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Cytomegalovirus (CMV) lytic-phase DNA replication requires both trans-acting factors, such as the
virus-coded DNA polymerase, and a previously undefined cis-acting element, the origin, within which initiation
occurs. We have located a candidate origin of CMV lytic-phase DNA replication, oriLyt, in both simian and
human strains by assessing the ability of cloned restriction fragments to mediate phosphonoformic acid-
sensitive DNA replication after transfection into human fibroblasts when required trans-acting factors were

supplied by infection. In initial experiments the simian CMV-like strain Colburn EcoRI D fragment directed
DNA replication; this fragment contains all of the single-stranded DNA-binding protein gene (dbp) and about
7 kbp of upstream sequence. A larger region upstream of human CMV dbp also mediated replication in
transient assays. Subsequent subcloning and deletion analyses defined a CMV strain Colburn region sufficient
for origin function, spanning about 1,300 bp in the apparently noncoding region upstream of dbp. The
nucleotide sequence of this region revealed four distinct domains, containing (i) a 9-bp repeated sequence, (ii)
an A+T-rich segment, (iii) an ll-bp direct repeat, and (iv) a 47-bp direct repeat. At least some part of each
of these domains was required for origin function. Therefore, like the Epstein-Barr virus lytic-phase origin of
DNA replication, CMV oriLyt appears to be structurally complex.

Human cytomegalovirus (HCMV) is a significant cause of
morbidity and mortality after in utero or perinatal infection
and among immunocompromised individuals (1). Because
cytomegalovirus (CMV) exhibits both lytic and latent or
persistent phases, like other herpesviruses, an understand-
ing of the molecular mechanisms of CMV DNA replication
and their regulation is needed to aid in developing effective
antiviral strategies. Lytic-phase DNA replication requires
both trans-acting factors, such as the virus-coded DNA
polymerase (12, 18), and a previously unidentified cis-acting
component that facilitates initiation, the origin of DNA
replication. We used a transient transfection assay to locate
a CMV lytic-phase replication origin, oriLyt, in both simian
and human strains. Described herpesvirus replication origins
vary in their structure and function; alphaherpesvirus (e.g.,
herpes simplex virus and varicella-zoster virus) replication
origins consist of a single dyad symmetry, or a portion
thereof, and a short flanking sequence (6, 24, 25), whereas
both the latent-phase plasmid origin, oriP (21, 27), and the
lytic-phase origin, oriLyt (10), of the gammaherpesvirus
Epstein-Barr virus (EBV) are composed of multiple ele-
ments. Data presented here show that the betaherpesvirus
CMV oriLyt is distinct from other herpesvirus replication
origins, but that, like EBV oriLyt, it is structurally complex.

MATERIALS AND METHODS
Virus and cells. Human foreskin fibroblasts (HF cells),

used for all experiments, were prepared, passaged, and
infected as previously described (9). Cells used for transfec-
tion experiments were of a low to moderate passage number.
CMV strains Colburn and Towne were obtained from Wade
Gibson.
Recombinant plasmids. Plasmids DGAl and DGA7, con-
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taining HCMV strain Towne BamHI-K and HindIII-A,
respectively, and DGA8, containing CMV strain Colburn
EcoRI-D, have been described (3). The EcoRI-SmaI and
EcoRI-BamHI subclones of EcoRI-D drawn in Fig. ld were
constructed by treating pDGA8 with SmaI or BamHI, excis-
ing the segment between the indicated restriction site within
EcoRI-D and the adjacent corresponding site in the pUC18
polylinker, and religating to generate pDGA33 and pDGA34,
respectively. The Sall-SmaI and HindIII-SmaI subclones
were made by treating pDGA33 with Sall or HindIII, puri-
fying the fragment delineated by the indicated restriction site
within EcoRI-D and the adjacent vector polylinker site, and
ligating the purified fragment into the corresponding site of
pUC18, to generate pLD3 and pLD1, respectively. The
HincII-1 subfragment of EcoRI-D was excised from pDGA8
and ligated into pUC18 in both a and b orientations to
produce pSP16 and pSP17, respectively. XbaI-CF, contain-
ing fused XbaI-C and XbaI-F subfragments of EcoRI-D (3),
was prepared by ligating gel-purified XbaI-F into the XbaI-C
clone DGA10 after linearizing with XbaI. Independent
HincII-SmaI subclones were constructed (i) by treating
pSP16 with SmaI to excise the rightward half of the HincII-l
fragment and religating, generating pSP18, or (ii) by cutting
pSP17 with SmaI, purifying the fragment flanked by the
indicated EcoRI-D SmaI site and the SmaI site of the vector,
and ligating into the SmaI site ofpUC18 to give pSP19 or the
SmaI site of pGem7zf(-) to give pSP21.

Transient transfection assay. For each transfection, about
1.0 pmol of plasmid DNA was mixed with 2 ml of serum-free
Dulbecco's modified Eagle medium (DMEM)-50 mM Tris
hydrochloride (pH 7.4) containing 400 ,ug of DEAE-dextran
(Pharmacia; no. 17-0350-01) per ml and added to 6-cm dishes
of HF cells split 1:4 24 h earlier that had been rinsed with
Dulbecco's phosphate-buffered saline (D-PBS). After incu-
bating at 37°C for 4 h, the transfecting mixture was removed,
and the cells were treated with 2 ml of D-PBS containing
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10% (vol/vol) dimethyl sulfoxide for 1 min at room temper-
ature. This mixture was aspirated, the dishes were washed
once with D-PBS, and the cells were fed with DMEM
containing 10% (vol/vol) fetal bovine serum. Transfected
cells were infected with 10 to 100 PFU per cell 24 h later.
DNA was prepared 72 h after CMV strain Colburn (SCMV)
infection or 96 h after HCMV infection by adding to the
D-PBS-washed cell pellet 500 pI of lysis buffer (5.0 mM Tris
[pH 8.0], 100 mM EDTA, 400 mM NaCl, 0.5% [wt/vol]
sodium dodecyl sulfate, 2.0% Sarkosyl) containing 200,ug of
proteinase K per ml and incubating for 4 h at 37°C. The DNA
was then purified by successive phenol and chloroform
extractions and precipitated. Redissolved preparations were
quantitated by fluorimetry, and 2 jig of each sample was
incubated simultaneously with DpnI and the specified sec-
ond enzyme in a total volume of 200,ul. Restriction digests
were checked for completeness by adding plasmid DNA to
samples of the digestion or in parallel reactions to which
plasmid DNA was added. Southern blot analysis of the
resulting products was carried out as described previously
(3).
DNA sequencing and analysis. The nucleotide sequence of

the region containing SCMV oriLyt was determined by the
dideoxy method with Sequenase (U.S. Biochemicals). Es-
sentially complete sequences of both strands were obtained
by bidirectional sequencing of various subclones and by
filling in gaps with synthetic oligonucleotide primers where
necessary. Sequence data were assembled and analyzed by
using the GCG sequence analysis package (7).

Nucleotide sequence accession number. The nucleotide
sequence data reported in this paper have been submitted to
GenBank and assigned the accession number M57681.

RESULTS AND DISCUSSION

Location of SCMV oriLyt. Because previous attempts to
find an HCMV origin of replication were unsuccessful, we
tested selected cloned fragments from SCMV (9, 15) by
using a transient assay. Briefly, cloned fragments to be
tested were introduced into permissive HF cells by transfec-
tion, and the required trans-acting factors were supplied by
SCMV infection. Then purified transfected-cell DNA was
treated with the restriction enzyme DpnI, which cleaves its
4-bp recognition sequence CATG only if the adenosine is
methylated on both strands. Since mammalian cells do not
normally methylate this position, replicated plasmid DNA is
rendered DpnI resistant; unreplicated input DNA remains
DpnI sensitive and is cleaved into small fragments. After
DNA was treated with a second enzyme (BamHI or SmaI in
Fig. 1) to produce a unit fragment of known size, the
replicated plasmid was distinguished from the input plasmid
and from virus DNA by probing Southern transfers (22) with
labeled vector DNA (pUC18).

In initial experiments the 12.1-kbp SCMV EcoRI D frag-
ment (16) mediated DNA replication (Fig. la); EcoRI-D
contains all of the single-stranded DNA-binding protein gene
(dbp) plus about 7 kbp of 5'-flanking sequence (Fig. ld) (2,
3). DpnI-BamHI digestion of DNA purified from HF cells
transfected with an EcoRI-D-containing clone (pDGA8)
yielded a 9.8-kbp pUC18-detected fragment (Fig. la, lane 4)
that comigrated with the corresponding fragment produced
by BamHI digestion of pDGA8 (data not shown). pDGA8
consistently was amplified greater than fivefold, as estimated
by comparing DpnI-resistant and residual DpnI-cleaved
products by densitometry. In contrast, treating DNA puri-
fied from pUC18-transfected cells with DpnI and BamHI

produced only DpnI-cleaved fragments that were smaller
than linearized 2.7-kbp pUC18 (Fig. la, lane 1). The back-
ground of DpnI-resistant pUC18 observed in longer expo-
sures was less than 1% of the DpnI-resistant product de-
tected from pDGA8-transfected cells (data not shown). As
expected, there was no hybridization to identically prepared
DNA from untransfected, infected cells (Fig. la, lane 2).
Cells transfected with pDGA8, but not subsequently in-
fected, failed to replicate the input plasmid (Fig. la, lane 3).
Furthermore, treating pDGA8-transfected cells from the
time of infection with phosphonoformic acid (13), a selective
inhibitor of virus-encoded DNA polymerase, reduced plas-
mid replication about 10-fold, as estimated by densitometry
(Fig. la, lane 5).
A formal possibility existed that DpnI-resistant products

obtained in the transient replication assays resulted from
recombination into the superinfecting virus. To examine this
possibility, DNA from a transient transfection assay of a
replication-competent subclone of EcoRI-D (pSP19) was
treated with DpnI plus either ApaI, which does not cut
pSPl9 but does cut sites in the viral genomic DNA flanking
the cloned segment (Fig. lb, lane 1), or EcoRI, which
cleaves pSP19 only once, within the vector (Fig. lb, lane 2).
Uncleaved DpnI-resistant products detected by the vector
probe were 20 kbp or larger; none corresponded to the
predicted homologous recombination product, nor did any
comigrate with supercoiled, open circlular, or linear plasmid
DNA (Fig. lb, lanes 3 [lower and upper bands] and 4,
respectively). In other experiments, a significant fraction of
uncleaved products failed to enter 0.8% agarose gels (data
not shown). Cleaving only the unique vector site produced a
single band that comigrated with linearized pSPl9 (Fig. lb,
lanes 2 and 4). Similar results have been obtained with a
variety of subclones and restriction enzymes. Such results
are consistent with the production of tandemly repeated
linear arrays of the input plasmid sequence, as predicted by
the rolling-circle model. Most importantly, these observa-
tions together argue strongly against the possibility that
replicated plasmid DNA resulted primarily from homologous
recombination into the virus genome. We conclude therefore
that SCMV EcoRI-D contains a sequence that can function
as a replication origin, here designated oriLyt, in permissive
cells and that its replication requires at least the virus-
specified DNA polymerase. Other tested SCMV fragments
failed to mediate DNA replication (data not shown). How-
ever, our data do not rule out the possibility that SCMV
expresses other replication origins.
To further define SCMV oriLyt, we tested various sub-

clones of EcoRI-D. Fragments containing the region up-
stream of dbp retained oriLyt activity. In the example shown
(Fig. lc), the 8.0-kbp EcoRI-SmaI subfragment (lane 3), the
4.0-kbp Sall-SmaI subfragment (lane 4), and the 5.6-kbp
HincII-1 subfragment in either a orb orientation (lanes 5 and
6, respectively) efficiently mediated replication, but replica-
tion of the 2.4-kbp XbaI-C-XbaI-F (3) (XbaI-CF; lane 7)
subclone was not detected (Fig. ld). The smallest tested
subclone that supported DNA replication extended from the
HinclI site, 68 nucleotides (nt) upstream of the putative dbp
translation start codon (2), about 2.2 kbp to the SmaI site
(Fig. lb). The location of SCMV oriLyt, immediately up-
stream of dbp, corresponds to that of herpes simplex virus
ori'.

Structure of SCMV oriLyt. The nucleotide sequence of this
HincII-to-SmaI fragment (Fig. 2) showed SCMV oriLyt to
be distinct from other herpesvirus replication origins and
revealed four domains, each defined by a prominent struc-
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C tural motif. Domain I is situated proximal to the dbp pro-
moter, between nt 200 and 650. It is characterized by

1 2 3 4 5 6 7 multiple short tracts of T (or A) and by the presence of 11
copies (allowing one mismatch) of the 9-nt consensus 5'-
CGGTG(T)4/(A)4 (R1) in either orientation. Domain II, ex-

-23.1 tending from nt 650 to the XbaI site at nt 1185, does not
-94 appear to contain a prominent repeated motif but is A+T

40
0 66 rich, with some 50-bp windows nearly 80% A+T, in contrast

to surrounding sequences. Despite its high A+T content,
-2.3 domain II contains few T tracts. Also present in this region2.0 are three imperfect copies of the cyclic AMP-response

element (20), two of which are adjacent, and nearby TATA
consensus sequences. Domain III, flanked by the two XbaI
sites, contains five direct repeats at roughly 50-nt intervals of
the 11-nt consensus 5'-GCCCATCCCCC-3' (DR2). This
region also contains several short runs of T and one copy of

CA Rl. Domain IV, located between the XbaI site at nt 1642 and
repeats the SmaI site, is G+C rich and contains three adjacent

copies of a 47-bp direct repeat (DR3), each exhibiting an
internal dyad symmetry. Superimposed across the repeated

LB Sm B Hc E 47-bp sequences is a pattern of alternating homopyrimidine[_ siand homopurine tracts. The arrangement of some of these
x x x features is summarized in Fig. 3d. In addition to the promi-

nent motifs that define these domains, numerous other
+ features are present. Among these are potential binding sites
_ - for known transcription-regulating factors, various inverted

+ and direct repeats and, at the boundary between domains I
and II, the sequence (GC)5, which can potentiate the forma-

l + tion of Z-DNA (26).
- SCMV oriLyt sequence requirements. To investigate the

sequence requirements for origin function, we constructed
-~ - nested sets of exonuclease III (ExoIII) deletions (14) from
_ + each end of the HincII-SmaI fragment, as well as several

IV strain Colburn ori- internal deletions, using convenient restriction sites, and we
ving EcoRI-D-directed tested their ability to mediate DNA replication. The posi-
(Materials and Meth- tions to which selected ExoIII deletions extended are given

tntaining EcoRI-D and, in Fig. 2. ExoIllI deletions from the HinclI site indicated that
V strain Colburn 24 h the minimal leftward boundary lies between nt 573 and 638.
vith the restriction en- Deletions extending in as much as 345 nt from the HinclI site
of each sample was did not reproducibly affect the ability of the resulting frag-
agarose gel and trans- ment to mediate DNA replication (Fig. 3a; pSP19d22). This
nsfer was probed with deletion removes only 4 of 11 copies of Rl and only 10 of 24
,ments were visualized T tracts. Deleting 573 nt from the HinclI site, leaving only
ected cells; 2, untrans-
:ted cells; 4, pDGA8- three copies of Rl and five T tracts, reproducibly reduced
treated with 200 ,ug of replication 5- to 20-fold, as estimated by densitometry (Fig.

n the time of infection. 3a, pSP19dlO1). Deleting the last three copies of Rl abol-
m BamHI star activity ished the remaining replication (Fig. 3a; pSP19dlO8 and
Idouble digestions. (b) pSP19dl14). Domain I is cleanly removed from pSP19dll4,
containing the replica- leaving domain II and the (GC)5 sequence at its boundary
of EcoRI-D (panel d), intact. These results argue that a sequence(s) present be-
the foliowing. A 0.5-Rg
d-cell DNA was treated
cut pSP19 (lane 1), or
UC18 multiple cloning
ted to electrophoresis
pSP19 (lane 3) and

arallel for comparison;
)nger than were lanes 3
) of HindIII-cut lambda
of origin activity within
J fragments to mediate
For panel a, except that
I and DpnI. Cells were
ne containing EcoRI-D
g EcoRI-D restriction
ill-SmaI; 5, HincII-1 a
[-CF. The positions and
lambda fragments are

indicated. Each result depicted in this figure has been repeated at
least once. (d) Genomic location of the 12.1-kbp restriction fragment
EcoRI-D and schematic summary of results localizing CMV (Col-
burn) oriLyt. The CA dinucleotide repeats define a position within
the noninvertable SCMV genome roughly equivalent to the junction
of short and long invertable segments of HCMV (16) and are
indicated to show orientation. The position of dbp within EcoRI-D is
indicated by cross-hatching; the 3.9-kb major dbp transcript is
indicated by an arrow above. Restriction fragments used to con-
struct subclones are drawn to scale underneath EcoRI-D. Fragment
designations are given at the left, and activities in the transient
replication assay are indicated to theright. Restriction enzymes: B,
BamHI; E, EcoRI; H, HindIII; Hc, HincII;S, SalI; Sm, SmaI; X,
XbaI.
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[HinchI I
1 GTTGACGCAATACGTAGACCACCAGCAAGGAACTGCACACTGTCCCCGACGCGCGCCGCC 60

61 CCCTCCGACGGTTATGCGCCCGATTTGCGACCCAAACACACCCCGCGCCACCCGCCGCCG

J. VIROL.

121 GCTCGGCGAACTGTCCTCCAAAGGCGCTTCCGAAAATAGCGTGATGCTCGGTGGCGTTCC 180
<Rl< >R1>

181 ATGCGCCACCTGGTGTCCGAAAAAAACAACGTGGCGCGCGACGGCGAAGTGGCCCGCGTT 240
>R1>

241 GTTTTTTTGTCTACTGGATGATTGACAGCTCAATAAAAACGGTGTTTTCTAAAACCAACG 300
>R1> r19d22)

301 TGAGTGTCTGCGGTGTTTTTCGGCGCTTCGCGGCGGTCACGTGTACCTGAAACTCACAAA 360
<R1< >R1>

361 CACCGTCTAACAGTTTAGGAATCAAAAGCAGCGTCGGTGTTTTCAGTCCCCCGCCGTCGT 420
<R1<

421 TTTTTGCATCTCGCCCCCACCCCCGCGCACACGCCAATCATTTTTCCACCGTCGAGAGGG 480
<R1< [SphI]

481 CACTTTTCACCGTGCGGAGCGGCCCCGACACCACGCTGTTCTCCCGTGCGCATGCGAAAT 540
rl9dlOl) >R1>

541 AAAAACGACGTGGCTCGATTCCACCGAACTCGCCGATCGAAACGTTGAAAAGCGGGTCGA 600
>Rl? <Rl< rl9dllOs rl9d1O83

601 AAACGGTGTTTGTGTCACGTGGCGCCAAAAACACCGTCTCGCGCGCGCGTATTAATTATG 660
(NsiI]

661 ATAATCAGCAATGATACTCAAGTTTGAATATGCATTAGTTTTCGGATACGTGGGAGGGTC 720
CRE

721 TATCCGTACCGTAATATCTCGTATAGCTGTACTGATATGACGTAATCAGATATGCAATCC 780
[HindIII]

781 TAGTCAAGCTTAGCTGATACGGTAGATCTGATAAGGATATTACGGTAAACCTCATTAGAA 840

841 TATGATACCTTATAAGGCTTAATTAACCTGGGATAATTAGCATACGTATATGAAATATGC 900
[HindIII]

901 TAATTGATTAGGGTAAATAAGGAAACGTAAATATACTTCCCCCGCCTACTCTCATAAGCT 960
tNsiI]

961 TTCAGGTATGGGGGTCGGATAAGGGGGCGTATCCCTATATGCATAACCACACCCAGTATT 1020
CRE

1021 GTTTACAGGTTATTGACACGCCCCCTTCTATAACCACACCTCTTTTAATATGACGTAGGT 1080
CRE

1081 ACTGACGTCACTGAGGTATACTATGATCTCAGCCCTAGTCAATGCAGACCGTTCATTGAC 1140
[XbaI]

1141 AGTGCATATATAAAAGCTAAATATAGAGGAACGGATTATGAAAATCTAGAACCCCTCACC 1200
[BamHI]

1201 CCCCAAACCCCCCTCTCCCCAGTGTGGGGGGGATCCGGTTTTGGGCGCGTGCGAGTGCAC 1260
[SphI]

1261 TTTTCGACGCCGCGGACCGCGGTTCCGGAAGATGGGCAGCGCCGTGTGCGCATGCGTTGC 1320
>R1> >DR2>

1321 CAGTACTTCAATGCGTTTCAATGGGGCGGTGTTTTAGGTGCCCATCCCCCACGACGGCCG 1380
>DR2>

1381 ATTTTTCGTGGGTCGGTGGGCTGCGGCCCATCCCCCTACCTGCGACCCCCTACTCATTTC 1440
>DR2> >DR2>

1441 GGGTGCCCATCCCCCACCTCCTAGCCGCGTGCATGGCAGGGTTGCTGGGCTCGCCCCTCC 1500
>DR2>

1501 CCCCACGGTGCTCGGCGGTCTGCTCCCATAGGGTTGCATTGCGGGCTGCCCATCCCCCAT 1560

1561 TTTTTTACCCAGCGGCCCCCGCTCTCCGGTTTGCAATCCGAAATGGGCGTGGTTCAGGAA 1620
[XbaI]

1621 ATTGGGGGCGTGGTGGAACCTTCTAGAACTTCCGCTCTCGTCTTTAAAAGCCGGCGCACC 1680
421d411

1681 CGGAGCTCGGTGGCGCAGTCCGCGGCGCCGTCCGGGCAATCGCCAGTGGCGACTTGGGCA 1740

1741 TAGCCGTGGCTTGCACACTGCGCCCACCCCCCGCCCACCGGGGCCTCGCAGCCTCGGTGG 1800
>DR3>

1801 GGGGGCGGAGCGGTACAAAAGGTAGACCTCGCTCCCCCTCCCCCCACCCTCCCCCACCTT 1860
t21d2 Sc2ld261 >DR3>

1861 CCCCCCGCAAGCCGGGGGGGACGGGGTGGCGTCCAGCCGGCGCGACCCCCTCCCCCACCT 1920
>DR3>

1921 GGCACCCGCTCCCCCCTGGTCGGGGGGGACGGGGTGGCGTCCAGCTGGCGCGACCCCCTC 1980

1981 CCCCTCCGGCACCTCCCCCCTCCTCCCAGCTGCCGGTTTCGCTTTCGATTCCGGCGGCAG 2040
421d4-

2041 TGAGCCTGCGGGCTCGGGTCCACCCCCCTGGATCGCTCCAGGTGGGCGTGGCTATGCGCG 2100

2101 CCGCCTAGGGAGCGGCCGCGGAGCCCCAGCGGCGATCGGCTCGCGCCCGGCCGGGCGGCT 2160

2161 CGGAACGCTGGCGGCGACCAGGGAACCGAGCCCCTGCACCCCGGCTAGGCCGCGGGCTGG 2220
[tSmaI]

2221 TCCCGCCGGCTGGCGCCACAGCGGCGTTTACCCGGG 2256
FIG. 2. Nucleotide sequence spanning SCMV oriLyt. Selected restriction sites and repeated sequences are underlined and denoted above

the sequence. Numbering is from the HinclI site. The boundaries of ExoI deletions shown in Fig. 3 are indicated with an arrow above the
sequence.
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FIG. 4. Corresponding HCMV oriLyt. The ability of the plasmid
clones pDGA1, containing HCMV strain Towne BamHI-K (lanes 4
and 5), and pDGA7 (14), containing HCMV strain Towne HindIII-A
(lanes 6 and 7), to mediate DNA replication in the assay described in
the legend to Fig. 1 was compared with that of the vector control

Smnai pUC18 (lanes 2 and 3). A 1-,ug sample of each transfected-cell DNA
preparation was digested with SmaI plus DpnI. Lane 1 contains
lambda phage DNA digested with Hindlll, transferred, and probed
in parallel as a marker.

dSphl

dNsil
dXbal
19d22 346 +

19dlO1 573. +

19dl 14 638
21 d4 2072 +

21 d29 11591 +

21d41 1711

FIG. 3. Deletion analysis of SCMV oriLyt. (a) ExoIll deletions
from the HincIl restriction site. The clone pSP19, containing the
HincII-SmaI subfragment of EcoRI-D inserted into the SmaI site of
pUC18, was cleaved at the unique pUC18 PstI site to protect the
vector and then cut at the adjacent HincIl site and treated with
ExoIllI for various times to produce a nested set of deletions,
designated the pSP19d series. The extent of deletion was determined
by sequencing selected clones (Fig. 2), and these clones were then
tested for their ability to mediate DNA replication as described in
the legend for Fig. 1. Results for representative deletions, indicated
above the autoradiogram, are shown. (b) ExoIllI deletions from the
SmaI site. Clone pSP21, containing the HincII-SmaI fragment from
SCMV EcoRI-D inserted into the SmaI site of pGEM7zf(-), was cut
with ApaI to protect the vector and then at the adjacent unique
EcoRI site and treated with ExoIllI to produce the pSP21d deletion
series. After sequencing to establish the extent of deletions, selected
clones, indicated above the autoradiogram, were tested for their
ability to mediate DNA replication as described in the legend to Fig.
1. (c) Internal deletions. pSP19dNsiI and pSP19dSphI were con-
structed by excising the internal 309-nt NsiI and 881-nt SphI
fragments, respectively, from pSP19. The 457-nt XbaI fragment was
excised from pSP18, containing the HincII-SmaI fragment inserted
into the SmaI site of pUC18 in the orientation opposite to pSP19, to
generate pSP18dXbaI. The ability of the resulting fragments to
mediate DNA replication was compared with those of controls as
described above; transfected clones are indicated above the autora-
diogram. pSP16 is the HincII-1 subfragment of SCMV EcoRI-D
inserted into the HincIl site of pUC18 in the a orientation. (d)
Physical map of the HincII-SmaI restriction fragment, location of
repeated sequence motifs, and summary of deletion analyses. The
positions of the repeated sequence motif Rl are indicated with open
circles; the positions of DR2 and DR3 are indicated with small
arrows and with larger arrows, respectively, immediately below the
physical map. Approximate boundaries of each domain, as de-
scribed in the text, are also indicated. Locations of deletions are
diagrammed relative to the physical map and motif summary; num-

tween nt 573 and 638, perhaps Rl, is required for origin
function. An alternative possibility is that removal of this
segment brings elements of oriLyt adjacent to inhibitory
vector sequences. ExollI deletions from the SmaI site
similarly suggested that the minimal rightward boundary lies
between nt 1711 and 1891. Removal of up to 366 nt from the
SmaI end, including one and one-half copies of DR3, had
little if any effect on oriLyt function (Fig. 3b; pSP21d4,
pSP21d26, and pSP21d29). However, removing an additional
179 bp, deleting the remaining 47-bp repeat plus about 80 bp,
reduced oriLyt-mediated DNA replication to background
level (Fig. 3b; pSP21d41), implying that DR3 and/or an
adjacent sequence is required. Sequences needed for mini-
mal oriLyt function therefore spanned about 1,300 bp, from
nt 573 to 1890. Finally, deleting either of the internal
domains also destroyed oriLyt function. Excising the 780-bp
SphI fragment between nt 530 and 1310, deleting all of the
A+T-rich domain and part of domain I, abolished replication
(Fig. 3c; pSP19dSphI). Deleting the 309-bp fragment be-
tween NsiI sites at nt 690 and 999, removing about 60% of
the A+T-rich region and one cyclic AMP response element
consensus but leaving the tandem cyclic AMP response
element sites and both ends of domain II intact, also inacti-
vated oriLyt (Fig. 3c; pSP19dNsiI). Deleting the segment
between the XbaI sites, removing all five copies of DR2, also
eliminated origin activity (Fig. 3c; pSP18dXbaI). Together,
these preliminary deletion analyses (Fig. 3d) suggest that at
least some portion of each domain is required for oriLyt
function.

Corresponding HCMV oriLyt. In previous attempts to
identify an HCMV origin of DNA replication, we tested the
corresponding 7.8-kbp strain Towne BamHI K fragment,
which contains all of dbp and about 3 kbp of upstream
sequence (3, 5, 17); it failed to replicate (Fig. 4, lanes 4 and
5). However, the size of SCMV oriLyt suggested that a yet

bers indicate the deletion endpoints, as numbered in Fig. 2. Not
indicated is the pSP19d76 deletion, which extended well beyond the
junction with domain II.
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more extensive region might be required. Therefore, we
tested the 23-kbp strain Towne HindIII A fragment, which
extends about 17 kbp upstream of dbp. This fragment
replicated efficiently when necessary trans-acting factors
were supplied by HCMV infection (Fig. 4, lanes 6 and 7).
Identical results were obtained when the corresponding
HCMV strain AD169 HindIII D and BamHI M (23) frag-
ments were cloned and tested for their ability to mediate
DNA replication (data not shown). SCMV infection failed to
support HCMV oriLyt replication. The HCMV nucleotide
sequence (5) upstream of dbp, but no other region of the
HCMV genome, contains similarly arranged candidate coun-
terparts to each of the above-described SCMV oriLyt re-
peated sequence motifs. The presence of these homologous
motifs suggests that this region probably comprises all or
part of an HCMV oriLyt. A primary difference between this
region of HCMV and SCMV oriLyt is the absence of an
A+T-rich region between candidate counterparts of domains
I and III. Instead, an extended A+T-rich segment, not
included in strain Towne BamHI-K, is present further up-
stream of dbp. Hamzeh et al. (11) developed a novel method
using the chain-terminating inhibitor ganciclovir [9-(1,3 di-
hydroxy-2-propoxymethyl)guanine] and obtained evidence
that HCMV DNA replication initiates in vivo upstream of
dbp. Moreover, they have now confirmed with their method
that SCMV replication initiates in vivo within EcoRI-D
(lla).
The results presented here, together with those ofHamzeh

et al., clearly locate a region of the CMV genome that serves
as an origin of lytic-phase DNA replication. The structure of
this origin is distinct from those of other herpesviruses.
Although functional roles of individual elements remain to
be established, the presence of conserved repeated sequence
motifs in domains I, III, and IV suggests that these domains
may act, at least in part, by forming specific complexes with
virus- or host-specified proteins. The observed divergence of
repeated sequences between HCMV and SCMV might thus
explain the failure of SCMV to support HCMV oriLyt
replication. Domain I and domains III plus IV can indepen-
dently augment transcription from the basal dbp promoter
after infection (3a) and may function as transcription enhanc-
ers; enhancer elements are required components of several
well-characterized virus replication origins, including both
EBV oriP and EBV oriLyt (10, 21), but not of alphaherpes-
virus replication origins. In addition, one or more of these
motifs may serve as a binding site for an as yet unidentified
origin recognition (8) or initiator protein. Intrinsic physical
properties of portions of this region may also play a role in
oriLyt function. For example, the A+T-rich domain II,
which lacks a prominent repeated motif, may contribute a
DNA-unwinding element (19). Our demonstration that this
region can mediate DNA replication in transient transfection
experiments will allow molecular dissection of CMV oriLyt
and, together with the recently completed nucleotide se-
quence of HCMV strain AD169 (5), should facilitate finding
the set of virus-coded proteins required for lytic-phase DNA
replication (4) and lead to a clearer understanding of the
molecular mechanisms of CMV DNA replication. Finally,
the unique structural complexity of the CMV and EBV
lytic-phase replication origins and their evident regulation
during latency suggest they may be interesting models of
mammalian origin function.
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