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In several herpesviruses the genes for the major DNA binding protein (MDBP), a putative assembly protein, the
glycoprotein B (gB), and the viral DNA polymerase (pol) collocate. In murine cytomegalovirus (MCMV), two members
of this gene block, pol (Elliott, Clark, Jaquish, and Spector, 1991, Virology 185, 169-186) and gB (Rapp, Messerle,
Bthler, Tannheimer, Keil, and Koszinowski, 1992, J. Virol., 66, 4399-4406) have been characterized. Here the two other
MCMV genes are characterized, the gene encoding the MDBP and the ICP18.5 homolog encoding a putative
assembly protein. Like in human cytomegalovirus (HCMV) the genes order is pol, gB, ICP18.5, and MDBP. The 4.2-kb
MDBP mRNA is expressed first in the early phase, whereas the 3.0-kb ICP18.5 mRNA is a late transcript. The open
reading frame of the MDBP gene has the capacity of encoding a protein of 1191 amino acids with a predicted molecular
mass of 131.7 kDa. The MCMV ICP18.5 ORF is translated into a polypeptide of 798 amino acids with a calculated
molecular mass of 89.1 kDa. Comparison of the amino acid sequences of the predicted proteins of MCMV with the
respective proteins of HCMV, Epstein-Barr virus (EBV), and herpes simplex virus type-1 (HSV-1) reveals a striking
homology ranging from 72% (HCMV), 50% (EBV), to 45% (HSV-1) for the MDBP sequence and from 74% (HCMV), 51%
(EBV), to 49% (HSV-1) for the ICP18.5 sequence. These results establish the close relationship of the two cytomegalo-

viruses, and underline the usefuiness of the murine model for studies on the biology of the CMV infection. © 1992

Academic Press, Inc.

INTRODUCTION

Cytomegaloviruses (CMV) are highly species-spe-
cific herpesviruses that infect many animals. Human
cytomegalovirus (HCMV} is an ubiquitous human path-
ogen. Although primary infection in the immunocom-
petent host is often not accompanied by an apparent
disease, a state of livelong persistence is established
(Ho, 1982). Severe immunosuppression orimmunodefi-
ciency can cause reactivation of the HCMV infection
from the latent state. Therefore, HCMV is a major
threat for organ allograft recipients and HIV patients
(Pass, 1991). Apparently, host defense mechanisms
rather than viral properties define the different manifes-
tations of CMV disease. Therefore, the development of
an efficacious vaccine or treatment against HCMV
needs a thorough analysis of the viral pathogenesis
and of the immune response against CMV antigens.
Due to the species specificity of HCMV the experimen-
tal analysis of virus—host interactions is limited. Thus,
the availability of animal models are important in defin-
ing the key elements of CMV control.

A series of similarities have been reported between
murine (MCMV) and human CMV (Ho, 1982). Both

The nucleotide sequence data reported in this paper have been
submitted to the GenBank nucleotide sequence database and have
been assigned Accession Number X67021.
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MCMV and HCMYV lead to the infection of the spleen,
salivary and adrenal glands, and lungs of their respec-
tive hosts. Pneumonia is the major cause of mortality
following MCMV or HCMV infection. Therefore, the in-
fection of mice with MCMV has been used as a model
system to study various parameters of CMV infections
including the reactivation following immunosuppres-
sive treatment (Jordan et al., 1977) and the cellular im-
mune response against CMV antigens (Koszinowski et
al., 1990).

Despite of the obvious similarities of the two viruses
in biology and pathogenesis, it is not known whether
the similarity is also reflected at the molecular level.
However, a molecular approach to virus control will
only be feasible when the factors contributing to viral
pathogenesis and antiviral immunity are defined at the
genetic level. Whereas the complete sequence of the
HCMV genome has been determined (Chee et al.,
1990), only a few MCMV genes and proteins have
been analyzed so far (Keil et al., 1987; Buhler et al.,
1990; Elliott et al., 1991; Loh et a/., 1991; Messerle et
al.,, 1992; Rapp et al., 1992). In order to study the ho-
mology of the two CMV genomes we have determined
the nucleic acid sequence of a region of the MCMV
genome, which contains a series of genes conserved
throughout all herpesviruses.

Here we report the nucleic acid sequence and the
transcriptional patterns of two MCMV genes encoding
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proteins with a high degree of amino acid sequence
homology to the major DNA binding protein and a pu-
tative assembly protein of HCMV and herpes simplex
virus (HSV).

MATERIALS AND METHODS
Virus and cell culture

MCMV (mouse salivary gland virus strain Smith,
ATCC VR-194) was propagated on BALB/c mouse em-
bryonal fibroblasts (MEF) as described previously (Keil
et al., 1984).

Cloning procedures and sequence analysis

BamHI subclones of the MCMV Hindlll D fragment
were generated and these were further subcloned as
EcoRl or Pstl fragments. The nucleic acid sequence
was determined by a modified version of the dideoxy
sequencing method (Tabor and Richardson, 1987}, us-
ing nuclease Bal31-generated subclones of the EcoRl
and Pstl fragments. When necessary deaza-dGTP was
used in the sequencing reactions instead of dGTP to
avoid compressions. Sequences were either deter-
mined for both strands or several overlapping sub-
clones were used to confirm the sequence. Appro-
priate primers were synthesized and used to define the
overlapping sequences between the EcoRl and Pstl
subclones, respectively. Overlaps between the BamH|
fragments were determined by sequence analysis of
polymerase chain reaction amplified fragments. The
Genetics Computer Group software package version
7.0 from April 1991 (Devereux et al., 1984) was used
for the analysis of the nucleic acid sequences and for
the deduction of the amino acid sequences. Compari-
son of the nucleotide sequences of the identified open
reading frames and of the deduced amino acid se-
qguences was performed to the entries of the Genbank
database release 69 from September 1991,

Isolation of RNA

MEF were MCMYV infected with 20 PFU per cell by
using the technique of centrifugal enhancement of in-
fectivity at 800 g for 30 min. At different time points
postinfection whole-cell RNA was prepared from
MCMV-infected cells following established proce-
dures (Chirgwin et al., 1979).

Northern (RNA) blot hybridization and nuclease S1
protection experiments

RNA samples were size fractionated by gel electro-
phoresis and transferred to nitrocellulose filters as de-
scribed previously (Keil et al., 1984). DNA probes used
for hybridization were labeled with [a-*2P]JdCTP by us-

ing a multiprime DNA labeling system (Boehringer-
Mannheim, Germany). For estimation of RNA sizes,
Escherichia coli 16 S and 23 SrRNAs and 18 S and 28
S mouse rRNAs were used as size markers. Whole-cell
RNA was hybridized to &' or 3’ end-labeled DNA frag-
ments and digested with nuclease S1 as described
previously (Keil et al., 1987). Nuclease-resistant frag-
ments were size fractionated on denaturing sequenc-
ing gels.

3’ end determination

The 3' end of the MCMV ICP18.5 mRNA was deter-
mined according to the protocol of Frohman et al.
(1988) using the oligonucleotides (dT)17-R1-R0O (5"
AAGGATCCGTCGACATCGATAATACGACTCACTA-
TAGGGATTTTTTTTTTTTTTTTIT-3), RO (6'-AAG-
GATCCGTCGACATC-3'), and End1 (5'-GCAA-
GCTTATGTCAGGTCGAGAG-3'). The primer End1
corresponds to positions 6278 to 6295 in Fig. 2, imme-
diately upstream of the Smal site at map unit 0.375
(Fig. 4).

RESULTS

Nucleotide sequence of the MCMV MDBP and
ICP18.5 genes

A conserved gene block containing the genes for the
major DNA-binding protein (MDBP), a putative assem-
bly protein, the glycoprotein B (gB), and the viral DNA
polymerase (pol) has been described for all herpesvi-
ruses (Kouzarides et al., 1987). We assumed that the
analysis of this gene block could help to define the
degree of relatedness between murine and human
CMV. The pol and gB genes of MCMV have been se-
quenced (Elliott et al., 1991; Keil, unpublished data;
Rapp et al., 1992), and the location of gB has been
mapped to the left end of the MCMV Hindlll D fragment
and pol overlaps the border between the Hindlil D and
H fragments (Fig. 1). Assuming the same gene order as
in HCMV, we expected that the MCMV genes encod-
ing the MDBP and the putative assembly protein,
which we call MCMV ICP18.5 gene in analogy to the
gene in the HSV-1 genome (Pellett et al., 1986), to be
located upstream of the glycoprotein B gene. Conse-
quently, we analyzed the nucleic acid sequence up-
stream of the glycoprotein B gene (Fig. 1).

The nucleotide sequence from the Xhol site at map
unit 0.401 up to the EcoRl site at map unit 0.371 is
shown in Fig. 2. Two large open reading frames (ORF)
of 3673 and 2394 nucleotides (nt) extending from posi-
tions 256 to 3828 and from positions 4038 to 6431
were identified. A third ORF starting at position 6334
encodes the MCMV glycoprotein B (Rapp et al., 1992).
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FiG. 1. Localization of the MCMV genes encoding the ICP18.5 homolog and the major DNA binding protein (MDBP). (Top) Hindlll cleavage
map of the MCMV strain Smith genome. (Middle, enlarged) Positions (in map units) of restriction enzyme sites in the analyzed part of the Hindlll
D fragment. The hatched bars represent DNA probes used in the Northern blot analysis. (Bottom) Localization of the identified open reading

frames (open bars).

The ORF of the MCMV ICP18.5 gene overlaps the ORF
of the glycoprotein B gene by 32 codons. The nucleo-
tide sequences of the MCMV ICP18.56 and MDBP
ORFs showed 65 and 60% homology to the UL56 and
UL57 ORFs of the HCMV genome (Chee et al., 1990).
Remarkably, the sequences upstream of the MDBP
ORF (map units 0.401 to 0.406) and the 200 nt be-
tween the MDBP and ICP18.5 ORFs display almost no
similarity to the corresponding sequences in the
HCMV genome.

Expression kinetics of the MCMV MDBP and
ICP18.5 genes

Northern (RNA) blot hybridizations were performed
to determine the expression kinetics of the MDBP and
ICP18.5 genes. Hybridization with a 821-bp EcoRl
fragment (Fig. 1, probe a; map units 0.396 to 0.393)
from the MDBP ORF resulted in a band of 4.2 kb (Fig.
3a). The MDBP mRNA appeared as early as 2 hr p.i.
and remained present throughout the replication cycle
(Fig. 3a, lanes 3 to 6).

The size of the ICP18.5 mRNA and the expression
kinetics of the ICP18.5 gene was determined by using
a 1734-bp Pstl fragment from the ICP18.5 ORF (Fig. 1,

probe b; map units 0.383 to 0.376) as **P-labeled
probe. A transcript of 3.0 kb was seen 24 hr p.i. (Fig.
3b). Thus, the MCMV ICP18.5 gene represents a late
gene.

To define the approximate ends of the MDBP and
ICP18.5 transcripts Northern blot hybridizations were
performed using DNA probes which overlap the ends
of the putative open reading frames (see Fig. 1, probes
¢ to e). A 1034-bp Sall fragment (Fig. 1, probe c¢; map
units 0.4045 to 0.400) showed a weak hybridization
with the 4.2-kb MDBP mRNA (Fig. 3c). This result sug-
gested that the &’ end of the MDBP mRNA is located
within this Sall fragment. Hybridization with a 856-bp
BamHI/Pstl fragment (Fig. 1, probe d; map units 0.387
to 0.383) revealed the MDBP transcript as well as the
late ICP18.5 transcript (Fig. 3d, lanes 3 and 4). There-
fore, the 3’ end of the MDBP mRNA and the 5" end of
the ICP18.5 transcript are located within the BamHI/
Pstl fragment. The 1389-bp Bglll/EcoRI fragment (Fig.
1, probe e; map units 0.377 to 0.371) showed hybrid-
ization to the 3.0-kb ICP18.5 transcript, to a 3.3-kb
transcript, and to additional bands of higher molecular
mass. The 3.3-kb band represents the glycoprotein B
mRNA and the larger transcripts also represent gB-

FiGg. 2. Nucleotide sequence of the MCMV MDBP and ICP18.5 genes and deduced amino acid sequence of the encoded proteins. The
nucleotide sequence is shown from the Xhol site at map unit 0.401 up to the EcoRl site at map unit 0.37 1. Open reading frames are indicated by
capital letters and the deduced amino acid sequence is shown below in the one-letter code. 5’ cap sites and 3’ ends of the mRNAs are marked by
stars and dots, respectively. Putative binding sites for the transcription factor SP1 are underlined, and potential TATA-boxes are underlined and
marked by capital letters. Some restriction enzyme sites are shown for orientation.
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Spl
ctcgagegeyccaagaycecgegytcctitycgat tyeggeycacygayect teygggeggteayat tegtyc acyliyccycycaaaccatgtecagtacgitgtgacaaaggeticga 120

yyyLgctigegtgaggattgtgacgttttcytcgagyagaacccgecggygget teacyTATATAAagyt utgglgccgcggg::gaccagaacgacccccgctcctgtataatucglt 240

9€C99993g9tCcgCccATGECGRACGACGATCTCTCCAGCCTCGLCCCCGTCGLTCCCGCCGTCTGRATGTTCTTCCTCAAAAAGACGCGGGAGCTCGCGGACATCGTGGCCGLGATGTCG 360
M ADDDLS SLAPY APAVYHNNFFLKKTRELADIVAANS 35 (m0BP)

C!CTGCMCMSGCWCCCCGTCGTCATCGCGCCGCTGTIGATAGACCTGACCGTCGACCGCGACTTCI’GCGGCGCGGICAGGACGCCMIWWTAWGTCCTCMC 480
LCODKATPV VY IAPLLIDULTVYODRDFCGAVYRTPMNSTYTEGSGESGYV T 75 (MDBP)

AMAGTCACCTCTTTCTETCCCTTCRCCTTCTYTTTCCACAACACCGACGAGATCCTCGACGTCGTCOAGGATCACGGCGACGTCETECACCTCTGTGACGATECCAGGCGCCGCTTCRGC 600
K Y TS FCPF AF FF HNTODETILILDVYVVYEDHGDV VY HLCDODARRREFSG 115 (n08P)

GTCCAGGCCTTCAGTCCGLTCGCTAATCGAGATCECACGGACGTAGACGTCCTCTGCGACGAGCTAGGTATCRCCCCCRCCBAGTACACGGEGCACGTCATGTGCGRAAMCEGCCTCANG 720
VQAFSPLAMNRDRTYTDVDVYLCDETLTGTII APAEYTGHVYVYCGEGNGLXK 156 (MOBP)

GAGCTCCTCTACGLGGEGCAGCTCATCCCCTGTCCCEAAGAGBLCGTRANGGTGCAGGTCGGCGCHATCGATGGCGTCAAGGTCCCGCTCTATCCCTACACTCTCTTCTCCRGLGRCGCC 840
ELLYAGQLTIPCPETEAVKYQVE&EAVDEGVYKYPLYPYTLFSGGEA 195 (M08P)

GATGCCACGCACRLCRACGEECCTTCCRCERCCATCGECTECGACGATCCRTRGATCCTCGAGCACGEATTCTACBACCCCGCGCTCAGCGAGRCGCTCTTCTACTTCATGTTCACCTCC 960
O AAHADGP S AAY ACDDT P WY LEHGFYDPALSEALFYTFMNFTS 235 (MOBP)

TGGAGCCAGTCRCTRCRCATCTEGCGAGACCAGTCECCTCATCRAGGCCGETCTECAGCAGTTCGTCGAGGACACRCAGCAGACGETRAAACTCACGCCETTCAAGAAGTACCACGECTAC 1080
W& QqQSLRVCETSRLIEAGLQQFVYEDTQQQTVKLTPFKEKYWHGY 275 (mosP)

ACCAGCCAGAAGCTCACCGCCGTCRAGAGGGACCAGCTCATGACGETCRACGCGGTCTGCTCCGAGCTCRCRTTCAGCTACGCGTCCATCTATCTTGATTCCGTCTACRAATTCAGCACE 1200
TSQK LT AVYERDOQLMWT VYDAVYCSELAFSYASTIVYLDSVYYETFS ST 315 (MD8P)

GCCTCCAACTTTCTCGAATGGCCRCTCETCAAGAACGCCAAGACCCACGCCGATCTGCTGGACAACCTELGERATTTCCAGTTGCACCTCGCTAAACACATCGCCGCGCTCATCTTCAGC 1320
A S NFLEWWNPLVYKNAKTHADLLODONELRDTFO QQLHLAKHILIAALILIFS 355 (MDBP)

TCGAACTCGATCCTCTACCAGACGCGGATCGTGTTCGTRCCCAGCGLCRGCAAGRGGGCCAACAGCAACCCGTCGRCGCAGGACTCCCTGCTCAAGTCCATCCGCTTCTTCAACGECCTC 1440
S NS I LYQTRTIVFYPSAGKS GANSNPSAQGD S LLKSIREFFNGIL 395 (M0BP)

ACGGERCATGTACGATGACATCCTGAACGACGCCAAGAAGACCATCAGETTCGAGGGGECCGTCGGECRGRACGAGAAGTACTCCCCGCACCACCTGRCCTACTTCTGCGGCACCTCRCCE 1660
T &N YDDILMNDAKIKTIIRFEGAYGRDEKYSPHHLAYTFCGETSEP 435 (MOBP)

CAGCTCTTCTCCACCCTCATEYGRTTCTTCAACCGCATETCCATCTACTCGACCGGGETCACGABCGGCGACACGRTGTTCAGTCACATCGTGAACGCCEGECTCCAAGCTGTGLAECGCE 1680
QLF ST LMNWFFNRNSITYSTGEGVT S GEDT VY F SHIVNAGSKLCEGA 475 (MDBP)

T6CEELGECCELTECTRTCACACGTGCTACGCCACCTCCTTCATCAGEGTGAACACGCGECTGCCGEECATCCCCAAGCAGATCAAGAAGGAGCCCGTCATGRTCACTCTGCTCTCGCGE 16800
C &6 6GRCCHTCYATSFI1RYNTYT RLPG! PKQI]IKKEPY VYV VYTLLSR 515 (MDBP)

GCCTTCGLCRACGCCGACCTCTTGGGAAALTATGGTAAGAGATACGGCCTGGAG] LIL.LLGGAGGCGGGCGACGGCGGAGGCGGCGGAGCCGGCGGCAGGACGGACGAGGTGGCCGCGGGE 1920
AF ADADLLGNYGKRYGLESRTEAGDSG GG GGG GS GAGSGRTDTEV ARG §55 (M0BP)

: _EcoRl
CCTCCGGCCOGCGRCGCCAGCGEETTGAACTTCGTCTCCGTCGACAGGATGAAGTATCTCGRGCAGGTCCTGGACTACTGTAAGAAGAATTCGCTGATCGACRCGATCACCGGCGAGGAT 2040
PP AGGAS GLNF VYV SYDRMNKTYLGGVYLDYCKI KNSLIDAITEGTED? 595 (MDBP)

ATCATCAACGTGCGCACGAAGAGAGACT TCGTCGCGACGGTCACGECGL TGAACCAGACGATCGACGATGCCGTGTGCAGGTTCGCCATGGACGTGCGRAGGTCCAGGCACGGEAGERAC 2160
I I NV RTKRDF Y ATVY T ALNOQTI1IO0ODAVYCRFAMNDYRRSEGEHGRD 635 (mDBP)

GAGATCAGCGEGASCACGCAGTCCTTCAACCTGGACCTCAGCCCCTACGCCACGGCCTTCTCCCCCATCCTGTCGTTCCAGTATTACCGGACCATGTTCTCCATCATCCAGAACCTGGLC 2280
E 1 $ 6 ST QS FNLOLSPYATAFSPVYLSFQYVYRTMNFSI1QNLA 675 (MOBP)

CTCATCAACGCCGCETCGTACGTGETCBACAACCCCCTGACBACGRCGLAGATCTCCAAGTGGRTGACGCTGCACTTCCAGTCCATCTGLGGCELEGTTCGGGACRACGLCCCTCAAGAAG 2400
LI NAASY VY VYDNPLTTAQI SKMNWVTILHFGQSIICGAFGSGETTPLEKEK 715 (MDBP)

GEATTCCTGAACGTCAAGGACACCAAGAACCTCAAATCCGTCRAGTTCGAGCGCATCATGGACTTCAGGTCCTTCCAGGAGACGGGCCECTACCRCAAGATCTCCACCGABATCAAGTCE 2520
6 F LNV KDTKWNLKSVYEFERI]I NDFRSFQETGRYRKISTEILIKS 755 (MOBP)

TETAAGATGTCGETGLAGTCGCTCAAGAGC TGCCGCATCAAGAATCGGCCCATCTCCAAGACSCCECAGAGCAGCETCTTCTTCAAGAAGGGCGCCCTGCAGAGGAAGAATCCCATCANG 2640
C K KSVQSLKSCRIKMNRPI SKTPQSSVFFKKSGALOQRKNTEPIK 795 (MOBP)

GGLTECCTCTCCTTCCTGRCTCTTCCGLTRCCACRAGAAGLTCTTCCLCCRCTGCEECCTRTCRTRCCTCRAGTTCTGRCAGCGCETCCTGCAGAACTCGLTGCCGCGCTCRETCAACGTE 2760
6 C LS F LLFRCHETKTLTFTPRCGLSCLETFWQRYLAQNKESLPRSYNY 835 (MOBP)

GECANGETGEAGGACTTCGACAACCTCGTGCGCTTCCTCCTCACCGTCACCEACGACTACGACGAGAGCGACGTGGTGBACATCCAGCCGGACTGLCTGCTCAGCTACGTGRAGAACCRC 2880
6 K VEDFODRLVYRFLLTYVYTOOYDESDVYVYDIQPOCLLSYVYENR 875 (MDBP)

TTCCACAACAAGTTCCTCTACATGTTCGECTTCAGGGACTACATGAGCACCATCCAGGGCATGAGCACGCECCTRACGCCECAGAACCACTCGCAGTTCCCCTGTCTCCTCAAGRACGCE 3000
FHNKFLYNXFGFRDVYNSTI]I QGENSTRLTPQNHSQFPCLLKDA 916 (MOBP)

CCCAAGTTCGCCTCCATCGCCGAGTACGTGCTEGCACT TCAAGAAGATGAAGCTGGACGECGTCAAGECGLCCCAGETGRCCACCATCACGCGLGAGCCCETELTCAAGAAGLTCTTCRAC 3120
P KF ASITAEYVLHFKKM®KKLDGYKAPQVATITREPVLKKLEFTD 955 (MOBP)

GGCCGCTCGCTCATCTCCGTCAGCTTCGCCGTCGAGAAGTACTCCAGCTCCATGGGCACCCGGEACGTRTTTCAGTTCGGACAGATCRGGTACTACGTGGGETCGEEEETGEACCGCARC 3240
€6 R S LY SV SF AY EKYSSSHGE6T RDVYFQFG6Q1 6YYVYGESEVORS 995 (MDBP)

CICAACACGGGCTCCA’I’GGGCACGCAGGM:TM:CGC"CATGCGCTACAGGTACAICAICGCCABCWTGGTGGM:GTGCI’CAICCGCCGCTCWGCMGTCATGTMW 3360
L NT &S HWGE6TQDYRFMNR R 1 1 AT KLVDV LIRRSRRENVYNTYD 1035 (MOBP)

_Bemttl
CGEGACETCETCCGLTCRLEEETELTGGCGELELTCGACTCGACGEEGCTCGACGTGGATCCCGAGCTGECGGCCATCGCCRAGCTCATGRAGGECCGCGACGAGGECGACATCCCCGAS 3480
R0V YR SRYLAALDSTGLOYDPELAAIAELMNEGRDEGSGDTICPE 1075 (nOBP)

ATCGACGACATCCTCTTCTACGTGGACCAGCAGBAGTACATCGCCAGGTCCATGTATCGCAAGATGCECAGTCTGGCCGAGAGGEGGGTRACGGACTTTTCGLTRGLCTCTCTGLGLGAS 3600
1 D01 L FYVDQQETYTIARSHNYRKMNRSLAERGVYTOTF SLASLRE 1115 (MOBP)

Fig. 2—Continued
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GCGACCGCCACCAACGCGACGGCRGLEGGCTCCGLTGCTGGCGGTGGCGGCTCOGCGACGGAGGGCGETGGCGGTGRGECGGCCGCGEACGAGAGCGGTCCCATGTACGATTTCTCCGET
AT ATHKATAAGS AAGGG GG GSATTETGS® G® GGG GAAADTESTSEG®PMYDF S A

CTGTTTTCGAGGCGGACGAGGCCGAGGACGTGAACGCCGGCCTCATCAACGGCGACGACGTGCGGGGGGACGACGAGT TCGAACTTCCCAGCAAACGGTCTCGGTTGEgagtattcggy
LFSSRlRDEAEDVNAGLINGDDVRGDDEFELPSKRSRL

accteegegeccectegactecttctectiteccgtecgecgetegtecggegagegggegeccctttcTATT agctcgttgaaatcicgglglaacgtagcggtgtctgtathccg

ttcggggttgtctgtgcgeggtatgtataageggaygggtaggggagtcgacctgctcgegegecaacgtcggcaaggATGGCAATGAATACGTTACAAAAACTGTGCGTCRTGTGTTCCA
HAMNNTLQKLCVYCSK

AATGCAACGAGTGCGCGATGGATGTGGAATGTCTGAAGTACTGCGATCCGAATATTGTGTCGATGGATTCGACGGCCTTCAGGAGGAACGGGETCATGGTGATACATTTGTATCGBACCC
CNECAMNDYVY ECLKYCDPNIVSHDSTAFRRNGVY NV IHLYRTL

_Pstl
TCTATCCGGCECTGGTCTCGCAGAACGCGGTGCAGACCTCGGTGCTGACCCTCTACATGGAGATGCTGCTECAGGGCTTGTACGATACGATGAGGRAGATCGACATGGLTTTGACGRACT
Y P ALY SQNAY QY SVYLTLYMNMEMNLLGSGLYDTMNRETIIDNALTOTF

TTGGGACGCATCGGGACCGGCAGCEATACTACCGGCGEGTGCTGAAACTCGATTCGTGCAACCGACACGAGTCGATCACGATAACTTTTGCGCCCGAGCTGRCGCTGACGATCBACCTGE
& T HRDRQRY Y RRYLKLDSCHNKRHESITITFAPELALTILIODLA

CGACGCTGAACGACGTGRAGCETCTCCTGTGCAAAATCAACTGTGTGTATGGGGCEETGGACGCGAGCCAGGGGGTGECGGTCTGTCGACGGLTCTTGTCCCTACTGGLGAGGTTRTECE
TLNDVERLLCKTINCYYG&GAVYDASQGGY AV CRRLLSLLARLCD

ATATCTGCCCGGTGGCEGETCCOGAGATCTATCGEBABACGGTCACCTGTTTTCAGTGCTACGAGRAGCTGATGGCGGTGCCGAACCAAGGCCGCTCGATCAACCGGCGEGATGLAGRECC
I ¢ PV AGPE T YRETVTCFQCYETETLMNMAVPNQGRSI NRRMNIQESEL

TGCTCTGCGACCATATCACTATCAAAAAGRTCTTGATGCAGCTGGATATEEATGCCCAGGLGETGEAGCAGGATATGGEGEATATTGCGATCAGGGCGCCCTCTGTGAANGGTATCATCL
L CDHITIKKY LY QLDODMWDAQAYEQDMNGDI]I AIRAPSVYVYKEGI TR

GGECGATAAAGAGTCTCGCRTCETTCTCACCGECGTCGTATGCGTACATCAACGACGCGBAGEAGGCEGTTGAGRBGGTACAACTTGTTCAGCGAGATCCCGGATCERATCTACTCACTET
Al XKSLASTFSPASYAY T NDAEEALRGYNLFSETIDIP?PDRIIYSLS

CGGACTACACATACTGETCGAAAACGTCGGAGGCGATCGTCCGCCACGTGGGRATTACGATGAGGCAGCTCAACGTCTCCCACAGCCTCTGGAAAACCTTGLGEACGEAATTGAGTCGCT
0 YT Y W S KT S EATVRHVEG]I THRQLNY SHSLWKTLRTELSR RY

ATCACTACGGGGAAGACCTCGAGGACGTTTTCACTCTGGGCGAGGGECGCTTCGGGEGCGACGAGCBAATCTACGTGGGETCCATCTTCGCGRCGCCGGRAANGGTCETCGACATRATCA
HY 6 EOLEDVYFTLGESGRTFGGDTERIYVYGS&ESI1IFAAPGKVYYODNILIT

CTTCGATGAGCATAAAATCCTTCGAGAACAATCCCCTTTTCAATCGCTTGCACGAGAGCAACGAGATCTATGCCAAGATCAAGTCGCTGATCGAGGAAATCLEBGGEETGGEAGATGRAC
S M ST KSF ENNPLFNRLAHESNEILI>IYAKIKSL!EEIRGVYGD G P

CCGLEECEEEEGCEELCACATTCAAGGGCCGAGBCEECETCGREGECCEGEGCAGGAGGGGAAGAGGRGGLGGGRGCGGCGECAGGGCGAGGRAACACT GGGGEEEACGAGRGLECGERAA
A A G AARSRAEAASGAGAGEGETETSGASGAAAGRSEGNTGEGDEGSGAGT

CAACAACGGCAATGAGTTCCGCGTTGRAGTGTGGAGATCCGCTGCTGAGGGTGCACGATGTGAACAAGGAGGTGAATGTCCGAAAAAGGGCATACTTAAAAAAGGT TTCCGAAATGGGCT
T T AMNS SALECGDODTPLLRY HDVYNKEVNVYRKRAYLKKYSEMNEGY

ACAACAAGGTTATGGCCTGVATTCGAAACCAGGAGCAILTGGTTACGAAACTGGTGAATGTCAACCTGGTGGGAACGGTGTGTTTGGAGEGCGET TTCCAAAATTATGAACGGTTTTCTCT
N KVY KB ACIRNQEHLYTKLVNYNLYGTVY CLEAVYSKTINNGTF LS

CCCBACAGCGGTCTATAACTGAGGCCGAGACCTACCCCGACGTGGCCGAGAGCCTCGGCTACGACGAACACCTCTATGTCATCAATAATCTCGTGCACAAGAGECTCCCCTCCRAGCTGE
R QRS I YEAETYPDODVY AESLGYDEHLYVY I NNLYHKRLZPSETLIL

gl il _Hpal
TGCCCCAGCTCGGECAGCABATCTACCGTTTCATCAACGGTCCCATGTTCACCCACTATCTCGACAGACACCCCCTGCCCTATAACGTTAACATGGCCTACGLCTGCGATAACGCCRGCA
P QLG Q Q11T YRF I NGPMHMFTHYLDRHPLZPYNYNMNMNAYACDNA AGEG!
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FiG. 3. Expression kinetics of the MDBP and ICP18.5 genes.
Northern blot analysis with #2P-labeled DNA probes (for location of
the probes see Fig. 1) was performed to determine the expression
kinetics of the genes. MEF were mock infected (m) or infected in the
presence of PAA (e) or without inhibitors. Whole-cell RNA was iso-
lated at 2, 4, 6, 12 {lanes 2 to 12), 20 (lanes e), and 24 (lanes |) hr p.i.

specific messages as they were seen with DNA probes
located further downstream within the gB open read-
ing frame (Rapp et al., 1992).

Identification of the 5’ and 3’ ends of the MDBP and
ICP18.5 transcripts

Nuclease S1 protection experiments were per-
formed to locate the ends of the transcripts. The 5’ end
of the MDBP transcript was mapped with a 414-nt
Xhol/Sall fragment {(map units 0.401 to 0.400; Fig. 4A
(1)), which was 5’ end-labeled at the Sall site (Fig. 4B
(1), lane 1). After hybridization of the probe to RNA iso-
lated from cells in the early phase of infection and sub-
sequent nuclease S1 digestion a protected fragment of
215 nt was seen (Fig. 4B (1), lane 3). The 5’ cap site of
the MDBP mRNA is therefore located 215 nt upstream
of the Sall site (map units 0.400) at position 205 in Fig.
2. Thus, the MDBP mRNA has a short leader sequence
of only 51 nt in front of the first AUG. A putative TATA
box was found 20 nt upstream of the determined &' cap
site (positions 180 to 185 in Fig. 2). The sequence
GGGCGG at positions 56 to 61 represents a putative
binding site for the transcription factor SP1. Nuclease
S1 analysis with RNA from celis in the late phase of
infection revealed the same protected fragment (Fig.
4B (1), lane 4). Thus, the same transcription start site is
used early and late in infection.

The 3' end of the MDBP mRNA was determined with
a 856-nt BamH|/Pstl fragment {map units 0.387 to
0.383; Fig. 4A (2)), 3' end-labeled at the BamHI site
(Fig. 4 (2), lane 1). RNA from cells in the early and late
phase of infection protected a fragment of 513 nt from
nuclease S1 digestion (Fig. 4B (2), lanes 3 and 4). Thus,
the 3'end is located at position 3930 in the nucleic acid
sequence (Fig. 2), 99 nt downstream of the stop codon
of the MDBP ORF. The sequence ATTAAA (positions

3911 to 39186) 14 nt upstream of the determined 3’ end
could represent a polyadenylation signal of the rarely
used type (Birnstiel et al., 1985). GT-rich sequences
were found downstream of the 3’ end (positions 3932
to 3968). However, these sequences fit only weakly to
the 3’ end consensus sequence YGTGTTYY (Birnstiel
et al., 1985). Considering the size of the polyA-tail, the
calculated size of 3726 nt for the MDBP mRNA corre-
sponds well to the observed size of 4.2 kb in the North-
ern blot hybridizations.

A 444-nt Notl/Sau3Al fragment (map units 0.386 to
0.384; Fig. 4A (3)), b’ end-labeled at the Sau3Al site
was used to map the 5’ end of the ICP18.5 transcript
(Fig. 4B (3), lane 1). The nuclease S1 analysis using
RNA from cells in the late phase of infection revealed a
protected fragment of 188 nt(Fig. 4B (3), lane 3). There-
fore, the &' cap site of the ICP18.56 mRNA is located
188 nt upstream of the Sau3Al site at position 3941 in
Fig. 2. Thus, the &' end of the ICP18.5 mRNA maps
only 10 nt downstream of the 3’ end of the MDBP
mRNA. The length of the untranslated leader sequence
of the ICP18.5 mRNA is 97 nt. The sequence TATTA at
positions 3910 to 3014 (Fig. 2), 27 nt upstream of the 5’
cap site, could represent a TATA box. The sequence
CCGCCC at positions 3846 to 3852 represents a puta-
tive binding site for the transcription factor SP1.

The sequence analysis revealed that the ICP18.5
and gB genes, and even the ORFs, overlap. Therefore,
it was expected that the 3’ end of the ICP18.6 mRNA
and the 5 ends of the gB mRNAs are collinear. To
determine the 3’ end of the ICP18.5 mRNA, DNA frag-
ments were used, which were 3’ end-labeled upstream
of the &' cap sites of the gB mRNAs. This experimental
procedure should avoid misinterpretation resulting
from hybridization and protection of the probes with
the gB mRNA. A 1319-nt Hpal/EcoRl (map units
0.3766 to 0.371; Fig. 4A (5)) and a 1389-nt Bg/ll/EcoRI
fragment {(map units 0.377 to 0.371; Fig. 4A (4)), &
end-labeled at the Hpal and at the Bglll sites, respec-
tively (Fig. 4B, (4) and (5), lanes 1), were used. Pro-
tected fragments of approximately 820 and 900 nt
were identified following the nuclease S1 digestion
(Fig. 4B, (4) and (b), lanes 3). Thus, the ICP18.5 mRNA
contains a trailer sequence of approximately 250 nt
downstream of the stop codon of the ICP18.5 ORF. To
determine the 3’ end of the ICP18.5 mRNA more pre-
cisely, the ICP18.5 mRNA was reverse transcribed us-
ing the primer (dT)17-R1-R0, and the 3’ end of the
cDNA was amplified using primers End1 and RO ac-
cording to the method of Frohman et a/. (1988). A 300-
bp fragment was identified following amplification and
subcloned into pUC19. Sequence analysis located the
3" end of the ICP18.5 mRNA to position 6665 in Fig. 2.
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FiG. 4. Localization of the 5’ and 3’ ends of the MDBP and ICP18.5 mRNAs. (A) Experimental design; (B) experimental data. (A, top) Cleavage
sites of restriction enzymes, which were used for preparation of the probes are indicated above the open reading frames (open bars) and the
deduced structure of the mRNAs. Gaps were introduced (- - -) into the drawing to present all relevant information in one picture. (A, bottom) 5’
(—*) and 3" end-labeled DNA fragments (O—) were hybridized to whole-cell RNA and then digested with nuclease S1. Solid bars and numbers
indicate the location and length, respectively, of the protected fragments. (B) Autoradiographies of protected fragments separated by electropho-
resis in 6% (experiments (1) and (3)) or 4% denaturing polyacrylamide gels (experiments (2), (4), and (5)). Lanes p show the labeled fragments
before the nuclease treatment, and lanes m, e, and | show the nuclease-resistant fragments after hybridization either to RNA from mock-infected
cells, or to early RNA isolated 20 hr p.i. from cells which were infected with MCMV in the presence of PAA or to late RNA isolated from
MCMV-infected cells 24 hr p.i. Size markers were 5’ end-labeled Hpall cleavage products of pBR322 and the 123-bp and 1-kb ladders (GIBCO

BRL).

An A/T-rich sequence was found 14 nt upstream of the
determined 3' end (ATAAATAT,; positions 6644 to
6651), which does not represent a typical polyadenyla-
tion signal, whereas the sequence TGTGTCT (posi-
tions 6672 to 6678) 6 nt downstream of the determined
3’ end shows a partial homology to the 3' consensus
sequence YGTGTTYY (Birnstiel et al., 1985). The cal-
culated size of 2725 nt for the ICP18.5 transcript is in
accordance with the observed size of 3.0 kb for the
ICP18.5 mRNA in the Northern blot experiments if the
increase in size by polyadenylation is taken into ac-
count.

Amino acid sequence conservation between the
MCMV MDBP and the homologous proteins of
HCMV, EBV, and HSV-1

The amino acid sequence of the MCMV major DNA
binding protein was deduced from the nucleic acid se-
quence of the identified open reading frame. The
MDBP ORF is capable of encoding a polypeptide of
1191 amino acids (Fig. 2), and the calculated molecu-
lar mass of the MCMV MDB protein is 131.7 kDa.

The amino acid sequence of the MCMV MDB pro-
tein was compared by the Genetic Computer Group



362

MESSERLE ET AL.

moomssmvnnvwnr#LxxTnELAoiVAMSLcnxhpvvuminLrvonorc'uvurmsrv’:eevmvrsk

| zals [H]e] ese oslsl sllle  DLRRLIE FEEs I8 D1l < q1ELEELEELE
MSHEEL TALAPVGPAAFLYF SRLNAETQETLATLSLCDRSSSVY IAPLLAGL TVEADFGVSVRTPVLCYDGGVL TKVTSF

80

81 CPFAFFFHNTDEILDVVEDHGDYVHLCDDARRRFGVQAF SPLANRDRTDVDVLCDELGIAPAEYTGHVVCGNGLKELLYA
éLlLLYLLH%QGl;AFTéﬁkabHR{£E%quk;AiELYMLELDLVP#LLAA{LAAVLCQASLTLVLL&VLLL[LLFle 160

161 GQLIPCPEEAVKVQVGAVDGVKYPLYPYTLFSGGADAAHADGPSAAVACDDPHVLEHGFYDPALSEALFYFMFTSHGQSL
MU rdeiéct it et tusiauobehbevd . foansatbeacti hvbhibErt i bbbt 236

241 RVCETSRLIEAGLQQFVEDTQQTVKLTPFKKYHGYTSQKLTAVERDQUMTVDAVCSELAFSYASTYLDSVYEFSTASNFL
testorvl AL bbb EbbetKL aokit tlbal st bibul by shhbct A F RS Fhlabamnesmhs 318

321 ENPLVKNAKTHADLLONLRDFQLHLAKHIAAL IFSSNSILYQTRIVFVPSAGKGANSNPSA. QDSLLKS IRFFNGLTGNY
é&él&T#kTD&RéliRA{TELK{L{ST&VLL{VL&A&&V{taﬂkitvLO&SARHPSAGGTASQETLLKAIOLTLL[SAAC 398

400 DDILNDAKKTIRFEGAVGRDEKYSPHHLAYFCGTSPQLFSTLMMFFNRMSTYSTGYTSGOTVFSHIVNAGSKLCGACGER
bbbt obhe bl chobl VLR ML Lkt Mt Sasst i bochaclbehbbbr  a7e

480 CCHTCYATSFIRVNTRLPGIPKQIKKEPYVVTLLSRAFADADLLGNYGKRYGLESREAG. . .. .. .. .. DGGEGEAGGR.
AU bt b doltlbebi biobhet wbvbil Lsilikhwidniceli exconcvpcbbibbibbbo  ss

549 ..... TDEVAAGPPAGEA. .S6. . . . . . . . LNFVSVDRMKYLGQVLDYCKKNSL IDAITGEDI INVRTKRDFVATVTALN
VSGGPSDGLGGGRGGGGGGDgsGMMGRGGRMLGASVDRTYR{NRIlLLERLHR[&LPV#L%LTFSAHGLSLLLLVFSLlL 638

614 QTI0D. AVCRFAHDVR RSGHGRDEISGSTQSFNLDLSPYATAFSPVLSFQYYRTMFSTIQNLAL INAASYVVDNPLTTA
cribbehic. sithuid. shbliabatbaH bl ubbhlohi L abehiob it bl hebb bbb b 716

6§92 QISKWVTLHFQSICGAFGTTPLKKGFLNVKDTKNLKSVEFERTMDFRSFQETGRYRKISTE IKSCKMSVQSLKSCRIKNR
LVSl&M%QA!éé}HéAéS%%SS&l&élFT&QI&SS&NSDHB&LLgFRLVAQ Lhavie ke St bk 794

772 PI...SKTPQSSYFFKKGALQRKNPIKGCLSFLLFRCHEKLFPRCGLSCLEFWQRVLONSLPRSYNVGKVEDFONLVRFL
&lVRAGKGNAGSLLLRRDHVP&RLLA&EElsll[vku&%nllLE&&lPL{QLLgKtCSLAlLxubplknﬁciLNAFLKL{ 874

849 LTVIDDYDESOVVDIQPOCLLSYVENRFHNKFLYMFGFRDYMST 1QGNSTRLTPQNHSQF PCLLKDAPKFAS IAEYVLHF
iatlabloluli i iabbli UL coikebbi btk st bbbl cashibsbobbially oo

929 KKMKLDGVKAPQVAT ITREPVLKKLFDGRSLYSVSFAVEKYSSSMGTRDVFQFGQIGYYVGSGVORSLNTGSMGTQDYRF
lGLilAé&PAPMAA%VA&éSLV&SVLEH&ELVTVPVSVEKLAGINN%kE}}LFGOlGYFSGNLLEL%[LVS&LSGLLLLL 1034

1009 MRYRYIIATKLVDVLIRRSRRENVMYDRDVVRSRVLAALDSTGLOVDPELAATAELMEGRDEGD]PE IDDILFYVDQQEY
ol i ML abb LALREY: Hhab inkbi M bnend bebblimbind i vkt . bashbi Fibbecka 1112

1089 1ARSMYRKMRSLAERGVTDFSLASLR. . .EATATNATAAGS. . ... ... ..AAGGGGSATEGGGGGAAADESGPHYDFSA
LAASIMDLFAA{Q%Q&&E%!é!EN!&RVLDLDLQRLTDAAGGEVHDLSALFLPSLVLALSGV%LLGLLLGESVACNSIC 19t

1156 LFSRRDE...... . . .AEDVNAGL INGDDVRGDDEFELPSKRSRL

VPG 1G5ECF VARGEDE NGy ELSSGOREESGLLPAKKGAL 1235

Fig. 5. Comparison of the amino acid sequences of the MCMV and HCMV MDB proteins. The amino acid sequences of the MCMV (upper
line, bold faced) and HCMV MDB proteins (lower line) were aligned. Identical residues are connected by bars (|) and conservative exchanges are
marked by dots (:). Gaps were introduced to maximize the alignment of identical amino acids. Cysteine residues at identical positions in the
sequence of the corresponding HSV-1 MDB protein are labeled by stars.

software program BESTFIT to the sequence of the
HCMV MDB protein (Fig. 5). In addition, dot matrix anal-
yses were performed with the amino acid sequences
of the corresponding proteins of HCMV, EBV, and
HSV-1 (Fig. 7a-7c). Figure 5 shows the alignment of
the MCMV and HCMV MDBP sequences. The amino
acid sequences of the MCMV and HCMV MDB pro-
teins show 729% similarity. 604 of the 1191 amino acids

of the MCMV MDB protein (560.7%) are identical with
the corresponding residues of the HCMV MDB protein,
and 220 amino acids are replaced by conserved resi-
dues. Only the carboxy terminus is less stringent con-
served (amino acids 1115 to 1191). Gaps in the align-
ment occur between amino acids 539 and 567. Re-
markably, these gaps are not seen if the MCMV MDBP
amino acid sequence is aligned to the HSV-1 ICP8 se-
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FiG. 6. Alignment of the amino acid sequences of the MCMV ICP18.5 and the HCMV UL56 proteins. Labeling is as described in Fig. 5.

Putative N-glycosylation sites (NXS/T) are over- or underlined.

quence (not shown). Similar gaps have been observed
previously, when the simian CMV and HCMV MDBP
sequences were compared (Anders, 1990). Thus, we
conclude that the HCMV MDB protein contains an in-
sertion of 26 residues at this position compared to the
MCMV and SCMV MDB proteins (Anders, 1990) and to
HSV-1 ICP8. 16 of the 27 cysteine residues are located
at identical positions in the MCMV and HCMV MDBP
amino acid sequences.

The MCMV and EBV MDBP amino acid sequences
show a significant degree of conservation represented
by 60% identical and similar amino acids (Fig. 7b). The
similarity between the sequences of the MCMV MDBP
and HSV-1 ICP8 protein is 45% (Fig. 7c). Six cysteine
residues in the MCMV MDBP are at identical positions
as in the HSV-1 ICP8 sequence (amino acids 107, 134,
431,473, 476, and 484), and the same number of cys-
teine residues is conserved to the EBV MDBP se-
guence (amino acids 107, 295, 473, 476, 484, and
705). Three of these conserved cysteine residues (po-
sitions 473, 476, and 484) are located within a motif
which has been implicated with DNA binding and

could perhaps fold into a zinc finger structure (Gao et
al., 1988).

Amino acid sequence conservation between the
MCMYV {CP18.5 protein and the homologous
proteins of HCMV, EBV, and HSV-1

The MCMV ICP18.5 ORF is translated into a polypep-
tide of 798 amino acids (Fig. 2). The calculated molecu-
lar mass of the MCMV ICP18.5 protein is 89.1 kDa.

Analogous to the comparison of the MDB proteins,
the amino acid sequence of the MCMV ICP18.5 pro-
tein was compared to the sequences of the HCMV
UL56 protein (Figs. 6 and 7d), the EBV homolog
(BALF2) (Fig. 7€), and the HSV-1 ICP18.5 protein (Fig.
7f). The amino acid sequences of the MCMV and
HCMV ICP18.5 proteins display 74.4% similarity. Four
hundred forty amino acids are identical (55%) and 133
residues are replaced by conserved residues (Fig. 6).
There are again gaps in the alignment between amino
acids 409 and 461, which result from additional resi-
dues in the HCMV UL56 sequence. Only the carboxy
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Fig. 7. Dot matrix comparison of the MCMV MDB protein {a,b,c)
and the ICP18.5 homolog (d,e,f) to the homologous proteins of
HCMYV, EBV, and HSV-1. The following parameters were used: win-
dow, 30 aa; and stringency, 18 aa. The N termini of the sequences
are in the bottom left corner in each graph.

terminal amino acids (the last 68 residues) are less
conserved. According to the same criteria, the similar-
ity between the amino acid sequences of the MCMV
ICP18.5 protein and the EBV homolog is 51% (Fig. 7€),
and the similarity to the HSV-1 ICP18.5 protein is 49%
(Fig. 7f). Whereas the similarity between the MCMV
ICP18.5 and the EBV BALF3 protein is equally distrib-
uted throughout the complete sequence (Fig. 7¢), the
comparison to the HSV-1 ICP18.5 sequence shows a
higher conservation of carboxy-terminal sequences
(amino acids 574 to 669; Fig. 7f). Sixteen of the 22
cysteine residues in the MCMV ICP18.5 sequence are
at identical positions as in the HCMV UL56 sequence
and 6 cysteine residues are conserved in comparison
with the HSV-1 ICP18.5 (amino acids 29, 114, 191,
194, 217, and 501) and with the EBV BALF2 sequence
(amino acids 29, 191, 194, 217, 501, and 610). Only
two potential N-giycosylation sites (NXT/S) were identi-

fied in the MCMV ICP18.5 sequence {positions 319 to
321 and 675 to 677), whereas 6 and 3 glycosylation
sites were found in the HCMV UL56 and HSV-1
ICP18.5 sequences, respectively. The sequence
KKKRKR (amino acids 768 to 773) at the end of the
MCMV ICP18.5 amino acid sequence represents a
consensus nuclear targeting sequence.

DISCUSSION

In this communication we report on the nucleotide
sequence of the MCMV genes encoding the major
DNA binding protein and the ICP18.5 homolog. The
expression kinetics of the genes was analyzed and the
5" and 3’ ends of the mRNAs were determined. The
homology of the MCMV MDB and ICP18.5 proteins to
the respective proteins of other herpesviruses is
shown.

The genes encoding the viral DNA polymerase, the
glycoprotein B, a putative assembly protein and the
major DNA binding protein constitute a gene block,
which is conserved throughout all herpesviruses (Kou-
zarides et al., 1987). iIn MCMV, only two genes of this
block, the DNA polymerase and glycoprotein B genes,
had been identified so far (Elliott et a/., 1991; Rapp et
al., 1992). We have now analyzed the region upstream
of the gB gene and found the MCMV genes encoding
the MDB protein and the ICP18.5 homolog. Thus, the
organization of this gene block in MCMV exactly
mirrors the situation in HCMV.

The MCMV MDBP gene encodes a protein of 1191
amino acids with a predicted molecular mass of 131.7
kDa. The HCMYV strain AD169 MDB protein consists of
1235 amino acids (Chee et a/., 1990) and the apparent
molecular masses of the MDB proteins of simian
(strain Colburn) and human CMV have been deter-
minedto 129 and 140 kDa {Anders et a/., 1986; Kemble
etal., 1987). Thus, the predicted molecular mass of the
MCMV MDB protein is in the same range as the ob-
served molecular masses of the SCMV and HCMV
MDB proteins.

The highest degree of similarity was observed be-
tween the amino acid sequences of the MCMV and
HCMV MDB proteins. However, the similarity to the
amino acid sequences of the HSV-1 and EBV MDB
proteins is remarkable. This conservation points to the
important function of the MDB proteins. For the HSV-1
ICP8 protein it has been shown that it is essential for
the replication of the viral DNA (Wu et a/., 1988). it is
assumed that the MDB proteins bind to and stabilize
the single-stranded DNA immediately after unwinding
of the double strand, thereby facilitating the entry of the
viral DNA polymerase and the replication of the DNA
(Wu et al., 1988). The conservation between the MDB
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proteins of so distantly related herpesviruses as HSV-
1, EBV, and the CMVs shows that at least for some
domains only subtle changes are allowed in order to
preserve the function of the protein.

A 4.2-kb mRNA has been identified which originates
from the MCMV MDBP gene and which has the capac-
ity to encode the MDB protein. The expression kinetics
of the MCMV MDBP gene is consistent with the func-
tion of the MDB protein. In HSV-1 it was shown that the
ICP8 protein migrates to prereplicative sites prior to
DNA replication (Gao and Knipe, 1989), and it was pro-
posed that ICP8 serves as organizational protein for
targeting other replication proteins to these sites
(Quinlan et al., 1984). For the HCMV and SCMV MDB
proteins a subnuclear localization was observed which
is reminiscent of the HSV-1 ICP8 protein (Anders et al.,
1987; Kemble et al., 1987). Whether the MCMV MDB
protein has a similar function and shows a similar sub-
nuclear compartmentalization awaits the production of
a specific antiserum and further analyses.

The size of the MDBP mRNA is in accordance with
the determined 5’ and 3’ ends of this mRNA and is
sufficient to encode a 1191 amino acid polypeptide.
Transcripts of similar sizes (3.9 and 4.5 kb, respec-
tively) were detected for the SCMV and HSV-1 MDBP
genes (Anders and Gibson, 1988; Rafield and Knipe,
1984). However, one additional transcript of 10 kb was
found in SCMV and HSV-1 (Anders and Gibson, 1988;
Rafield and Knipe, 1984) and in HCMV only a 10- to
12-kb transcript arising from the MDBP gene could be
detected (Kemble et a/., 1987). In MCMV only the 4.2-
kb mRNA and no larger transcript was seen, even after
long exposures of the Northern blot. Therefore, the
transcriptional pattern of the MCMV MDBP gene is
slightly different from that of the other CMV MDBP
genes.

A putative TATA box was found immediately up-
stream of the determined 5 cap site of the MDBP
mRNA. The determined 3’ end of the MDBP mRNA and
the 5’ cap site of the ICP18.5 mRNA are only separated
by 10 nt. Thus it is obvious that the 3’ end of the MDBP
gene and the promoter of the ICP18.5 gene overlap
and it is difficult to dissect the termination signals for
the MDBP mRNA from promoter consensus se-
guences of the ICP18.5 gene. For example, it remains
open whether the sequence TATTAAA (positions 3910
to 3916) constitutes a TATA box for the ICP18.5 gene
or it represents an atypical polyadenylation signal
(Birnstiel et al., 1985) for the MDBP mRNA. Putative
binding sites for the transcription factor Sp1 were
found 144 and 89 nt upstream of the 5’ cap sites of the
MDBP and ICP18.6 mRNAs. This proximal location of
Sp1 binding sites is typical for a series of cellular and
viral promoters.

The amino acid sequences between the MCMV
ICP18.5 protein and its homologs are as highly con-
served as the sequences of the MDB proteins and of
the glycoproteins B (Rapp et a/., 1992). The function of
the HSV-1 ICP18.5 protein and its homologs in other
herpesviruses was unknown for a long time and has
not been completely unraveled until now. Previous
analyses with temperature-sensitive HSV-1 mutants
pointed to a function in the transport of glycoproteins
to the membrane (see for example Pancake et al,
1983). However, recent studies suggested a function
of the protein in virus assembly (Addison et a/., 1990).
This is consistent with a nuclear localization of the
Pseudorabies virus ICP18.5 protein (Pederson and En-
quist, 1991). The amino acid sequence of the MCMV
ICP18.5 protein is not indicative for a particular func-
tion of the protein. No typical transmembrane region
was found and the sequence contains only two poten-
tial N-glycosylation sites. Therefore, a transport of the
protein to the cell membrane and glycosylation of the
protein appears quite unlikely, whereas the putative
nuclear transport signal of the MCMV ICP18.5 protein
suggests a nuclear location of the protein.

An interesting feature of the MCMV ICP18.5 gene is
the overlapping of the ICP18.5 and gB open reading
frames. A similar overlap or at least a close spacing of
the ICP18.5 and gB ORFs was also found in other her-
pesviruses (reviewed in Pederson and Enquist, 1991).
Thus, the promoter of the gB gene is located within the
coding region of the ICP18.5 gene. The 3’ end of the
MCMV ICP18.56 mRNA was mapped within the ORF of
the gB gene. This is different from the situation in HSV-
1 where a 3’ collinearity of the ICP18.5 and gB tran-
scripts was found and the usage of the same polyad-
enylation signals for both transcripts is likely (Holland
et al., 1984). It is an intriguing question how the tran-
scriptional machinery terminates the MCMV ICP18.5
mRNA when at the same position a readthrough of the
gB gene occurs. It is possible that the untypical polyad-
enylation and 3’ end consensus sequences of the
MCMYV ICP18.5 gene play a role in ICP18.5 mRNA ter-
mination and gB transcription.

The gene block encoding the MDBP, the ICP18.5
homolog, gB, and the DNA polymerase represent the
most conserved region in the herpesviral genomes
(Kouzarides et al., 1987). All four genes have now been
characterized in MCMV {(Elliott et a/., 1991; Rapp et al.,
1992). In the two CMV genomes the spatial relation-
ship of the genes is identical. The conservation be-
tween the amino acid sequences of the encoded
MCMV and HCMV proteins is striking, and ranges from
64% (gB), 72% (MDBP), 73% (pol), to 74% (ICP18.5)
similarity. The slightly higher similarity to the amino
acid sequences of the homologous EBV proteins than



366 MESSERLE ET AL.

to the HSV-1 proteins (Elliott et al., 1991; Rapp et a/.,
1992) suggests a closer relationship of the cytomega-
loviruses to the y-herpesviruses than to the a-herpesvi-
ruses.

In conclusion, this report suggests the notion that
MCMV and HCMV are not only simitar in biology and
pathogenesis but also exhibit extensive homology at
the nucleic acid level of genes and in the amino acid
sequences of proteins. The close relationship of the
two cytomegaloviruses underlines the importance of
the murine cytomegalovirus as an appropriate model
for studying the biology of CMV infections.
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