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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) coliocate. 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, 
BOhler, 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 elose relationship of the two cytomegalo­
viruses, and underline the usefulness 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, astate of livelong persistence is established 
(Ho, 1982). Severe immunosuppression or immunodefi­
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. 

Aseries 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 HCMV 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 a/., 1977) and the cellular im­
mune response against CMV antigens (Koszinowski et 
a/., 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 a/., 
1990), only a few MCMV genes and proteins have 
been analyzed so far (Keil et a/., 1987; Bühler et a/., 
1990; Elliott et a/., 1991; Loh et a/., 1991; Messerle et 
a/., 1992; Rapp et a/., 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 aseries 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 Hindill D fragment 
were generated and these were further subcloned as 
EcoRI 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 EcoRI 
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 EcoRI and Pstl 
subclones, respectively. Overlaps between the BamHI 
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
quences was pertormed to the entries of the Genbank 
database release 69 from September 1991. 

Isolation of RNA 

MEF were MCMV infected with 20 PFU per cell by 
using the technique of centrifugal enhancement of in­
fectivity at 800 9 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 sam pies 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-32P]dCTP by us-

ing a multiprime DNA labeling system (Boehringer­
Mannheim, Germany). For estimation of RNA sizes, 
Escherichia coli 16 Sand 23 S rRNAs and 1 8 Sand 28 
S mouse rRNAs were used as size markers. Whole-cell 
RNA was hybridized to 5' or 3' end-Iabeled DNA frag­
ments and digested with nuclease S 1 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-R 1-RO (5'­
AAGGATCCGTCGACATCGATAATACGACTCACTA­
TAG G GATTTTTTTTTTTTTTTTT-3') , RO (5'-AAG­
GATCCGTCGACATC-3'), and End 1 (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
ru ses (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 ofthe MCMV Hindill D fragment 
and pol overlaps the border between the HindIll 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 EcoRI site at map unit '0.371 is 
shown in Fig. 2. Two large open reading frames (ORF) 
of 3573 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) Hindill cleavage 
map of the MCMV strain Smith genome. (Middle, enlarged) Positions (in map units) of restriction enzyme sites in the analyzed part of the HindIll 
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 glyeoprotein B gene by 32 eodons. The nueleo­
tide sequenees of the MCMV ICP18.5 and MDBP 
ORFs showed 65 and 60% homology to the UL56 and 
UL57 ORFs of the HCMV genome (Chee et al., 1990). 
Remarkably, the sequenees upstream of the MDBP 
ORF (map units 0.401 to 0.406) and the 200 nt be­
tween the MDBP and ICP18.5 ORFs displayalmost no 
similarity to the eorresponding sequenees in the 
HCMV genome. 

Expression kinetics of the MCMV MDBP and 
ICP18.5 genes 

Northern (RNA) blot hybridizations were performed 
to determine the expression kineties of the MDBP and 
ICP18.5 genes. Hybridization with a 821-bp EcoRI 
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 replieation eyele 
(Fig. 3a, lanes 3 to 6). 

The size of the ICP18.5 mRNA and the expression 
kineties 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 32P-labeled 
probe. A transeript 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 transeripts Northern blot hybridizations were 
performed using DNA probes whieh overlap the ends 
of the putative open reading frames (see Fig. 1, probes 
e to e). A 1 034-bp Sall fragment (Fig. 1, probe e; map 
units 0.4045 to 0.400) showed a weak hybridization 
with the 4.2-kb MDBP mRNA (Fig. 3e). This result sug­
gested that the 5' end of the MDBP mRNA is loeated 
within this Sall fragment. Hybridization with a 856-bp 
BamHIIPstl fragment (Fig. 1, probe d; map units 0.387 
to 0.383) revealed the MDBP transeript as weil as the 
late ICP18.5 transeript (Fig. 3d, lanes 3 and 4). There­
fore, the 3' end of the MDBP mRNA and the 5' end of 
the ICP18.5 transeript are loeated within the BamHII 
Pstl fragment. The 1389-bp BgIIiIEcoRI fragment (Fig. 
1, probe e; map units 0.377 to 0.371) showed hybrid­
ization to the 3.0-kb ICP18.5 transeript, to a 3.3-kb 
transeript, and to additional bands of higher moleeular 
mass. The 3.3-kb band represents the glyeoprotein B 
mRNA and the larger transeripts also represent gB-

FIG. 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 EcoRI site at map unit 0.371 . Open reading frames are indicated by 
capitalletters and the deduced amino acid sequence is shown below in the one-Ietter 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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" A 0 0 0 l S S l A P V A P A V W " f f l K K T R E lAD I V A A " S 

CTCTGCGACAAGGCGACCCCCGTCGTCATCGtGtCGtTGTTGATAGACCTGACCGTCGACCGtGACTTCTGtGGtGtGGTCAG6ACGtCGAT6AGCACATAC"GGGGGGCGTCCTCACC 
l C 0 KAT P V V I A P l liD l T VOR 0 f C G A V R T P " 5 T Y E G G V l T 
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6AGCTCCTCTACGCGGG&CAGtTCATCCC~TGTCCC&AAGAGGCCGTGAAG&TGtAGGTCGGtGtGGTCGATGGCGTCAAGGTCCCGtTCTATCCCTACACTCTCTTCTCCGGtGGtGCC 
E l l , A G Q l I , C , E E A V K V Q V G A V 0 G V K V P l Y , Y T l F 5 G G A 

GATGtCGCGCACGtCGACG&&CCTTCC&QG&CCGTCGtCTGtGACGATCCGTGGGTCCTC6AGCACGGGTTCTACGACCCCGCGCTCAGtGAG&CGtTCTTCTACTTCATGTTCACCTCC 
o A AHA 0 G P 5 A A V A C 0 0 P W V l E H G F V 0 P ALS E A l F Y F " F T 5 

T&&&&CCAGTCGCTGCGCGTCTGtGAGACCAGTCGCCTCATCGAG&CCGGTCTGtAGtAGTTCGTCGAGGACACGtAGtAGACGGTGAAAtTCACGCCGTTCAAGAAGTACCACGGtTAC 
W G Q 5 l R V C E T S R l I E A G l Q Q F V E 0 T Q Q T V K l T , F K K Y H I Y 

ACCAGtCAGAAGtTCACCGCCGTC8AGAG&GACCAGtTCATGACGGTCGACGCGGTCTGtTCC6AGCTCGeGTTCAGtTACGtGTCCATCTATCTT6ATTCC&TCTAC~~AGCACI 
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75 (IIIIP) 
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1.5 (II08P) 
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235 (1118') 

1080 
275 (l1li,) 

1200 
315 (l1li,) 

GCCTCCAACTTTCTCGAATGGCC&CTCGTCAAGAACGtCAAGACCCACGtCGATCTGCTGGACAACCTGtG&6ATTTCCA&TTGtACCTCGCTAAACACATCGCCGCGCTCATCTTCAGC 1320 
ASN F lEw , L V K N AKT H A D L L D N L R D F Q L H L A K H 1 AAL I F 5 355 (l1li,) 

TCIAAtTCGATCCTCTACCAGACGC&&ATCGTGTTCGTGtCCAGtGtC&&CAAG&G&GCCAACAGCAACCCGTCGGtGtA&6ACTCCCTGtTCAAGTCCATCCGCTTCTTCAACG&CCTC 1440 
5 N 5 I l Y Q TRI V F V , 5 A G K G ANS N , 5 A Q D 5 L L K 5 I R F F NIL 315 (IIDBP) 

AC&G&tATGTACGATGACATCCT~6ACGtCAA&AAGACCATCAGGTTC6AG&G&GCCGTCGGGtGGGACGAGAAGTACTCCCCGtACCACCTG&CCTACTTCTGtG&CACCTCGCCI 1560 
T G " Y D D 1 L N D A K K T I R F E G A V G R D E K Y 5 , H H L A Y F C G T 5' 435 (l1li,) 

CAGtTCTTCTCCACCCTCATGTGGTTCTTCAACCGCATGTCCATCTACTCGACCGGGGTCAC6AGCGGtGACACGGTGTTCAGTCACATCGT&AACGCCGGtTCCAAGCTGTGCGGtGCG 1680 
Q L F 5 T l 11 W F F 11 R " 5 1 Y 5 T G V T 5 G D T V F 5 H I V N AIS K l C G A 475 (l1li,) 

TGtGGtGGtCGtTGtTGTCACACGTGtTACGtCACCTCCTTCATCAGGGTGAACACGtG&CTGtC&G&tATCCCCAAGCAGATCAA"AGGAGtCCGTCGTGGTCACTCTGtTCTC&C&I 1800 
C G G R C C H T C Y A T 5 F I R V N T 1'1 l , GI' K Q I K K E , V V " T L L S. 515 (l1li,) 

GtCTTCGtCGACGtCGACCTCTTGGGAAACTATGGTAA6AGATACGGCCTGGAGI~I.~~GGAGGCGGGtGACGGCGGAGGCGGCGGAGCCGGCGGCAGGACGGACGAGGTGGCCGCGGGG 1920 
A FAD A 0 l L G N , G K R Y G l [ S R [ A G 0 G G G G GAG G R T D [ V A A G SSS (IIDSP) 

..1uB1 
CCTCCGGCCG&CGGtGtCAGCGGGTTGAACTTCGTCTCCGTCGACAGGATGAAGTATCTCGGGtAGGTCCTGGACTACTGTAAGAAGAATTCGtTGATCGACGtGATCACCG&C6AG6AT 2040 
, , A G GAS G LN' F V S V D R " K Y l G Q V L 0 Y C K K N 5 liD AlT G E 0 595 (II08P) 

ATCATCAACGTGtGtAC"A6A6AGACTICGTCGCGACGGTCACGGtGtTGAACCAGACGATCGACGATGCCGTGTGtAGGTTCGtCATGGACGTGtGGAGGTCCGGGtACG&6AG&GAC 2160 
I I N V R T K R D F V A T V TAL N Q T I 0 0 A V C R FA" D V R R 5 G HG. D 635 (HOBP) 

GAGATCAGtG&&A3tAC&CAGTCCTTCAACCTGGACCTCAGCCCCTACGtCACGGCCTTCTCCCCCGTCCTGTCGTTCCAGTATTACC6&ACCATGTTCTCCATCATCCA&AACCTG&CC 2280 
EIS G 5 T Q 5 F N L 0 L 5 , Y A T A f 5 , V L 5 F Q Y Y R T 11 F 5 I I Q N L A 675 (l1li,) 

CTCATCAACGCCGCGTCGTACGTGGTCGACAACCCCCTGACGACGGtGtAGATCTCCAAGTGGGTGACGCTGtACTTCCAGTCCATCTGtG&CGtGTTCG&6ACGACGtCCCTCAAGAAG 2400 
l lilA A 5 Y V V D N , L T T A Q I 5 K W V T L H F Q 5 I C G A F G T T , L K K 715 (l1li,) 

GGGTTCCTGAACGTCAAGGACACCAAlAACCTCAAATCCGTCGAGTTCGAGtGtATCAT6&ACTTCAGGTCCTTCCAGGA6ACG&GCCGtTACCGeAAGATCTCCACC6A6ATCAAGTCG 2520 
G F l 11 V K D T Kill K 5 V E F E R I 11 0 F R 5 f Q [ T G R Y • K IST E I K 5 755 (IIIIP) 

TGTAAGATGTCGGTGCAGTCGtTCAAGAGtTGtCGtATCAAGAATCGGtCCATCTCCAAGACGtCGtA6AGCAGtGTCTTCTTCAAGAAG&GCGCCCTGt~AGAATCCCATCAAG 2640 
C K 11 5 V Q 5 L K 5 C R I K N R , I 5 K T , Q 5 S V f F K K G A l Q R K 11 , I K 7.5 (IIDBP) 

GGtTGtCTCTCCTTCCTGtTCTTCCGtTGtCACGAGAAGCTCTTCCCCCGtTGtGGtCTGTCGTGtCTCGAGTTCTGGtAGtGeGTCCTGtAGAAeTCGtTGCCGtGtTCGGTCAACGTI 2760 
G C L 5 F l L F R C H E K L F , R C G L 5 C L E F W Q R V L Q 11 5 l , R 5 V 11 V 835 (l1li,) 

GGCAAGGTGGAGGACTTCGACAACCTCGTGtGtTTCCTCCTCACCGTCACCGACGACTACGAC~GtGACGTGGT6&ACATCCAGCC6&ACTGCCTGtTCAGtTACGTGGAGAACCGC 2880 
G K V E D F Dill V • F L L T V TOD Y 0 E 5 0 V V 0 I Q , 0 C L l 5 Y V E 11 R 875 (l1li,) 

TTCCACAACAAGTTCCTCTACATGTTCGGCTTCAGGGACTACAT6AGCACCATCCAGGGtAT6AGCACGCGtCTGACGtCGtAGAACCACTCGCAGTTCCCCTGTCTCCTCAAGlACGCI 3000 
F H 11 J( F L Y 11 F G F R D Y 11 5 T I Q G 11 5 T R L T , Q N H 5 Q F , C L L K 0 A 115 (l1li,) 

CCCAAGTTCGCCTCCATCGtCGAGTACGTGtTGtACTTCAAGAAGAT6AAGCTGGACGGtGTCAAGGtGtCCCAGGTGGtCACCATCACGtGt6AGCCCGTGtTCAAGAAGCTCTTCGAC 3120 
, K f A 5 I A E Y V L H f K K 11 KLO G V K A , Q V A T I T RE' V L K K L F 0 1155 (l1li,) 

GGtCGtTCGCTCGTCTCCGTCAGtTTCGCCGTCGAGAAGTACTCCAGeTCCATGG&CACCCGGGACGTGTTTCAGITC6&ACAGATCGGGTACTACGTGGGGTCGGGGGTGGACCGtAGe 3240 
G R 5 L V 5 V 5 f AVE K Y 5 5 5 11 G T R D V f Q f G Q 1 G Y Y V G 5 I V D • 5 11115 (1108') 

CTCAACACGGGtTCCATG&&CACGtA&GACTACCGtTTCATGtGtTACAGGTACATCATCGtCACCAAGCTGGT6&ACGTGeTCATCCGeCGtTC&CGCCGeGAGAACGTCATITACGAC 3360 
L N T G 5 11 G T Q 0 Y R f " R Y R Y I I A T K L V 0 V l IRR S R REN V 11 Y D 1035 (IIIIP) 

.....u 
CGGGACGTCGTCCGtTC&CGGITGeTG&CGGtGtTCGACTCGACG&GGCTCGACGTGGATCCC6AGCTGGtGGtCATCGtCGAGtTCATGGAG&&CCGtGAC6AG&GCGACATCCCCGAI 3480 
R 0 V V R S R V l AAL OST G L 0 V 0 , E l AAl A E L 11 E I R 0 EID I , E 1075 (IIIIP) 

ATCGACGACATCCTCTTCTACGT6&ACCAGtAGGAGTACATCGtCAGGTCCATGIATCGtAAGATGtGtAGTCTGGCCGAGAGGGGGGTGACGGACTTTTCGtTG&CCTCTCTGeGeGAG 3600 
I 0 OlL f Y V 0 Q Q E Y 1 ARS 11 Y It K " R S l A ERG V T D f 5 LAS l R E J 115 (1108') 

FIG. 2-Continued 
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GCGACCGCCACCAACGCGACGGCGGCGGGCTCCGCTGCTGGCGGTGGCGGCTCGGCGACGGAGGGCGGTGGCGGTGGGGCGGCCGCGGACGAGAGCGGTCCCATGTACGATTTCTCCGCT 3720 
I. TAT N I. T I. I. G S I. I. G G G G S I. T E G G G G G I. I. I. 0 E S G , " Y 0 F S I. 1155 (IIDBP) 

CT G TTTTCGAGGCG\:GACGAGGCCGAGGACGT GAACGCCGGCC T CA T CAACGGCGACGACG T GCGGGGGGACGACGAG T T CGAAC T T CCCAGCAAACGGT CTCGGTTG !Jagta t tcggg 3840 
l F S R R 0 E I. E 0 V N I. G l I N G 0 0 V R G 0 0 E F E l , S K R S R l 1191 (IIDB') 

~I • 
acctcc~cctcgactccttctcctttccc9tcc9Cc9ctc9tccggcgagcgggcgcccctttcIAJ.illagctcgtt9aaatdcyglglaacgtagc99t9tct9tatcgccg 3960 

ttc9999ttgtctgtgcgcggtatgtataagcgga~gggtaggg9agtcgacctgctcgcgcgcaacgtcggcaaggATGGCAATGAATACGTTACAAAAACTGTGCGTCGTGTGTTCCA 4080 
" I. " N T L Q K l C V V C 5 K IS (118.5) 

AATGCAACGAGTGCGCGATGGATGTGGAATGTCTGAAGTACTGCGATCCGAATATTGTGTCGATGGATTCGACGGCCTTCAGGAGGAACGGGGTCATGGTGATACATTTGTATCGGACCC 4200 
C " E CA" D V E C l K Y CO, N I V S " D S T I. F R R N G V " V I H l Y R T l 55 (118.5) 

1llL 
TCTATCCGGCGCTGGTCTCGCAGAACGCGGTGCAGACCTCGGTGCTGACCCTCTACATGGAGATGCTGCTGCAGGGCTTGTACGATACGAT~TCGACATGGCTTTGACGGACT 4320 

Y , 10 l V S Q N 10 V Q T S V l T l Y " E " l l Q G l Y 0 T " R EID " 10 l T D F 15 (118.5) 

TTGGGACGCATCGGGACC&6CAGCGATACTACCGGCGGGTGCTGAAACTCGATTCGTGCAACCGACACGAGTCGATCACGATAACTTTTGCGCCCGAGCTGGCGCTGACGATCGACCTGG 4440 
G T H R D R Q R Y Y R R V l KLO S C N R H E 5 I T I T FA' E l 10 l T I D l 10 135 (118.5) 

CGACGCTGAACGACGTG6AGCGTCTCCTGTGCAAAATCAACTGTGTGTATGGGGCGGTGGACGCGAGCCAGGGGGTGGCGGTCTGTCGACGGCTCTTGTCCCTGCTGGtGAGGTTGTGCG 4560 
T l N D VER l l C KIN C V Y G 10 V 0 10 S Q G V 10 V C R R l l 5 L l 10 R l C D 175 (118.5) 

ATATCTGCCCGGTGGCGGGTCCGGAGATCTATCGGGAGACGGTCACCTGTTTTCAGTGCTACGAGGAGCTGATGGCGGTGCCGAACCAAGGCCGCTCGATCAACC&6CGGATGCA&6GCC 4680 
I C P VAG P E I Y R E T V T C F Q C Y E E l " 10 V P N Q G R 5 I " R R " Q G L 215 (118.5) 

TGCTCTGCGACCATATCACTATCAAAAAGGTCTTGGTGCAGCTGGATATGGATGCCCAGGCGGTGGAGCAGGATATGGGGGATATTGCGATCA66GCGCCCTCTGT6AAAGGTATCATCC 4800 
l C D HIT I K K V L V Q l D " D 10 Q 10 V E Q D " G D I I. I RAP 5 V K G 1 I R 255 (118.5) 

66GCGATAAAGAGTCTCGCGTCGTTCTCACC&6CGTCGTATGCGTACATCAACGACGCGGAGGAGGCGTTGAGG666TACAACTTGTTCAGCGAGATCCCGGATCGGATCTACTCACTGT 4120 
10 I K S lAS F 5 PAS Y 10 Y 1 N D 10 E E 10 l R G Y N l F 5 E I P D R I Y S L 5 215 (118.5) 

C66ACTACACATACTGGTCGAAAACGTCGGAG6CGATCGTCCGCCACGTG6GGATTACGATGA&6CAGCTCAACGTCTCCCACAGCCTCTGGAAAACCTTGCGGACGGAATTGAGTCGCT 5040 
o Y T Y 11 S K T S E 10 I V R H V G I T " R Q l N V 5 H S l 11 K T L R TEL 5 R Y 335 (118.5) 

ATCACTACGGGGAAGACCTCGAGGACGTTTTCACTCTGGGCGAGGGGCGCTTC66GGGCGACGAGCGAATCTACGTGGGGTCCATCTTCGC&6CGCCG66AAA66TCGTCGACATGATCA 5160 
H Y G E D l E D V F T l G E G R f G G 0 E R I Y V G 5 I F 10 10 P G K V V 0 " I T 375 (118.5) 

CTTCGATGAGCATAAAATCCTTCGAGAACAATCCCCTTTTCAATCGCTTGCACGAGAGCAACGAGATCTATGCCAAGATCAAGTCGCTGATCGAGGAAATCCG66G66TGGGAGATGGAC 5280 
5 " 5 I K 5 F E N N P l F N R L H E S N E 1 YAK I K S l lEE I R G V G D G P 415 (118.5) 

CCGCGGt6666GC&6CACGTTCAA66GCCGAGGCGGCGTCGGGGGCCGGGGtAGGAGGGGAAGAGGGGGCGGGGGCGGCGGCAGGGCGAGGGAACACTGGGGGGGACGA66GCGCG66AA 5400 
10 10 G 10 I. R S R 10 E 10 10 S GAG 10 G G E [ GAG 10 I. I. G R G N T G G 0 E GAG T 455 (118.5) 

CAACAACGGCAATGAGTTCCGCGTTGGAGTGTGGAGATCCGCTGCTGAGGGTGCACGATGTGAACAAGGAGGTGAATGTCCGAAAAAGGGCATACTTAAAAAAGGTTTCCGAAATGGGCT 5520 
T TA" S S ALE C G 0 P l l R V H 0 V N K E V N V R K R I. Y L K K V SE" G Y 495 (118.5) 

ACAACAAGGTTATGGtCTGTATTCGAAACCAG6AGCAI~TGGTTACGAAACTGGTGAATGTCAACCTGGTGGGAACGGTGTGTTTGGAGGCGGTTTCCAAAATTATGAACGGTTTTCTCT 5640 
N K V " 10 C I R N Q E H l V T K l V N V N l V G T V C LEI. V SKI " N G F L S 535 (118.5) 

CCCGACAGCGGTCTATAACTGAGGtCGAGACCTACCCCGACGTGGCCGAGAGCCTCGGCTACGACGAACACCTCTATGTCATCAATAATCTCGTGCACAA6A&6CTCCCCTCCGAGCTGC 
R Q • 5 I T E 10 E T Y , 0 V 10 E 5 l G Y 0 E H L Y V I N N l V H K R l P 5 E l l 

....II9ll.l ..1lüL 
TGCCCCAGCTC66GC~~CAGATCTACCGTTTCATCAACGGTCCCATGTTCACCCACTATCTCGACAGACACCCCCTGCCCTATAACGTTAACATGGtCTACGCCTGCGATAACGCC&6CA 

, Q L G q q I Y R f I N G , " f T H Y l 0 RH' l , Y N V N " 10 Y 10 C D N 10 G I 

TCCTGCCGCACGTCAAAGAGGATCTCGTCAGGTGCGCGGACGGGACGGTGGTGCCCAGCGACTGGATGACAGTCGGATACATGGGCTTCTTCAGGTTCGCCGACATCCGC6AGCTCAACG 
l P H V K E D L V R C 10 D G T V V P S D 11 " T V GY" G f f R fAD I • E l N 0 
...lllL • 

ACCTGCA&AA&ATGGTCT66GCGCACATTC6AGAGCTCGTCCTGTCCGTCGCACI6I6I6&CGAGACGTTCGGCAASCAGTTGGCCTTGTGGCGCGTCGAGGAC&6CGATGAGATC&6CG 
l q K " V 11 10 H IRE l V l 5 VAL Y N E T f G K q l 10 l 11 R V E D G DEI G D 

ACG&6AIA6IAIIA6CGIACAAICCAGAATCICCGITGATCCTGcGTCGCGGAGAICGAAGITACAGATCCAGGGATCTGTACTTGCTGCTCTACAAGCATCTCTCGGTCGACTCCGAGA 
G I I L T Y N PES PLI l R R G D R 5 Y R S R D L Y l l l Y K H l 5 V D 5 E T 

JBL 
CTCTCGCCGACGCCGGTTCTCGCGCCTCGGTCGCCGACTTATGTCAGGTCGAGAGACCC66GCCGATCGCTGAACAACGCTCGTCGACGCAGAATGTCAAGAAGA'ACGA'~TGT 

LAD 10 G S RAS V 10 D l C q VER P G P I 10 E q R S 5 T q N V K K K R KR" 5 
" S R R N ERG C 

CGCTCCTCGA&CTGGTACGCGATGTCGAC&6CGCT&6CGGTGACGATCTGGTGCCTCCTTGCCTGTACAAGTGAGGTAATCGt&6CGGtGAGTACACCAGGTACTACTCCGAAAGCAAAA 
l l E l V R D V D GAG G D 0 L V P P C l Y K 

• S S 5 11 Y 10 " 5 TAL 10 V T I 11 C l l 10 C T S E V I 10 AAS T , G T T P KAK 

5760 
575 (118.5) 

S880 
615 (118.5) 

6000 
655 (118.5) 

6120 
695 (118.5) 

6240 
735 (118.5) 

6360 
775 (118.5) 

I (111) 
6480 
7" (118.5) 

4t (gB) 

ACTGACAeTTCGTCAGAAACCGCGTCCGCAGAAACAGAGACGGtGACTTC66GCGCGGtGACCGGAAAGAAGGAAGCCACGCCGACTCAGGCCTCGAAGATAACGGGGACCACCAICGTT 6600 
T D T 5 5 ETA S 10 E T ETA T 5 G 10 10 T G K K E 10 T P T Q A 5 K I T G T T I V 81 (g8) 

CCCTTCGTAAACGAGAC&GAGGACATGGTTTCTGTTGACATAGATAAATATCCTTACAGAGTGTGCATGGCTGTGTCTACTGATCTCGTTCGGTTCGGGAAAAGTATAGATTGTATCAAT 6720 
P F V N E TED " V 5 V D I D K Y P Y R V C " I. V 5 T D l V R F G K 5 I D C I N 121 (gi) 

CATACCCCGAAGACACCCGTACAAGA6&&6ATCATGGTAGTTTACAAAGAAAATATCGTGGCTTACACGTTTGAGGTGATCACTTATCACAAAGATGCGATCTTTCAGAiAAGTTATGCT 6840 
H T P K T P V q E GIN V V Y K E N I V I. Y T F E V I T Y H K 0 10 I f q R 5 Y A 169 (gB) 

GACACGACTACTAATTATTTCTTGGGGACTAGCGTGACTAAGATGGCCTTCCCCATCTGGGAGtTGGATGAGGTAAACAGAAACAACAGGTGTTACTCTGCCGCGAGTAGGATACTCAAT 6160 
D T T T N Y F l G T 5 V T K " 10 F P I 11 E l 0 E V N R N N R C Y S 10 10 S R I l N 201 (111) 

G66&AA&TGTATGTCGCTTACCACGAAGATAGCTATAGGAACTATACTATGGTGCITGTGGAGGATGAITACAGGAGTAAGAACAGTAAGCGATACGTGACCACCAAGAGTAGGTATCAT 7080 
G E V Y V 10 Y H E D 5 Y R N Y T " V l V E 0 0 Y R 5 K N 5 K R Y V T T K 5 • Y H 241 (g8) 

l.gJJj 
AA66GCGCTIGGACGTGGAGATACACCGAAICCTGTAACATGAACTGCGTCGTCGTCGTCACGAAAGCIAGGTCTAACACCCCCTACGAATTC 7173 
K G A 11 T 11 R Y T E S C N " N C V V V V T IC I. R S N T P Y E F 280 (gi) 

FIG. 2-Continued 
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FIG. 3. Expression kineties of the MDBP and ICP18.5 genes. 
Northern blot analysis with 32P-labeled DNA probes (for loeation of 
the probes see Fig. 1) was performed to determine the expression 
kineties of the genes. M EF were rnoek infeeted (rn) or infeeted in the 
presenee of PM (e) or without inhibitors, Whole-eell RNA was iso­
lated at 2,4,6, 12 (lanes 2 to 12), 20 (Ianes el, and 24 (lanes I) hr p,i. 

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

Identification of the 5' and 3' ends of the MDBP and 
ICP18.5 transeripts 

Nuclease 81 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 
XhollSa/1 fragment (map units 0.401 to 0.400; Fig. 4A 
(1 )), which was 5' end-Iabeled at the Sa/I site (Fig. 4B 
(1), la ne 1). After hybridization of the probe to RNA iso­
lated from cells in the early phase of infection and sub­
sequent nuclease 81 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 Sa/I 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 TA TA 
box was found 20 nt upstream of the determined 5' 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 8P1. Nuclease 
81 analysis with RNA from cells in the late phase of 
infection revealed the same protected fragment (Fig. 
4B (1), la ne 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 BamHIIPstl fragment (map units 0.387 to 
0.383; Fig. 4A (2)), 3' end-Iabeled 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 81 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 3916) 14 nt upstream of the determined 3' end 
could represent a polyadenylation signal of the rarely 
used type (Birnstiel et a/., 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 a/., 1985). Considering the size of the polyA-tail, the 
calculated size of 3726 nt for the MDBP mRNA corre­
sponds weil to the observed size of 4.2 kb in the North­
ern blot hybridizations. 

A 444-nt NotilSau3AI fragment (map units 0.386 to 
0.384; Fig. 4A (3)), 5' end-Iabeled at the Sau3AI site 
was used to map the 5' end of the ICP18.5 transcript 
(Fig. 4B (3), la ne 1). The nuclease 81 analysis using 
RNA from cells in the late phase of infection revealed a 
protected fragment of 188 nt (Fig. 4B (3), la ne 3). There­
fore, the 5' cap site of the ICP18.5 mRNA is located 
188 nt upstream of the Sau3AI site at position 3941 in 
Fig. 2. Thus, the 5' end of the ICP18.5 mRNA maps 
only 10 nt downstream of the 3' end of the MDBP 
mRNA. The length ofthe untranslated leader sequence 
of the ICP18.5 mRNA is 97 nt. The sequence TATTA at 
positions 391 0 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 8P1. 

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 ICP18.5 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-Iabeled upstream 
of the 5' 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 HpaiiEcoRI (map units 
0.3766 to 0.371; Fig. 4A (5)) and a 1389-nt Bg/IIIEcoRI 
fragment (map units 0.377 to 0.371; Fig. 4A (4)), 3' 
end-Iabeled at the Hpal and at the Bg/II 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 81 digestion 
(Fig. 4B, (4) and (5), 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-RO, and the 3' end of the 
cDNA was amplified using primers End 1 and RO ac­
cording to the method of Frohman et a/. (1988). A 300-
bp fragment was identified following amplification and 
subcloned into pUC19. 8equence 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; (8) experimental data. (A, top) Cleavage 
sites 01 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-Iabeled DNA fragments (0-) were hybridized to whole-cell RNA and then digested with nuclease SI. Solid bars and numbers 
indicate the location and length, respectively, of the protected fragments. (B) Autoradiographies of protected fragments separated byelectropho­
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 I 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 01 PM or to late RNA isolated from 
MCMV-inlected cells 24 hr p.i . Size markers were 5' end-Iabeled Hpali 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 ofthe determined 
3' end shows a partial homology to the 3' consensus 
sequence YGTGTIYY (Birnstiel et 81., 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 ONA 
bin ding protein was deduced from the nucleic acid se­
quence of the identified open reading frame. The 
MOBP ORF is capable of encoding a polypeptide of 
1191 amino acids (Fig. 2), and the calculated molecu­
lar mass of the MCMV MOB protein is 131.7 kOa. 

The amino acid sequence of the MCMV MOB pro­
tein was compared by the Genetic Computer Group 
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· . 
1 MADDDLSSLAPVAPAVWMFFLKKTRELADIVAAMSLCDKATPVVIAPLLIDLTVDRDFCGAVRTPMSTYE6GYLTKYTSF 

I ::1: 1111:11 :::1: I :1:1 :1111: : 1111111 111: 11 1111: :1:1111111111 
MSHEELTALAPVGPAAFLYFSRLNAETQEILATLSLCDRSSSVV1APLLAGLTVEADFGVSVRTPVLCYDGGVLTKVTSF 80 

· . *. . . *. . 
81 CPFAFFFHNTDEI LDVYEDHGDYVHLCDDARRRFGVQAFSPLAHRDRTDYDYLCDEL6IAPAEYTGHYYCGN&LKELLYA 

1111: : 11 I I: 111111: 11 : 111 :::: I: I I I 11: 11 : I I I 111 111111: I : I 
CPFALYFHHTQGIVAFTEDHGDVHRLCEDARQKYALEAYMPEADRVPTDLAALCAAVGCQASETTVHVVVGNGLKEFLFA 160 

· . . . . . . 
161 6QLIPCPEEAVKYQVGAYD6YKYPLYPYTLFS66ADAAHAD6PSAAYACDOPWYLEHGFYDPALSEALFYFMFTSW&QSL 

111111 111 I:: ::1:11111 111 I 11 I :1 :1:1 11:11 111:::111 111 
GQLIPCVEEATTVRLHGGEAVRVPLYPPTLFNSLQLDAEADEVS .. LDARSAFVEARGLYVPAVSETLFYYVYTSWCQSL 238 

241 RVCETSRLIEA6LQQFYEDTQQTVKLTPFKKYHGYTSQKLTAVERDQLMTVDAVCSELAFSYASIYLDSYYEFSTASNFL 
1:1 1111:1 111 1:11:111 I 1:1 11 11:1: :1:1 11 111 :11111:11:::11 I I 
RFSEPRVLIEAALRQFVHDSQQSVKLAPHKRYLGYMSQRLSSLEKDHLMLSDAVVCELAFSFASVFFDSAYQPAESMLFS 318 

. .. . 
321 EWPLVKNAKTHADLLDNLRDFQLHLAKHIAALIFSSNSILYQTRIVfVPSA6K6ANSNPSA.QDSLLKSIRffN6LTGMY 

11111 11 I 11: I:: 111 1:111:11 11:111 1:1:: I :: :1 1::111 I I 111:: 
EWPLVTNATDHRDLIRALTELKLHLSTHVAALVFSANSVLYQHRLVYLQSSARHPSAGGTASQETLLKAIQFTNGlSAAC 398 

.• • * 
400 DDIlNDAKKTIRFEGAY6RDEKYSPHHLAYFC6TSPQLfSTLMWffNRMSIYSTGYTS6DTYfSHIVNA6SKLC6AC6GR 

:1::111:1 ::1 11 :11:1 I 111: 111:111 I ::1::11:1:1 11:: I: 1:1 : 11 1111 
EDVYNDARKVLKFQGAPLKDERYGPQHLALVCGTCPQLVSGFVWYLNRVSVYNTGLSGSSTLTNHLVGCAAGLCEACGGT 478 
*.. .. 

480 CCHTCYATSFIRVNTRLPGIPKQIKKEPVYYTLLSRAfADADLLGMYGKRYGLESREAG ••.••••••. D6G6GGA6GR. 
111111 I 1:11 1111 :111 1111 1:1: 11 : I 1:11 :1:11 :: :::1 11:11:111 
CCHTCYQTAFVRVRTRLPVVPKQPKKEPCVITVQSRFLNDVDILGSFGRRYNVDAKDGGLDGKGDDGVPGGGAGGGGGRD 558 
.. ... 

549 ..... TDEVAA6PPA66A •• SG •••••••• LNfYSYDRMKYL6QYlDYCKKNSLIDAITGEDllNYRTKRDfVATYTALN 
:1 :::1 :11: 11 : 1111 I :1111:1 111 :1111: : I 1111 :111 

VSGGPSDGLGGGRGGGGGGDSGGMHGRGGRMLGASVDRTYRLNRILDYCRKMRLIDPVTGEDTFSAHGKSDFVAVFSALN 638 

614 QTIDD.AVCRFAMDVR.RSGHGRDEISGSTQSfNLDLSPYATAFSPVLSFQYYRTMfSllQNLALINAASYYVDNPLTTA 
:11 I: I :11:1 111: I 11 11111 111 11 1:1 : 1:1::1 :111:111 I 11:1111111 

KFVDDEALG.FVSEVRLKS .. SRDEVAGATQAFNLDLNPYAVAFQPLLAYAYFRSVFYVIQNVALITATSYIVDNPLTTN 715 

692 QISKWVTLHFQSICGAFGTTPLKKGFLNVKDTKNLKSVEFERIMDFRSFQETGRYRKISTEIKSCKMSVQSLKSCRIKNR 
:111:1 11111 111 11 :1111 I I I : :1::111: I I : 111 :::11:1 1:111 

L VSKHMTQHFQS I HGAFSTTSSRKGFLFTKQ I KSSKNSDHDRLLDFRL YAQ. GTYAVVPHE IKlSRLSVPTL IMVRVKNR 794 
. . 

772 PI ... SKTPQSSVFFKKGAlQRKNPIK6CLSFLLFRCHEKLFPRCGLSClEFVQRVlQNSLPRSYNVGKYEDfDNLYRfL 
11 I 1111::: 1:11 1111 111:1 11:111111 11 111:1 111: I :1::1 :1:11 
PIYRAGKGNAGSVFFRRDHVPRRNPAKGCLGFLLYRHHERLFPECGLPCLQFWQKVCSNALPKNVPIGDMGlFNAFVKFL 874 

. . . .. . 
849 LTVTDDYDESDVVDIQPDCLLSYVENRFHNKFLYMFGFRDYNSTIQ6MSTRLTPQNHSQfPCLLKDAPKFASIAEYYLHF 

: 11 11 I I:: I: 111: 11111 1111111 : 11 : 11: :: I:: 1111 111 111 : I I: I I 11: 11 
VAVTADYQEHDLLDVAPDCVLSYVESRFHNKFLCYYGFKDYIGSLHGLTTRLTTQNHAQFPHVLGASPRFSSPAEFALHV 954 

929 KKMKLDGVKAPQVATITREPVLKKLFD6RSLVSVSFAVEKYSSSNGTRDVFQFGQIGYYVGSGVDRSLNTGSMGTQDYRF 
I : I 11 11 11: 11 ::: :I: 1111: I 1111 :: :: : 1111111: I 11: 1111 11 11111 
KGLKfAGVPAPMAATVARESLVRSVFEHRSLVTVPVSVEKYAGINNSKEIYQFGQIGYFSGNGVERSLNVSSMSGQDYRF 1034 

1009 MRYRYIIATKlVDVliRRSRRENVMYDRDVVRSRVlAAlDST6LDVDPELAAIAELMEGRDEGDIPEIDDllFYVDQQEY 
11 11::11:1 1111:1111111::1 I::: 11: 111 11 111: I: I:: 1:1 11 11:11:11 I 
MRQRYLLATRLADVLIKRSRRENVLFDADLIKNRVMLALDAENLDCDPEVMAVYEILSVREE .. IPASDDVLFFVDGCEA 1112 

1089 IARSMYRKMRSLAERGVTDFSLASLR ••. EATATNATAA6S •••••••••• AA66G6SATEGGGGGAAADESGPMYDFSA 
:1 I: I: I I 11 1111 11 :1 I I I: I I I I: 1111 11 •• 
lAA)IMDKFAALQEQGVEDFSlENlRRVLDADAQRLTDAAGGEVHDLSALFAPSGVGAASGVGGGGLLlGESVAGNSIC. 1191 

. . . 
1156 LFSRRDE ........• AEDVNA6LINGDDVRGDDEFELPSKRSRL 

I I I: 11: I I 11 11111 
.fGVPGffGGGCFI VNAGfDfAGGVGGSSGGGGGSGlLPAKRSRL 1235 

FIG. 5. Comparison of the amino acid sequences of the MCMV and HCMV MOB proteins. The amino acid sequences of the MCMV (upper 
line, bold faced) and HCMV MOB proteins {Iower line) were aligned. Identical residues are connected by bars (I) 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 MOB protein are labeled by stars. 

software program BESTFIT to the sequence of the 
HCMV M DB 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 72% similarity. 604 of the 1191 amino acids 

of the MCMV MDB protein (50.7%) 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 ifthe MCMV MDBP 
amino acid sequence is aligned to the HSV-1 ICP8 se-
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. .. . . . . . 
1 MAMNTlQKlCVVCSKCNECAMDVEClKYCDPNIVSMDSTAFRRNGVMVIHlYRTlYPAlVSQNAVQTSVlTlYMEMllQG 

I 11 1111111111111 11::111111111:: :11 1:11: :: 111 :11 :1 11 1:1:1111:1111: 
MEMNlLQKLCVVCSKCNEYAMELECLKYCDPNVLLAESTPFKRNAAAIVYLYRKIYPEVVAQNRTQSSLLTLYLEMLLKA 80 

• 81 lYDTMREIDMAlTDFGTHRDRQRYYRRVlKlDSCNRHESITITFAPElAlTIDlATlNDVERllCKINCVYGAVDASQGV 
I: : I 11: 11: 11 11: 11 I 11 :: : I :::: 111111: 11 : 111 : I 111: I: 
LHEDTALLDRALMAYSRQPDRAAfYRTVLRLDRCDRHHTVELQFTDNVRFSVSLATLNDIERFLCKMNYVYGILAPEAGL 160 

.• * * 161 AVCRRllSllARlCDICPVAGPEIYRETVTCFQCYEElMAVPNQGRSINRRMQGllCDHITIKKVlVQlDMDAQAVEQDM 
11 11 11 111 1:111 1:1 I 11 111111 :111111:1:1:11111 11 ::: I I: I 1111: 

EVCAQLLELLRRLCGISPVARQEVYVEGTTCAQCYEELTIIPNQGRSLNKRLQGLLCNHIAVHRPSSQSDVNIQTVEQDL 240 

241 GDIAIRAPSVKGllRAIKSLASFSPASYAYINDAEEAlRGYNlFSEIPDRIYSlSDYTYWSKTSEAIVRHVGITMRQlHV 
I: I I : I:: 1:111 I I I 11::111111 1111::11:1111111:1111:111 11::1111: 1111 

LDLTTRIPHLAGVLSALKSLFSSSSAYHSYIQEAEEALREYNLfTDIPERIYSLSDFTYWSRTSEVIVKRVGITIQQLNV 320 

321 SHSlWKTlRTElSRYHYGEDlEDVFTlGEGRFGGDERIYVGSIFAAPGKVVDMITSMSIKSFENNPlFNRlHESNEIYAK 
I I : I :11 1111:11:1 111 : 1:11::111:1111 :::1:111:11 11 11:11:111111:1 I 

YHQLCRALMNGISRHLYGEDVEDIFVLGEKALDGEERMFVGSVfAAPNRllDLITSLSIQAFEDNPVFNKLHESNEMYTK 400 

401 IKSlIEEIR ..•... GVGDGPAAGAARSRA.EAASG .•..•..••.•.•..•••.... AGAGGEEGAGAAAGRGNTGGDE 
11 :: 1111 1111 : I : I: 11 11 : I : I I: I I I: 
IKHILEEIRRPLPDGTGGDGPEGEAIHLRGREAMSGTGTTLMTASNSSNSSTHSQRNNGGGGRARGGGKKVVGGGVNGQD 480 .. 

452 GAGTTTAMS .....•• SAlECGDPllRVHDVNKEVNVRKRAYlKKVSEMGYNKVMACIRNQEHlVTKlVNVNlVGTVClE 
I I: .. 11: I 1:1 I :1111111111 1111:11 11: 11: 11:1 :11: 11111 :11: 
GDGSENGLRVRNCDEHEALDLVDARSRIHNVTREVNVRKRAYLQKVSEVGYGKVIRCIKTQERLTSKLIDVNLVGPLCLD 560 

. . . . 
525 AVSKIMNGFlSR.QRSITEAETYPDVAESlGYDEHlYVINNlVHKRlPSEllPQlGQQIYRFINGPMFTHYlDRHPlPYN 

:11:11111 I I :: 11::: 1111111:111:11 11 I 11 111111 : 111:111 11 11 I 
FISKLMNGFLYRSQ.YHQDQDVV.DVGDQFTYDEHLYVVNNLIHKSLPVESLPLLGQQIYELCNGPLFTHCTDRYPLSHN 638 

604 VNMAYACDNAGllPHVKEDlVRCADGTVVPSDWMTVGYMGFFRFADiRElNDlQKMVWAHIRElVlSVAlYNETFGKQL. 
I 111111111: 11111 : 111 : 11 : 111 11: 11 I 11111 I I : 11 111 : I I: 111111111111111111 
VDMAYACDNAGVLPHVKDDLVKCAEGTVYPSEWMVVKYMGFFNFSDCQDLNVLQKEMWMHVRELVLSVALYNETrGKQLS 718 

. . 
683 .AlWRVE •.. DGDEIGDGlllTYNPESPlllRRGDRSYRSRDlYlllYKHlS ....... VDSETLADAGSRASVADlCQV 

I I I I I :11111 I 11: 11: I: I: 1111111: 111 I:: I : I:: I 
IACLRDELHPDRD ..... VILTYNKEWPLLLRHEGSLYKSKDLYLLLYRHLSRPDESGDVPTAPVAKPSTLTAAAAVSGV 793 

. . 
752 ERPG •.... PIAEQRSSTQNV ••••••.• KKKRKRMSllElVRDVD.GAGGDDlVPPClYK 

I I 111 I I: I: 111:1 11 : I 1111: I 
FREPDRPWLPSPYPSSSTAGVSRRVRATRKRPRRASSLLDLARD.EHGI .. QDLVPGSLR 850 

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 (NXSIT) 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 
showa significant degree of conservation represented 
by 50% 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
quence (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 
MCMV ICP18.5 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. 7e), 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, wh ich result from additional resi­
dues in the HCMV UL56 sequence. Only the carboxy 
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FIG. 7. Oot matrix comparison of the MCMV MOB protein (a,b,c) 
and the ICP18.5 homolog (d,e,f) to the homologous proteins of 
HCMV, 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. 7e), 
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. 7e), 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-glycosylation 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 
ONA 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 MOB and ICP18.5 proteins to 
the respective proteins of other herpesviruses is 
shown. 

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

The MCMV MOBP gene encodes a protein of 1191 
amino acids with a predicted molecular mass of 131.7 
kOa. The HCMV strain A0169 MOB protein consists of 
1235 amino acids (Chee et al., 1990) and the apparent 
molecular masses of the MOB proteins of simian 
(strain Colburn) and human CMV have been deter­
mined to 129 and 140 kOa (Anders et al., 1986; Kemble 
et al., 1987). Thus, the predicted molecular mass of the 
MCMV MOB protein is in the same range as the ob­
served molecular masses of the SCMV and HCMV 
MOB proteins. 

The highest degree of similarity was observed be­
tween the amino acid sequences of the MCMV and 
HCMV MOB proteins. However, the similarity to the 
amino acid sequences of the HSV-1 and EBV MOB 
proteins is remarkable. This conservation points to the 
important function of the MOB proteins. For the HSV-1 
ICP8 protein it has been shown that it is essential for 
the replication of the viral ONA (Wu et al., 1988). It is 
assumed that the MOB proteins bind to and stabilize 
the single-stranded ONA 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 MOB 
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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 wh ich 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
ti on 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 al., 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 ofthe 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
quences of the ICP18.5 gene. For example, it remains 
open whether the sequence TA TI AM (positions 391 0 
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 ICP18.5 mRNAs. This proximallocation of 
Sp1 binding sites is typical for aseries 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 al., 1992). The function of 
the HSV-1 ICP18.5 protein and its homo logs 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 al. , 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 ICP18.5 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 
MCMV ICP18.5 gene playa 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 al., 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% (lCP18.5) 
similarity. The slightly higher similarity to the amino 
acid sequences of the homologous EBV proteins than 
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to the HSV-1 proteins (Elliott et 8/., 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 similar 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 ciose 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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