctaactgc aatcttcctc

cgaattcaca gGAGGACMC AACCCGGGTT Ttgaaggcgt ctttaattcc ctgatgagac tcttagacga

gtataaagac aagagcacca gctcgagttc cgccgccgta ccgggatcca gttgtacagg caccacgcag

acagagggga tgcctcacca caggggtatc ttcgacaggg acacatccgc cgctcagcag aaacctgtat

gtgagatacg gcccttcatc gacatagctc gctgtgtcga gccggcggcg gcgccgaccg cttcgcgctc

cagagccacc acggccgccg ctcgcaggcg gggaagaggc tcgcagcctc ggaggaacag tcgggtcgcg

gcgcgcgtcg cccaggtcga tccgaccgac ccacccgcag ctgctgctgc cgccgccgcc ggtcccacca

cgcggggaag gagcaggagt aggaggggaa gacgaggccc agacctcacg gaggacgggt tggagattgt

cgagacgggc gccaccgccg gcactctggc cgtttccgag gaggaaaccg cgatggccgc cgctatgtta

gaggatatgg tcgacttgga caatgtgttc gatgatctta attgatctca tgaaagatgg ataaagaaat

gatgctctgt aaactctaac tgactgttgt tatcgatcgc ctcgtctcgc tcgggtcttc tgccgatgct

gccgtctgta agcacgcaag caagcactcg ctctatagca gtagaatatg tatggatgat atacttactg

ttgttgttca cttactatta tcacctatat aaaacttgta ttcatgatac ttaccactga aaaaattgtg

tatgtctttt tatacttttg accaccgtta ttgatgataa gtatactctt ctaactgtgt gtgtctctgt

27

97

167

237
307
377
447

517

587

657

727

797

867
937

1007

1077
1147

1217

1287

1357
1427

1497
1567
1637
1707
1777

1847

1917
1987

2057
2127

2197
2267

2337
2407

ctaccgggcc gatggagata ttatccctgg tccccctctg tctgtgctaa caacataaca tccatgtaaa 2477

taaaattaat atttttaata ttttatcaat aaaaaccaca catttgttac aataaaccgc gctcgccttt 2528

FIG. 9. Nucleotide sequence of the transcription unit el. The nucleotide sequence from 43 n upstream of the 5' cap site to 19 n downstream
of the 3' terminus of el is shown. Both termini are marked with asterisks. The TATA box sequence 28 n upstream of the 5' cap site and the
polyadenylation consensus sequence 24 n upstream of position 1,020 n of the third exon are underlined and printed in boldface type.
Noncoding exon sequences are only underlined. The predicted open reading frame of the spliced el mRNA is underlined and set in bold-faced
capital letters.

resistant fragment of 250 n (Fig. lOB1, lane b) determined the
3' end of the first exon adjacent to the splice donor consen-
sus sequence GTAAGT (26, 32) 912 n downstream of the 5'
cap site of el mRNA.
The presence of a short second exon of 177 n could be

deduced from the nuclease protection experiments described
above. To locate the 5' end of this second exon, an Si
nuclease assay was carried out with a 5'-end-labeled 149-n
TaqI fragment (ca. map unit 0.714). Fragments of 105 and 99
n were protected (Fig. 1OA2, lane b). A splice acceptor
consensus sequence (26, 32) was only found adjacent to the
3' end of the 99-n fragment. The appearance of the 105-n
protected fragment can be interpreted as a result of hybrid-
ization between sequences GGAAT (positions 908 to 912 n)
at the 3' end of the first exon and CCTTTC (positions 1,000
to 1,005 n) of the TaqI fragment preceding the 5' end of the

second exon. The 99-n fragment located the 5' end of the
second exon at 1,006 n downstream of the 5' cap site.
Because the second exon has a size of 177 n, its 3' end must
be located 78 n downstream of the TaqI site, that is, 1,182 n
downstream of the 5' cap site.
For the determination of the 5' end of the third exon, a

5'-end-labeled 90-n XhoI-EcoRI DNA fragment (ca. map
unit 0.716) was used. This probe defined a protected 87-n
fragment and less abundant fragments of 85 to 88 n (Fig.
1OA3, lane b). The only splice acceptor consensus sequence
was located 85 n upstream of the XhoI site. The size
difference of 2 n can be explained by imprecise Si cleavage.
For the location of the 3' end of the el mRNA, an Si

nuclease assay was carried out with the 3'-end-labeled AccI
fragment (ca. map unit 0.720). Protected fragments of 108
and 121 n (Fig. 1OB2, lane b) indicated two possible 3' ends
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MURINE CYTOMEGALOVIRUS EARLY TRANSCRIPTION UNIT el 1915
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FIG. 10. Structural anaiysis of transcription unit el. The experimental procedures for mapping the 5' and 3' ends of the el mRNA and for
the location of exons are at the top of the figure. The experimental data are shown below. To present all relevant information in one figure,
the autoradiographs were cropped and refitted as indicated. Restriction enzyme sites used for the characterization of the transcription unit:
A, AccI; B, BstEII; E, EcoRI; H, HaeIII; P, PstI; T, TaqI; X, XbaI; Xh, Xhol. (Lines A through C) Whole-cell RNA from mock-infected
and E-infected cells was hybridized to either 5'-end-labeled (line A, 0) or 3'-end-labeled (line B, 0) DNA fragments or to uniformly labeled
cRNA (line C; the arrow shows direction and termination of cRNA transcription) and then incubated with S1 nuclease (lines A and B) or
RNases A and T1 (line C). The heteroduplex formed after hybridization with the 66-n XhoI-HaeIII fragment at map units 0.710 (Al ) was
elongated with reverse transcriptase. The wavy line with the arrowhead indicates the size of the extended cDNA. Solid bars show the
locations of protected fragments. The number of nucleotides is indicated. (Line D) Summary of the results. Shown at the bottom of the figure
are autoradiographs of elongated (panel Al) or protected fragments separated by electrophoresis in 60-cm-long sequencing gels. With the
exception of panel Al, lanes a show the labeled fragments before the nuclease treatment, and lanes b show the nuclease resistant fragments
after hybridization to E RNA at 44°C (30°C in panel C). In panel Al, lanes c and d demonstrate the resistant fragments after hybridization
to E RNA at 50 and 56°C, respectively, and lane e shows protected fragments after hybridization to mock RNA. In panel Al, lane a shows
the extended molecules from mock RNA, and lane b shows extended molecules from E RNA. In panels Al and Al, lanes m show size
markers that were prepared by cleaving pBR322 with HpaII and labeling of the fragments at the 5' ends. Additional size markers were from
commercial suppliers.

2,515 and 2,528 n downstream of the 5' cap site. Upstream of
both putative 3' ends, A+T rich sequences and AATAAA
polyadenylation consensus sequences (32) are located,
which leaves the possibility of two different 3' ends.
Nuclease protection experiments that were performed

with DNA fragments between map units 0.710 and 0.712 as
well as between map units 0.716 and 0.720 did not indicate
the existence of additional introns (data not shown). In
conclusion, the el mRNA contains three exons of 912, 177,
and 1,007 or 1,020 n, comprising 2.1 kb. Introns are 93 and
326 n in size. If the increase in size of mRNAs by polyade-
nylation is taken into account, the calculated length of the
2.1-kb el mRNA is in accord with the size of the 2.6-kb E
RNA detected by Northern blot analysis.
The predicted El protein shows amino acid sequence ho-

mology to a family of HCMV E proteins. The amino acid
sequence of the El protein was deduced from the nucleotide
sequence of the spliced el mRNA (Fig. 11). The first AUG,
39 n downstream of the 5' cap site, is followed by a stop
codon UAG at position 63 n and is not part of the consensus
sequence A/GNNAUGG of translation initiation (22). The
second AUG at position 119 n is contained in a consensus
sequence of translation initiation and leads into an open
reading frame of 990 n that terminates with a UGA. The
predicted protein of 330 amino acids has a calculated molec-
ular mass of 36.4 kDa. It contains two glycine-rich se-
quences extending from amino acids 186 to 192 and 231 to
249. Computer-aided analysis with the Genetics Computer
Group sequence analysis software package version 6.1 from
August 1989 (7) detected similar glycine-rich regions in the

x
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1916 BUHLER ET AL.

1 Met Ala Ala Pro Asp Arg Arg Gly Ser r Ile Val Ser Argir Arg r Phe Thr Phe
Met Asp Leu r Thr Thr Val VajArgLys Trp Thr Phe

21 Arg An Ser Ser rg1Thr Leu His Gln Asn ai1 Thr Arg Met Phe Asp Leu Arg Gln Trp
Ala n Pro Asn r Ile Leu His Gln Ser Va Asn Gln Thr e Asp Val Arg Gln Phe

41 Thr Tyr Glu Ser Ala Arg Val Leu Asp Thr Asn G y Glu GMy Arg Thr Glu Asn Trp
Val Phe Asp Thr1A a Arg Leu Val AsnIC s Val AspMG Asp G Lys Val Leu His Leu

61 Gly Pro Gly Trp Leu Cys Ala Thr Ile Met Gln Ser Pro Asp Ser Gly Ser Ser Gly
Asn Lys Gly Trp Leu Cys Ala Thr Ile Met Gln ... His Gly Glu Ala Ala Gly Ala

81 Ser Ala AlaL Gln Gly Cys Met Ser Leu Asp Ile Thr Ser AsAsp Gly Pro Glu Lys Val
Lys Thr GlnGln GlyPKe Met Ser Ile Asp Ile Thr Gly Asp Gly Glu Leu Gln Glu ...

101 Met Asn Met Ph. His Arg Gly Ser Iie Val C Asn Lys Thr Val Ser Ser Val Ala Thr
... His Leu PhValArg Gly Gly Ile Val Phe As Lys Ser Val Ser Ser Val Val Gly

121 Pro Pro [dy Ser Asp Gly Thr Gly Ala Ser Leu Leu Thrl Leu Val Ala Asp Gly Ser Leu
Ser Ser GlJPro Asn Glu Ser Ala ...j... Leu Leu ThrJMet Ile Ser Glu Asn Gly Asn

141 Leu Gln Val] Ile Leu Glu Hi] Ser Pro Gly Ala His Arg Ala Glu Ala Asp Asp Val
Leu Gln Val Thr Tyr V ArgH Tyr Leu Lys Asn S...GlyGlSer Ser Ser Gly

161 Ala Glu Ser VA1[]AsnAlAla Valla Ala Ala Val Gln Ser Ala Thr Ser MetIi

Gly Gly Gly Cys G Ala A Ser Thr Ala Ser Ala Val ... Cys Val Ser [er Leu Gl

181 Ser ei Ser Ser Val GIy G y Ala Gly Gly G Gly Phe Asn Ser Ser Glu Glu Arg Arg
Gly .r... ... ... Gly GlyThr Arg Asp Pro Ser Ala Glu Glu Gln Gln rg Arg

201 Arg Asp Lys Asp Ser Ser Lys Ser His Asp Asp Asp [rg rg Lys Arg Phe Glu Leu Cys
ArgGln Glu Gln ......... ... Arg His Glu Glu AgArrgsLys.. .

221 Asn Gly Thr Leu His Arg Glu Arg Thr r Gly Ser Ser Gly Ser Ser GyG Gly Gly
... ... ... ... ... ... ... ... ... r Ser Ser Ser Ala Gly Gly Gly G Gly Gly

241 C 1Ser G61 Ser Gy Gly Ser Ser Gil Leu [1 Thr Las n L s Glu Arg Ser Arg Arg
G Ala G Gly G Gly Gly G Gly r Gly Gy n Hs ... ... ... ... ...

261 Leu Glu Glu Glu Cys r Pro Arg er Gly Gly Glu Pro Lys rg Gln Lys Thr His His
...................er Ser Asp Ala Asn Gly Leu Leu Asp Pro Arg Leu Met

281 Asp Pro Arg Pro Glu Arg Asp Leu Glu Pro Pro Arg Ser Ser Thr Thr Val Asp Gly Asn
Asn Arg Gln Lys Glu Arg Pro Pro Pro Ser Ser Glu Asn Asp

14

34

54

73

92

111

129

148

167

184

196

205

220

235

252

301 Ala Asp Glu Ala Gly Ala Val Ser Phe Leu Asn Ser Tyr Ala Ala Ser Ser Leu Ser Ala

321 Val Ser Asp Gly Gly Gln Gln Pro Ala Phe

FIG. 11. Comparison of the deduced amino acid sequences from the MCMV and HCMV E transcripts: alignment of the deduced amino
acid sequence from el mRNA (above) and of the N-terminal region of the deduced amino acid sequence from the 2.2-kb HCMV transcript
(below). Gaps were introduced into the HCMV sequence to generate maximum alignment of identical amino acids (boxed). The glycine-rich
regions contained in both amino acid sequences are printed in boldface type. Amino acid positions of the MCMV and HCMV sequences are
numbered on the left- and right-hand margins, respectively.

sequences of other polypeptides, for instance, the murine
cytokeratin 11 (34), the Epstein-Barr virus nuclear antigen 1
(14), and the N-terminal region of the deduced amino acid
sequences of a human cytomegalovirus (HCMV) 2.2-kb
transcript that is encoded between map units 0.682 and 0.713
(33). Further significant homologies were only found with
the deduced amino acid sequence of the HCMV transcript
mentioned above. Optimal alignment of this HCMV amino
acid sequence and the predicted MCMV el sequence re-
vealed 30% identity (Fig. 11). In three regions spanning from
amino acids 63 to 71, 84 to 94, and 104 to 118, the identities
were 100, 72, and 73%, respectively. No homology to any
other herpesvirus protein was seen.

DISCUSSION

In the present study the cell line B25, which expresses the
iel/ie3 gene complex of MCMV constitutively, was used to
investigate the requirements for the induction of E-gene
expression. Some E genes were induced by the IE proteins
synthesized in B25 cells, whereas expression of other E
genes depended on proteins synthesized after infection of
B25 cells.

Differences in the requirements for E-gene expression are

not without precedent. Several herpes simplex virus type 1
(HSV-1) E genes, but not the E gene coding for the alkaline
exonuclease, were induced after infection of cells that ex-
pressed the HSV-1 IE protein ICP4 constitutively. This
indicated the contribution of proteins other than ICP4 to the
full E-gene expression (28). Recent studies on the induction
of HSV-1 E genes revealed that the IE proteins ICPO and
ICP4 are both independently able to activate transfected
HSV-1 E genes. Both IE proteins can act synergistically,
since the induction of E gene expression was better when
ICPO and ICP4 were present (10, 11, 36). Analysis of
temperature-sensitive and deletion mutants of the ICP4 gene
showed that ICP4 is essential for the induction of E genes in
HSV-1-infected cells (4, 27, 29, 39). ICPO alone is not able to
activate E genes included in the viral genome (4, 5) and, in
contrast to ICP4, is not essential for productive infection in
cell culture (31, 35).
For HCMV it could be shown by transient expression

assays that the IE2 proteins activate heterologous as well as
homologous promoters. The IEl proteins enhance this effect
but are not able to act independently from the IE2 proteins
(3, 15, 37).
The experiments shown here document that proteins

encoded by the iel/ie3 gene complex of MCMV can activate
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MURINE CYTOMEGALOVIRUS EARLY TRANSCRIPTION UNIT el

homologous promoters of E genes introduced into cells by
infection. Genes in the iel/ie3 gene complex share the
promoter region and the 5' cap site (8, 19). The iel transcrip-
tion unit codes for the major IE protein pp89 and a set of
smaller IE proteins that are antigenically related to pp89 (19,
20). The ie3 gene region contains at least one exon located
downstream of iel (Messerle, personal communication). iel
gene products that are constitutively expressed in the L-cell
line 45/1 activate a transfected heterologous promoter (21).
A study on the functions of ie3 gene products in isolation is
under way. Establishment of permissive cell lines that con-
stitutively express either IEl or IE3 proteins and infection of
these cells with MCMV will answer the question of whether
the iel or ie3 gene product or products of both genes are
required for the expression of E genes. Work in progress
indicates that MCMV IEl proteins alone are not sufficient
for the induction of E genes.

Other IE genes or some E genes could account for the
induction of the E genes that require protein synthesis for
expression. A 43-kDa protein encoded by the ie2 gene region
was so far only detected after in vitro translation of hybrid-
selected RNA (19). In a mutant virus the ie2 gene is
dispensable for virus replication in cell culture (23), which
excludes an essential function of the IE2 protein for induc-
tion of E genes. In addition to the abundantly transcribed
iel, ie2, and ie3 gene regions, low-rate IE transcription from
the HindlIl fragments E and N was observed (17). The role
of putative IE proteins encoded by this region remains to be
investigated. We favor the interpretation that the E genes
induced in B25 cells code for proteins that control the
expression of the second subclass of E genes in a cascadelike
fashion.

Transcription unit el, a member of the first subclass of
MCMV E genes, and its gene products were characterized.
Polypeptides of 36 to 38 kDa encoded by this gene region are
antigenically related, since they share the epitope for the
mAb 20/234/28. That this protein family is associated with
intranuclear inclusion bodies, which probably represent the
sites of viral DNA replication and nucleocapsid assembly (2,
40), may indicate a possible regulatory function in the viral
replicative cycle. The presence of one major RNA species of
2.6 kb in Northern blots and the structural organization of el
suggest that these proteins originate from the same tran-
script. The heterogeneity in size may arise from different
posttranslational modifications. These must occur immedi-
ately after translation, since no alteration in the relative
amounts of the 36- to 38-kDa El proteins could be detected
in pulse-chase experiments.
The coding sequence of el was mapped at between map

units 0.709 and 0.721, in the proximity of the IE transcription
units iel, ie2, and ie3 (19). Analysis of the gene structure
revealed three exons with an open reading frame predicting
a polypeptide with a calculated molecular mass of 36.4 kDa.

Studies on the posttranscriptional regulation of HCMV
gene expression have identified cis-acting signals consisting
of short open reading frames (in the 5' leader sequence of an
E transcript), which cause a delay in translation without
influencing mRNA transport or stability (12, 13). It has been
suggested that these signals impede the translation of down-
stream open reading frames. Remarkably, the 5' leader of
the MCMV el mRNA also contains an AUG codon that
leads into a short open reading frame of eight codons; yet,
the translation of el transcripts is not delayed. The 36- to
38-kDa El proteins are abundantly synthesized during the
first few hours of the E phase, and transcription and trans-
lation are strictly correlated. The nucleotide sequences that

flank an AUG start codon have an influence on the initiation
of translation (22). In the 5' leader of the posttranscription-
ally regulated HCMV E transcript the sequences adjacent to
the AUG codons, namely, CGGAUGG for the first and
AAGAUGG for the second AUG (12), do in part conform to
the consensus sequence A/GNNAUGG of translation initia-
tion, whereas the sequence CAAAUGC in the 5' leader of
the MCMV el mRNA lacks a consensus sequence. There-
fore our data do not formally contradict a potential role of
signals in the 5' leader of HCMV transcripts.

Interestingly, after having established the el gene struc-
ture and the amino acid sequence of the predicted El
protein, a 30% identity with the deduced N-terminal amino
acid sequence encoded by an HCMV E transcription unit
that is located between map units 0.682 and 0.713 was found
(33). Like transcription unit el of MCMV, this E transcrip-
tion unit ofHCMV is composed of three exons and is located
in the proximity of IE transcription units. Antigenically
related proteins of 34, 43, 50, and 84 kDa translated from
differently spliced transcripts are phosphorylated and asso-
ciated with the nuclear fraction of infected cells (41, 42). The
43-kDa protein is derived from an mRNA spliced after
excision of both introns, as it is the case also for the 36- to
38-kDa El proteins of MCMV. Unlike the 43-kDa HCMV E
protein and the 36- to 38-kDa El proteins of MCMV, the
34-kDa E protein of HCMV is derived from an unspliced
transcript. From this, one can conclude that the 43-kDa
protein rather than the 34-kDa protein of HCMV is the
counterpart of the 36- to 38-kDa MCMV El proteins.

In addition to the 36- to 38-kDa El proteins of MCMV
detectable with mAb 20/234/28, a 33-kDa protein was seen
with antiserum in the Western blot from cells transfected
with plasmid pBB2.9 containing the region between map
units 0.709 and 0.721. This 33-kDa protein was also found in
cells infected with a recombinant vaccinia virus expressing
the el coding region under the control of the vaccinia virus
promoter. Again, the 33-kDa protein was recognized only by
antiserum, not by mAb 20/234/28 (Messerle, personal com-
munication). Because splicing of vaccinia virus-encoded
transcripts is precluded, it follows that the 33-kDa protein is
derived from an unspliced transcript of el. The 3.0-kb
transcript of low abundance is likely to represent this un-
spliced transcript. Like the HCMV E coding region, the
MCMV el sequence has an open reading frame that is
terminated within the first intron at a position 914 n down-
stream of the 5' cap site and that encodes a predicted protein
with a calculated molecular mass of 29 kDa, which is well in
accord with the detected protein with an apparent molecular
mass of 33 kDa. This would also mean that the antiserum
detects epitopes specified by the first exon of el, whereas
binding of the mAb 20/234/28 depends on the expression also
of the other exons. Collectively, the data suggest that the
33-kDa El protein of MCMV is the homolog of the 34-kDa E
protein of HCMV. MCMV counterparts of the HCMV E
proteins of 50 and 84 kDa were not detected.
Even though the 36- to 38-kDa El proteins of MCMV and

the 43-kDa protein of HCMV appear to be homologous
proteins, there is a significant difference in their kinetics of
expression. Whereas the synthesis of the 36- to 38-kDa El
proteins is drastically reduced after the initial stages of the E
phase, the 43-kDa E protein of HCMV is relatively con-
stantly synthesized throughout the E and L phases of the
viral replication cycle (41, 42). This indicates that the two
transcription units are differently regulated.
The function of these genes is not yet resolved, but a role

in the regulation of subsequently expressed E genes can be
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presumed. The 36- to 38-kDa El proteins of MCMV were
shown to be very stable and could therefore perform their
function also at later stages. Whether the differences in the
kinetics of expression reflect differences in the function of
these homologous proteins is open to question. The isolation
of the el gene offers the possibility of studying the mecha-
nism of transcriptional regulation by IE proteins and the role
of the El proteins in the cascade regulation of the viral
replicative cycle.
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