











1874 MARCHINI ET AL.

94 A
—4&8— Towne
89 —0— T-BACW
- /
E ¢ /
= B
& 54 % T-BACwt Infectivity
2 / 5 10°
3 4 /// plgs 10°PFU
/. DNA Mg ml
3_ /)
J viral 733 184
24 T-BACwt 558 221
| T 1 1 T 1 1T 17711

1 1 I 1
012345678910111213
Days Post-Infection

FIG. 3. Biological characterization of T-BACwt. (A) HFF cells
were infected with 0.01 PFU/cell of the indicated virus for 1 h at 37°C
and nascent virus was titered on fresh HFF cells on the indicated days
following infection. Virus yield is averaged from three independent
infections with wild-type Towne or T-BACwt virus. (B) HFF cells were
transfected with wild-type Towne DNA isolated from virions or T-
BACwt DNA purified from E. coli, plus expression vectors for GFP
and the HCMYV pp71 tegument protein (2). Plaques were counted 7 to
10 days after transfection by visible or fluorescence microscopy, and
the yield was expressed as plaques (plgs) per microgram of transfected
DNA. When cytopathic effect reached 100% in transfected cultures,
nascent virus was titered on fresh HFF cells (indicated as millions of
PFU per milliliter of culture supernatant).

Derivation of a deletion mutant of IE-2. Our primary moti-
vation for creating an HCMV BAC was a long-standing inter-
est in genetic analysis of the MIE gene IE-2 (pp86). Our
inability to isolate an IE-2 deletion mutant free of contaminat-
ing wild-type virus by plaque purification on normal HFF cells
suggested first that this mutant was impaired for growth
(Marchini and Zhu unpublished) and additionally that avail-
able means for providing complementing IE-2 were inade-
quate. The IE-1 and IE-2 transcripts share three small 5’ exons
and then splice differentially to either of two unrelated exons
that encode the majority of each protein (Fig. 4A). To create
a mutation which would have maximal effect on IE-2 without
directly affecting IE-1, the majority of the main exon unique to
IE-2, encoded by the UL122 reading frame, was deleted from
a 6.7-kb EcoRI-Sall subclone of the Towne MIE region. The
deleted allele with flanking sequences for recombination was
cloned into pGS284, a derivative of the positive suicide selec-
tion vector pCVD442 (see Materials and Methods), and con-
jugated into RecA™ E. coli harboring T-BACwt. Exconjugates
were selected, and the T-BAC DNA was examined by South-
ern blotting. Approximately half of the exconjugate T-BAC
clones now had a 5.5-kb EcoRI-Sall MIE fragment that was
detected by a wild-type MIE probe but failed to hybridize to
the deleted Smal-Stul exon 5 fragment, as would be expected
from a T-BAC clone containing the UL122 deletion (clones
M1 and M2 in Fig. 4B to D). Two of these were selected for
further use and were designated T-BACA122. To control for
mutations at unrelated loci that might have been introduced
during production of the T-BACA122 genome, the two T-
BACA122 clones were each rescued to the wild-type state by
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repeating the conjugative mating protocol with a wild-type
UL122 donor allele. Again, about half of the clones examined
following selection had the UL122 locus repaired, as evidenced
by the return of the EcoRI-Sall MIE fragment to the 6.7-kb
wild-type size, and restored hybridization to the Smal-Stul
exon 5 probe (representative clone R2 in Fig. 4B to D). As is
typical with conintegrate resolution, those genomes that did
not incorporate the mutation retained the structure of the
target BAC. An example of this is the rescue clone labeled R1
in Fig. 4. The two original T-BACA122 clones and one re-
paired derivative of each (designated T-BACA122R) were
used for the experiments described below.

A UL122 deletion BAC is not infectious. To begin assessing
the biological properties of the UL122 mutant, we electropo-
rated purified T-BACwt, T-BACA122, and T-BACA122R
DNAs into permissive HFF cells and monitored the trans-
fected cultures for plaque development. The transfection ex-
periments were repeated many times with multiple viral DNA
and BAC DNA preparations to minimize the chance that neg-
ative results were due to defects in the BAC DNA introduced
during passage in E. coli or DNA preparation. After 7 to 10
days, nascent plaques were identified by GFP expression, and
the total plaque yield from each transfected DNA was scored.
Selected representative results are presented in Table 1. Ex-
perimental variation, due primarily to differences in transfec-
tion efficiency and the quality of individual BAC DNA prepa-
rations, produced a wide range of plaque yields for T-BACwt

FIG. 4. Derivation of UL122 deletion and rescued BAC genomes.
(A) Schematic representation of the MIE region of HCMV showing
the positions of the five productive cycle exons (numbered black bars)
and the splicing patterns (broken lines) of the two most abundant IE
proteins, IE-1 and IE-2. Transcription is indicated by the light arrow
below the bar. The Smal and Stul restriction sites at the exon 5
deletion endpoints and the probes used for Southern blotting (heavy
arrows) are indicated above the bar. (B to D) Wild-type Towne
HCMYV DNA (WT) or representative T-BACA122 (M1 and M2) and
T-BACA122R (R1 and R2) DNAs were digested with EcoRI plus Sall
and electrophoresed in agarose. The gel was stained with ethidium
bromide to record the position of the marker fragments (Gibco 1-kb
ladder) (B) and then blotted to nitrocellulose and probed sequentially
with probes for UL122 exon 5 (C) and a 6.7-kb EcoRI-Sall fragment
containing the entire MIE region of Towne HCMV (D). Positions of
the wild-type 6.7-kb fragment and the deleted 5.5-kb derivative are
noted.
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TABLE 1. Infectivity of transfected T-BAC DNAs*

No. of plaques/transfection

Genotype No. of expts”

Range Mean
Wild type 7 4-642 326
A122 6 NA“ 0
A122R 7 10-648 223

“ HFF cells were transfected with T-BACwt, T-BACA122, or T-BACA122R
and monitored for plaque development (see Materials and Methods).

’ Data are from the indicated number of representative experiments out of a
larger number of trials using multiple preparations of viral and BAC DNA over
a 6 month period.

¢NA, not applicable (no preparation of T-BACA122 DNA yielded plaques
which could be recognized either morphologically or by GFP expression, even
after 4 weeks of culture).

and T-BACA122R, from a few to several hundred per trans-
fection; thus, a critical quantitative interpretation of these data
is of limited value. Nonetheless, qualitative examination shows
the clear difference between these substrates and T-BACA122
DNA, which never yielded a recognizable plaque either in the
six independent transfections reported in Table 1 or in 15
additional experiments (not shown).

To confirm that the mutation gave the expected phenotype
at the protein level, cultures transfected with BAC DNA were
fixed and stained using monoclonal antibodies specific for IE-1
or IE-2 expression. With GFP expression from a cotransfected
plasmid as a guide to identify transfected cells, expression
of IE-1 was readily detected from either T-BACA122 or
T-BACA122R genomes 4 to 5 days after transfection (Fig. 5,
top row). In contrast, expression of IE-2 was observed only in
cultures transfected with T-BACA122R DNA; no IE-2 protein
was found in any cells transfected with T-BACA122 DNA (Fig.
5, bottom row). The monoclonal antibody used to detect IE-2
was specific to an epitope within the deletion (A. Marchini,
unpublished observations); thus, we do not know whether the
truncation protein predicted to be synthesized from the dele-
tion allele (see Materials and Methods) was produced in
T-BACA122-transfected cells.

The failure to recover a plaque from 21 independent trans-
fection experiments strongly suggests that the inability of
T-BACA122 to produce plaques is not a chance occurrence
but rather is due to the deficiency of IE-2. Even when
T-BACA122-transfected HFF cells were cultured for 4 weeks
after transfection, we found no evidence of plaque formation
as manifested by either visible cytopathic effect or GFP expres-
sion. The possibility that the replication defect is due to mu-
tation at a secondary site within the BAC is effectively ruled
out by our ability to rescue the phenotype of the mutant with
wild-type UL122 sequences. The all-or-nothing nature of this
assay, unfortunately, prevents our making any substantial
quantitative statement regarding the degree of impairment
relative to the control viruses, and since we have been unable
to complement the UL122 deletion mutant BAC, we cannot
yet generate stocks of mutant virus with which to perform
quantitative virological assessments.

The UL122 deletion mutant is defective for early gene ex-
pression. Detection of IE-1 expression from transfected T-
BACA122 DNA by immunofluorescence indicated that aspects
of infection prior to IE gene expression were not markedly
impaired in the UL122 mutant. We therefore examined the
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expression of other IE loci and a panel of early genes using
RT-PCR to establish whether these were expressed normally
in the mutant. HFF cells were transfected with T-BACA122 or
T-BACA122R DNA and cultured for 5 days, after which total
RNA was prepared from the cultures and subjected to RT-
PCR analysis using primers to three IE genes and five early
genes. RNA expression was detected for [E-1, IE-2, and TRS1
in cells transfected with wild-type Towne (data not shown) and
T-BACA122R DNA and for IE-1 and TRSI1 in the
T-BACA122-transfected cultures (Fig. 6A). The amplification
conditions for this analysis were not quantitative, and therefore
the results do not rule out the possibility that IE gene expres-
sion is altered in the mutant; however, the results clearly indi-
cate that expression of IE genes, other than IE-2, remained
detectable from the T-BACA122 genome. In contrast, no ex-
pression was detected from the mutant genome for any of the
five early genes examined (Fig. 6B). Notably, our assay failed
to detect mRNA from TRL4, one of the most abundant early
transcripts of HCMV (38). These results, together with the
plaque outgrowth experiments in Table 1 demonstrate that
HCMYV DNA lacking UL122 is growth impaired in HFF cells
and that this impediment correlates with a failure to activate
expression of early genes.

DISCUSSION

The findings that IE-2 transactivates gene expression in a
promiscuous manner and interacts with a number of important
cellular proteins have implied the importance of IE-2 to
HCMV growth. Our inability to purify IE-2 mutants in the
absence of complementation has further suggested that IE2 is
probably critical to HCMV replication, but the consequent
inability to produce a pure stock of mutant virus has precluded
the formal demonstration of this hypothesis. For this study of

T-BACA122

T-BACA122R
B w

R, R

FIG. 5. Immunofluorescence of MIE proteins expressed by T-
BACA122. HFF cells were transfected with T-BACA122 or T-
BACA122R DNA purified from E. coli as described in the text. Four
days after transfection, the monolayers were fixed and stained with
monoclonal antibodies specific for IE-1 (top row) or IE-2 (bottom
row) (see Materials and Methods), followed by a secondary antibody
coupled to Alexa-568 (Molecular Probes). Transfected cells were iden-
tified by GFP expression from a cotransfected plasmid.
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FIG. 6. RT-PCR analysis of T-BACA122 gene expression. HFF cells were transfected with T-BACA122 (lanes M) or T-BACA122R (lanes R)
DNA purified from E. coli as described in the text. Five days after transfection, RNA was isolated from the cultures and used as template for
RT-PCR amplification with primers for three IE genes (IE-1, IE-2, and TRS1) and five early genes (UL75, UL84, UL105, UL122, and TRLA4).
PCR products were separated by agarose electrophoresis and stained with ethidium bromide. The sizes (in base pairs) of relevant marker bands

are noted at the left.

UL122, we created a new recombinant Towne HCMV with a
substitution of BAC maintenance functions and a GFP marker
for a dispensable portion of the US region. This new Towne
HCMV-BAC, T-BACwt, had no gross rearrangements to its
genome and had a restriction enzyme map identical to the
parent Towne genome except for the area targeted for recom-
bination. T-BACwt has retained the originally characterized
restriction map through numerous passages in E. coli (H. Zhu,
unpublished observations), confirming the previous observa-
tions that the HCMV genome appears to be quite stable as a
BAC clone and that it also remains in a single isomeric con-
figuration in E. coli (4). Our finding that T-BACwt DNA and
Towne viral DNA yield comparable numbers of plaques after
transfection into permissive cells provides additional evidence
that a single isomer of an HCMYV genome is as infectious as a
mixture. T-BACwt entirely lacks US1 through US11, from the
US region of HCMV, and truncates IRS1 and US12, confirm-
ing previous findings that this group of genes is dispensable for
replication in cell culture (18, 21). The comparable yield and
growth kinetics of virus stocks derived from transfected T-
BACwt DNA and Towne virus argue that we may justifiably
equate our BAC clone and Towne virus for cell culture exper-
iments. Using T-BACwt to isolate a UL122 mutant genome in
E. coli has circumvented the need for plaque purification to
generate a genotypically pure stock and thereby provided a
critical reagent to begin characterizing an IE-2 mutant. The
experiments that we have described using these BAC clones
provide the first compelling experimental evidence that
HCMYV replication is substantially dependent on the function
of one or more gene products encoded by sequences in UL122.

Under the conditions that we used, viral DNA lacking
UL122 was no longer infectious following transfection into
permissive HFF cells. While we have attempted to maximize
the specific infectivity of the transfected DNA by expressing
the pp71 HCMV tegument protein in the transfected cells
(2), this assay ultimately gave an all-or-nothing result. While
we cannot state that the UL122 mutant is completely unable
to replicate, it is nevertheless clear from our results that
T-BACA122 is highly defective for growth. Establishing the
degree to which replication is impaired in the mutant and
whether the phenotype proves to be multiplicity dependent, as
observed for an IE-1 mutant (15), must await the development
of a complementing system capable of yielding a pure stock of

mutant virus. Our results further indicated that the defect in
replication of a UL122 mutant involves a failure to activate
expression of early HCMV genes. The detection of IE proteins
from this mutant indicates that the defect must occur after IE
gene expression but before early genes are activated, therefore
focusing attention primarily on IE gene functions themselves.
Given the large amount of evidence documenting IE-2 trans-
activation activity, this may not be an unexpected phenotype. It
must be noted, however, that a second, 55-kDa IE-2 polypep-
tide is also substantially encoded by UL122 sequences (37).
Very little is known about this minor IE-2 species; however,
Baracchini et al. have demonstrated transactivation by this
protein (3). Since the T-BACA122 deletion is also expected to
affect the 55-kDa species, we can not presently ascribe the
observed phenotype unambiguously to the 86-kDa IE-2.

Our results also do not indicate the manner in which IE-2
affects early gene expression. Many reports have established
that transactivation by IE-2 is not typically dependent on
sequence-specific DNA binding but rather may occur more
through protein-protein interactions (24). Other work has
shown that IE-2 interacts with multiple basal and general tran-
scription factors (8, 17, 22, 33) and known cell cycle regulators
(13, 16, 26, 36). An intriguing hypothesis to explain what ap-
pears to be a general failure by the UL122 mutant to activate
early genes is that interaction of IE-2 with global regulatory
factors, such as retinoblastoma protein, CREB, and S1 (22,
39), leads to relief of transcriptional repression that otherwise
restricts early gene expression (5, 35, 40). Such a mechanism
might account for the observation that IE-2 appears to be able
to transactivate most or all HCMV early genes as well as many
non-HCMYV promoters and also suggests that expression of
IE-2 would be a critical element used by the virus to control
entry into the lytic cycle from the latent state. It is still unclear
which of the various interactions reported for IE-2 are impor-
tant in transactivation or whether any hierarchy exists; because
our mutation is a large deletion, it probably has pleiotropic
effects on IE-2 activity. The ability to rapidly recombine new
alleles into the deletion mutant genome in the BAC system
provides an excellent platform with which to further examine
specific aspects of IE-2 transactivation and its relation to
HCMYV biology.

Because IE-1 and IE-2 share certain amino-terminal se-
quences, it is not possible to create a simple deletion mutant in
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which all sequences encoding IE-2 are completely removed
without altering the structure of IE-1. Our exon 5 deletion is
predicted to express a carboxyl truncation of IE-2 which con-
tains the 85 amino acids shared between IE-1 and IE-2 fol-
lowed by an additional 55 amino acids from exon 5. Given that
transactivator character has been previously ascribed to the
shared domain (29), it can be imagined that the truncated IE-2
protein might retain some measure of IE-2 functionality. For-
mally, therefore, it can be questioned whether the phenotype
of T-BACA122 DNA that we observed is due not to the loss of
IE-2 function but rather to a dominant negative effect on virus
replication exerted by the truncated polypeptide. We believe
that this is unlikely for the following reason. If HFF cells are
cotransfected as described with T-BACwt DNA plus an expres-
sion subclone of the MIE locus that should produce a trunca-
tion product identical to T-BACA122, there is no reduction in
plaque yield (Zhu, unpublished). Assuming that the majority
of cells transfected with BAC DNA also expressed a truncation
protein from the plasmid DNA, this result is inconsistent with
dominant negative interference by the residual protein product
from the deleted MIE construct. It seems, therefore, simpler to
conclude that the deletion of most of UL122 imparts a repli-
cation deficiency on HCMV.

The phenotypes associated with deletion of more than half
of the HCMV IE genes have now been described for recom-
binant mutant strains, at least within the context of replication
in cultured cells (4, 15, 18, 25, 27). Interestingly, only mutations
in the MIE region have so far produced marked effects on virus
replication (15). This doubtless reflects the simplicity of cell
culture versus the whole organism; however, it also clearly
indicates that the MIE locus is a reservoir of functions that are
very basic to the mechanism of HCMV replication.
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