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FIG. 5. Evidence thalt UL1()I-102 alnd UL1()5 alre requircd. (A)
Physicall malp of pZP15 subclones used in cotrcansfection experiments
shown below alnd the corresponding ORFs. (B atnd C) Autoratdiogralm
of a Southern transfer showing Dpni-rcsiistatnt otiLyt-contalining prod-
ucts from cotralnsfection mixtures conta1ining pCM 1017, pCM1()29,
pZP13, pZP3, pSVH, pZP22, cand pSP5() plus the indicatted plassmids
substituted for pZP15.

To establish the required components in the right half of
pCM 1058, we made subclones of pZP22. Cotransfections
substituting pZP23, which spans only ORFs ULI 12 to ULI 14,
for pZP22 complemented replication (Fig. 6B, lanes 1 and 2).
To determine which of these genes was required, we con-

structed two subclones of pZP23: pZP24, which lacks ULI 14,
and pZP25, which contains only ULI 14. pZP24 was sufficient
to replace pZP22 (Fig. 6B, lanes 5 and 6), whereas pZP25
alone did not (Fig. 6B, compare lanes 3 and 4 with lanes 7 and
8). Thus, ORFs ULI 12 and ULI 13 were the only pZP22 ORFs
required. Also, pPSV (65), which expresses only the transcrip-
tion unit spanning ORFs ULI 12 and ULI 13, replaced pZP24
(Fig. 6B, lanes 11 and 12). Finally, when subclones containing
ULI 12-113 were omitted from transfection cocktails, no signal
was detected (Fig. 6B, lanes 7, 8, 13, and 14). We concluded
from the results summarized in this section that cosmid
pCM 1058 supplies four essential loci, containing ORFs
UL1O1-102, UL105, ULI 12-113, and IEI and IE2.
The above-described experiments identified eight required

loci (see Fig. 7) in addition to the three that were described
previously. In all, 11 distinct loci were needed to complement
DNA replication in the cotransfection assay, as summarized in
Table 1. To simplify the transfection mixtures for experiments
defining the essential components of individual cosmids, we

always included cosmid clones to provide some of the essential
loci. Because of the possibility that other nonessential genes

might contribute to DNA replication, we determined as a final
test whether the defined set of 11 plasmid clones supplying
only individual essential loci could support complementation.
As shown in Fig. 6B, lanes 15 and 16, when only the defined set
of 11 loci were cotransfected, oriLyt replication was observed.

DISCUSSION

Transient complementation with cotransfected cloned frag-
ments provides a genetic test of the role of previously identi-
fied candidate replication genes, as well as a means to identify
other functions required for DNA synthesis (10, 29, 50).
Moreover, because in our experiments essential replication
functions are expressed via their native promoters, it also
provides an approach to defining genetic requirements for

TABLE 1. Summary of essential HCMV loci and herpcsvirus counterparts

oiferpcsvirus counterpart
CYosmidi IICMV Prediicted function

HSV- I Epstein-Barr virus

pCM1017 UL44 UL42 BMRF1 pol accessory
UL36-38 __" Regulatory

pCM 1029 UL54 UL30 BALF5 DNA polymerase
UL57 UL29 BALF2 Single-stranded-DNA-binding protein
UL70 UL52 BSLF1 Primase

pCM 1058 UL105 UL5 BBLF4 DNA helicase
UL1t)1-1t)2 UL8' BBLF2/3' Primase-associated factor
ULI12-113 " " Unknown early protein
IE1/IE2 Regulatory

pCM 1052 IRSI - Regulatory

pCMlO39 UL84 __ Unknown early protein

" HSV-I transactivators arc niot required to complement DNA replication in transicuit assays.
/'Threc Epstein-Barr virus tr-ansactivators. Z, R, and M, arc niccdcd to complement oriLyt rcplication in a tranlsient aissay; howevcr, these genies arc not obvious

homologs of tlle essenitial HC1MV transactivators.
Probable liomologs displaying minimal scquence similarity.

d No couLnterparts of thcse HCMV early temporal-class proteins have been found.
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FIG. 6. Cosmid pCM1058 also contributes UL112-113. (A) Map of
pZP38 subclones used in cotransfection experiments and the corre-
sponding ORFs. (B) Transient-complementation assays carried out as
described in Materials and Methods. Shown are autoradiograms of
resulting Southern transfers, showing DpnI-resistant oriLyt-containing
products. Cotransfection mixtures for lanes 1 to 12 contained
pCM1017, pCM1029, pZP13, pZP3, pZP19, pZP20, pSVH, and pSP50
plus the indicated plasmids substituted for pZP22. Transfection mix-
tures for lanes 15 and 16 contained pZP3, pZP6, pZP7, pZP33, pZP28,
pZP29, pZP13, pZP39, pZP20, pZP24, pSVH, and pSP50.

normal expression. We previously showed that UL44, UL36-
38, and IRS1/TRS1 are required to complement HCMV
oriLyt-dependent DNA replication when the required genes
are expressed from their native promoters (50). The results
presented here identify the remaining essential loci. As dia-
grammed in Fig. 7 and detailed below, these additional loci
span ORFs UL54, UL57, UL70, UL84, UL101-102, UL105,
ULl 12-113, and the major immediate-early regions IEl and
IE2. Thus, altogether, 11 distinct loci are required for transient
complementation of HCMV origin-dependent DNA replica-
tion.

Replication genes. Six of the essential loci span homologs or
probable homologs of HSV-1 replication genes, encoding the
DNA polymerase (UL54) and a polymerase-associated protein
(UL44), the single-stranded-DNA-binding protein (UL57),
and proteins that may form a helicase-primase complex
(UL105, UL101-102, and UL70). Constructs with frameshift
mutations within each of these ORFs individually failed to
complement replication. Our results therefore provide genetic
evidence consistent with a requirement for the proteins en-
coded by HCMV genes previously identified by nucleotide
sequence similarity to HSV-1 replication genes. This finding is
not surprising given the established sequence and biochemical
similarities to HSV counterparts (4, 6, 12, 24). Candidate
homologs of these proteins have been identified in all herpes-
viruses sequenced to date (1, 8, 12, 18, 48), and it is likely that
these enzymes constitute a characteristic herpesvirus lytic-
phase replicative apparatus. Supporting this is the finding that
Epstein-Barr virus homologs of HSV-1 replication genes are
also essential for complementation of lytic-phase DNA synthe-
sis (29).
HCMV UL54 encodes a DNA polymerase that shows

sequence similarity to a variety of alpha-like DNA polymerases
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FIG. 7. HCMV fragments defining essential loci. The fragment
present in each essential plasmid described in the text is drawn. The
predicted essential ORFs are indicated, with hatched arrows showing
the direction of transcription. Other partial ORFs also present in the
fragments and deleted ORFs are shown as solid boxes. Where present,
TATA and polyadenylation consensus sequences are also marked. The
major immediate-early region, contributed in most of our experiments
by pSVH (58), is not shown.

(61) and is the target of currently available chemotherapeutic
agents (14, 60). The coding assignment initially was based on
sequence similarity to HSV-1 pol (37, 41). Earlier studies
identified and characterized a DNA polymerase activity
present in HCMV-infected cells (38, 39). Cloned and ex-
pressed UL54 demonstrates DNA polymerase activity in vitro
that corresponds to the infected-cell enzyme (24, 25). Northern
(RNA blot) analysis, nuclease protection, and primer exten-
sion assays suggested that the primary transcript expressing
HCMV UL54 is a roughly 5-kb early species whose cap site is
more than 380 nt upstream of the probable initiation codon
(41) and that a polyadenylation signal lying within UL53 at nt
76330 is utilized. Our results are consistent with these obser-
vations. The smallest tested fragment supplying UL54 extends
about 800 bp upstream of the predicted translation initiation
codon (Fig. 7, pZP33) and just over 400 bp upstream of the
experimentally determined cap site (41), demonstrating that a

fibroblast-competent promoter sufficient to drive expression of
UL54 is situated between nt 81011 and 81435. Deletions
downstream of UL54 which eliminated the UL53 ORF also
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6986 PARI AND ANDERS

removed the candidate polyadenylation signal, and these con-
structs failed to complement replication unless another poly-
adenylation sequence was substituted, as in pZP33. Thus, the
previously noted signal is probably important for normal
expression in vivo.
HCMV UL57 encodes a single-stranded-DNA-binding pro-

tein homologous to the HSV-1 major DNA-binding protein (3,
40). The transcript expressing UL57 is a 10- to 12-kb early
species (40). The 5' end of this transcript and its promoter are
to the left of the DraI site at nt 90842, as defined by the
smallest complementing clone, although the in vivo cap site has
not been determined. There is no downstream polyadenylation
consensus sequence between UL57 and UL54. We found that
in order to obtain complementation, extensive downstream
sequence was required (pZP28). However, two lines of evi-
dence indicate that UL57 is the only essential gene within this
fragment. First, deletions in ORFs UL55 and UL56 did not
eliminate complementation, in contrast to deletions or frame-
shift mutations within UL57. Second, we found that clones
containing HCMV UL57 could be replaced by a clone express-
ing its CMV strain Colburn counterpart, which does not
contain these downstream ORFs (2, 3).
UL70 encodes a homolog of HSV-1 UL52. UL52 contrib-

utes an essential primase activity to the HSV-1 three-subunit
helicase-primase complex (16, 17, 22, 23). HCMV UL70
extends from nt 103373 to 100536 and is not flanked by
consensus TATA or polyadenylation signals. In Northern
blots, an approximately 4-kb transcript is detected (51), but the
cap site has not been determined. The finding that pZP29
expresses UL70 also shows that the upstream boundary of the
UL70 promoter must lie to the left of nt 103827, within about
450 bp of the predicted translation initiation codon. UL105,
which extends from nt 151856 to 154793, encodes a homolog of
HSV-1 UL5. Unlike UL70, UL105 is flanked by TATA and
polyadenylation consensus sequences at nt 151611 and 154976,
respectively. Within UL105 are characteristic helicase motifs
similar to those noted in the corresponding helicases of
HSV-1, varicella-zoster virus, and Epstein-Barr virus (46, 67).
UL105 was supplied in our complementation assay by the
subclone pZP20, which includes the candidate TATA and
polyadenylation signals. This is the only ORF present in this
clone. The HSV-1 counterparts of HCMV UL70 and UL105
associate with another HSV-1 gene product, UL8, to form a
heterotrimeric helicase-primase complex (9, 17, 22, 23, 55). It
remains to be determined whether HCMV UL70 and UL105
associate to form a similar complex.
The HCMV ORFs ULIOI and UL102 were noted on the

basis of flanking homologies to be positional counterparts of
HSV-1 UL9 and UL8, respectively, although alignments with
these counterparts were not obviously significant (12). In our
assay, a construct spanning ULIOI and UL102 was required for
complementation (Fig. 5C, lanes 1 to 6). No obvious TATA or
polyadenylation sequences are present in this fragment, and
the transcription unit(s) is not well defined. UL102 must
encode all or part of an essential function, because frameshift
mutations in HCMV UL102 abrogated complementation (Fig.
5C, lane 7). cDNAs obtained by a polymerase chain reaction
method (31) locate candidate 5' ends of UL102 transcripts
clustered around nt 146850, about 270 nt upstream of the
predicted UL102 initiation codon (12). Only 7 nt 5' with
respect to the putative translational start of ULIOI are present
in the smallest complementing fragment tested (pZP39), and it
seems unlikely that a transcript spanning ULIOI is efficiently
expressed. However, constructs in which the ULIOI coding
region is eliminated failed to complement replication, and two
different frameshift mutations in the C-terminal portion of

ULlOI, both well upstream of the candidate UL102 cap site,
abrogated complementation (51). These constructions may
have ablated promoter elements required for efficient expres-
sion of UL102 in fibroblasts, but we have not ruled out other
possibilities.

In this regard we note that results obtained with the
Genetics Computer Group program TESTCODE (21), which
searches for periodic base composition bias (28), are suggestive
of protein-coding capacity in the region upstream of UL102
(51). Moreover, this TESTCODE peak is approximately coin-
cident with a 222-bp ORF, overlapping UL1O0, which begins at
nt 146520 and is situated in the same reading frame as UL102.
Interestingly, the termination codon ending this ORF is the
only nonsense codon lying between it and UL102. The corre-
sponding Epstein-Barr virus region, spanning BBLF2 and
BBLF3, also was shown to be needed to complement DNA
replication. These ORFs apparently are expressed via a spliced
transcript to form a single protein (26), and parallel complex-
ities may be observed in the corresponding HCMV ULIO1-102
region. It was suggested that Epstein-Barr virus BBLF2/3
encodes a UL8 homolog, and a small domain, conserved in
HCMV UL102, was described (29).
Other required loci. A reasonable hypothesis is that the

above-described six HCMV homologs of HSV-1 replication
genes, shown in this report to be required for complementa-
tion, encode proteins that participate directly in DNA synthe-
sis. Indeed, the only remaining unidentified or missing HCMV
homolog of required HSV-1 replication genes is UL9. How-
ever, several other loci also were required in our assay. As in
Epstein-Barr virus and distinct from HSV-1, three viral trans-
activators are needed for transient complementation of
HCMV DNA replication. The finding that the major immedi-
ate-early locus is required for complementation is not surpris-
ing because expression of at least three of the above-described
essential genes is upregulated by major immediate-early pro-
teins (56-58). IRS1/TRSL also activates expression of required
proteins, in cooperation with major immediate-early proteins
(57). Whether the required transactivators play other roles in
regulating, initiating, or performing DNA synthesis remains to
be determined.
An important emerging story concerns the roles of transac-

tivators in regulating initiation of DNA replication. It is well
established that origin usage in many eukaryotic and viral
systems is augmented or controlled by elements that also
regulate transcription (for reviews, see references 19 and 20),
including HSV-1 and Epstein-Barr virus (33, 54, 63). Comple-
mentation of HSV-1 replication does not require any of the
virus-coded transactivators (11), but HSV-1 ori, activity is
augmented by flanking promoter sequences (63). In contrast to
HSV-1, complementation of Epstein-Barr virus oriLyt-medi-
ated replication requires three known viral transactivators (29,
52). One of these transactivators, Z, binds specifically to
elements (ZREs) in the promoters of BHLF1 and BHRFI that
overlap oriLyt (27, 44, 45). The BHLF1 promoter, including
the ZREs, is an essential component of oriLyt (52, 54).
The mechanisms by which transcriptional regulators influ-

ence origin activity are not established, but accumulating
evidence suggests that, in some cases, activation is mediated by
specific protein-protein interactions between transcription fac-
tors and replication proteins (36, 43). That there are both
general and specific structural similarities between the lytic-
phase origins of Epstein-Barr virus and HCMV (5, 47, 54)
suggests that one or more of the HCMV transactivators may
participate in activating HCMV oriLyt. Now that the complete
set of genes required for complementation has been estab-
lished, it should be possible to distinguish whether individual
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transactivators are required for initiation by placing the essen-
tial genes under the control of a heterologous constitutive
promoter.

Finally, the functions of two other loci encoding early
proteins required in the complementation assay, spanning
ORFs UL84 and ULl 12-113, are not known; neither UL84 nor
ULI 12-113 has been implicated previously in HCMV DNA
replication or in regulating gene expression. UL84 codes for an
early temporal class, nuclear, 65-kDa protein (35). Its 2.0-kb
transcript is detected as early as 2.5 h postinfection, but not in
cycloheximide-treated cells. Peak expression occurs later, be-
tween 72 and 96 h postinfection. The cap site is located
immediately upstream of the translational start codon and just
downstream from a TATA-like element at nt 123110. A
polyadenylation signal is located downstream of UL84 at nt
121180. Both of these elements are present in pZP13, the
smallest complementing clone tested. The complex transcrip-
tion unit spanning ORFs ULI 12 and UL113 encodes at least
four early temporal class, nuclear phosphoproteins of 34, 43,
50, and 84 kDa by differential splicing (64, 65). cDNA analysis
has shown that 2.1- and 2.2-kb RNAs express the 50- and
43-kDa proteins, respectively, and that a 2.5-kb RNA expresses
a 84-kDa protein; the 34-kDa protein is derived from an
unspliced RNA. The promoter for these transcripts lies be-
tween - 323 and - 7 bp relative to the transcriptional start site
and is activated by proteins originating from immediate-early
regions 1 and 2 (56).
Homologs of UL84 and ULI 12-113 are not apparent in the

genomes of the alpha- or gammaherpesviruses sequenced to
date (1, 8, 18, 48), but moderate-stringency hybridizations with
the UL84 and UL112-113 loci as probes detect specific frag-
ments in the simian CMV-like strain Colburn (51). It is
tempting to speculate that one or both of these loci replace the
missing UL9 function, but it is equally plausible that these
proteins supply additional transactivating functions or play
some other unanticipated role. Finally, because we cannot rule
out the possibility that the requirement for these proteins
results from the transient-transfection assay used to identify
them, it will be necessary to confirm the roles of these proteins
by other genetic and biochemical approaches.

In summary, this study provides genetic evidence that, as
expected, HCMV homologs of HSV-1 replication genes are
essential for DNA replication. Like Epstein-Barr virus, HCMV
evidently does not encode a homolog of HSV-1 UL9. Also as
in Epstein-Barr virus, transient complementation of HCMV
lytic-phase DNA synthesis requires three virus-coded transac-
tivators. However, unique to HCMV is the apparent require-
ment for two additional early loci, UL84 and UL112-113. The
results presented here lay the groundwork for future studies to
define the roles of individual components in regulating, initi-
ating, and performing DNA synthesis.
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