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Summary

A strong transcription enhancer was identified in the
genomic DNA (235 kb) of human cytomegalovirus
(HCMV), a ubiquitous and severe pathogen of the
herpesvirus group. Cotransfection of enhancerless
SV40 DNA with randomly fragmented HCMV DNA
yielded two SV40-HCMV recombinant viruses that had
incorporated overlapping segments of HCMV DNA to
substitute for the missing SV40 enhancer. Within
HCMV, these enhancer sequences are located up-
stream of the transcription initiation site of the major
immediate-early gene, between nucleotides —118 and
—524, Deletion studies with the HCMV enhancer, which
harbors a variety of repeated sequence motifs, show
that different subsets of this enhancer can substitute
for the SV40 enhancer. The HCMV enhancer, which
seems to have little cell type or species preference, is
severalfold more active than the SV40 enhancer. It is
the strongest enhancer we have analyzed so far, a
property that makes it a useful component of eukary-
otic expression vectors.

Introduction

Human cytomegalovirus (HCMV), a member of the her-
pes group, is a ubiquitous human pathogen that causes,
among many other syndromes, multiple forms of em-
bryopathies and fetopathies as a consequence of prenatal
infection (Weller, 1971; Stagno et al., 1982). it is increas-
ingly recognized as a cause of severe pneumonitis and
septicemia in immunocompromised individuals such as
tumor patients undergoing aggressive chemotherapy or
persons affected by the acquired immunodeficiency syn-
drome (AIDS). HCMV has a genome of linear double-
stranded DNA of about 235 kb; it consists of a long unique
region (U.) and a short unique region (Ug), each flanked
by a pair of inverted repeats (LaFemina and Hayward,
1980; Ebeling et al., 1983). Each segment can be oriented
in either direction, resulting in four isomeric forms of virion
DNA (Fleckenstein et al., 1982). During the infection

cycle, transcription of viral genes occurs in three phases
(reviewed by Stinski, 1983). In the immediate-early (IE)
phase, a small set of viral genes are expressed indepen-
dent of preceding viral protein synthesis. The IE proteins
are thought to possess primarily regulatory functions;
they are required for initiation of the early transcriptional
phase, which is followed by DNA replication and synthesis
of the late gene products (DeMarchi, 1981; Wathen and
Stinski, 1982; McDonough and Spector, 1983). At least
four IE genes are localized essentially within the Hind Ill
E-fragment contained in the U_ region (Jahn et al.,
1984a). The most abundant IE RNA is a polyadenylated
transcript of 1.9 kb that encodes a 72 kd phosphoprotein
(Stinski et al., 1983). The strength of the corresponding IE
promoter (A. Grédssmann, G. Jahn, and B. Fleckenstein,
unpublished) led us to ask if it is under the control of an
enhancer-like element, akin to the early promoters of
some smaller DNA viruses.

Enhancers are cis-acting elements of DNA that stimu-
late transcription of adjacent genes by RNA polymerase
Il, in either orientation, and over distances up to several
kilobase pairs, even from a position downstream of the
transcribed region (Banerji et al., 1981; de Villiers and
Schaffner, 1981; Moreau et al., 1981). Viral enhancers
were originally identified in SV40 and polyoma virus as
“far-upstream” promoter elements required for efficient
early transcription (Benoist and Chambon, 1981; Gruss
et al., 1981; Fromm and Berg, 1982; Tyndall et al., 1981).
More recently, enhancer elements have been found in a
variety of other viruses (reviewed in Gluzman and Shenk,
1983; Gruss, 1984; Picard, 1985). Some enhancers, for ex-
ample from polyoma virus and Moloney murine sarcoma
virus, show a host cell preference and thus contribute to
the host range of the virus (de Villiers et al., 1982; Laimins
et al., 1982). Others, like the SV40 enhancer, are active in
a wide variety of cell types from many species (de Villiers
et al., 1982; Neuhaus et al., 1984). A sequence with prop-
erties of an enhancer has also been identified upstream
of the promoter for IE mRNA 3 of herpes simplex virus
type 1 (Lang et al., 1984; Preston and Tannabhill, 1984). En-
hancers with a strict cell type specificity have been found
in association with cellular genes, notably immunoglobu-
lin genes (Banerji et al., 1983; Gillies et al., 1983; Neu-
berger, 1983; Queen and Baltimore, 1983; Picard and
Schaffner, 1984).

Heterologous enhancers have been shown to substitute
for the enhancer of SV40 or polyoma virus, allowing T anti-
gen expression and viral DNA replication (de Villiers et al.,
1982; Levinson et al., 1982; Lusky et al., 1983; Fried et al.,
1983). This has allowed us to develop a method for detec-
tion of enhancer elements in large genomes by an “en-
hancer trap” assay. Linearized SV40 DNA lacking its own
enhancer is cotransfected with short randomly frag-
mented heterologous DNA into permissive cell cultures.
Incorporation of foreign DNA with enhancer function can

give rise to lytically growing SV40-type recombinants

(Weber et al., 1984). We show that, by applying the de-
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Figure 1. Schematic Maps of the SV40-HCMV Recombinants Generated by the Enhancer Trap Approach

The Hind Il C-fragments of the respective viral molecules spanning the origin of DNA replication are expanded.

(A) SVA0 wild-type virus genome. The two 72 bp direct repeats and the two 21 bp direct repeats with the related 22 bp sequence are indicated by
broad arrows. The 17 bp A+T-rich box contains the TATA element of the early promoter. Nucleotide numbering is according to Tooze (1981). The
positions of the early-early (EE), late-early (LE), and late mRNA initiation sites are indicated by arrows (Everett et al., 1983; Contreras et al., 1982).
(B) The SV40 enhancer trap (Weber et al., 1984). The enhancer deletion between the Xba | linker at position 99 and the Kpn I cleavage site in the
enhancer trap clone pET-1 is indicated. The Xba | linker mutant of SV40, a gift from Y. Giuzman (Cold Spring Harbor), was cloned into the plasmid
vector pJC-1. For enhancer trap experiments, the viral DNA was released from the plasmid by Kpn | and Xba t digestion.

(C) Recombinant C2 was obtained from a cotransfection of enhancer trap DNA with sonicated Pst | m-fragment of HCMV (see Figure 2). The insertion
of 341 bp of foreign DNA between SV40 positions 97 and 301 is indicated. A few bases were deleted from the Kpn | and Xba | ends of the SV40
enhancer trap DNA. Of the inserted DMA 196 bp are overlapping with the HCMV DNA segment contained in recombinant C4, as indicated by
hatching.

(D) Recombinant C4 obtained from the same experiment as recombinant C2. Of foreign DNA 262 bp are inserted between SV40 positions 72 and
301. At the left junction the HCMV DNA was probabiy integrated by homologous recombination into the 21 bp region of SV40, resulting in a 27 bp
deletion of SV40 sequences (see also text).
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Figure 2. The 235 Kilobase Pair Genome of Human Cytomegalovirus
Strain AD169 in the Prototype Orientation

The terminal inverted repeats flanking the long unique (U,) and short

for the 72 Bp Repeat of SV40
The enhancerless SV40 genome, lacking the entire 72 bp

repeat region and some adjacent sequences (Figure 1),
was prepared by cleavage with both Xba | and Kpn |, thus
excising the plasmid vector and linearizing the SV40 at the
deletion endpoints (Weber et al., 1984). This “enhancer
trap” was cotransfected with randomly sheared (~300 bp)
DNA fragments of HCMV strain AD169. DNA from the Pst |
m-segment (2.1 kb), which spans the promoter region of
the dominant (1.9 kb) [E mRNA (Jahn et al., 1984a, 1984b),
was found to restore SV40 growth most efficiently. Such
a viral DNA preparation was cloned into a plasmid vector.

unique (Ug) regions of the genome are boxed and indicated by arrows.
Hind lli cleavage sites are shown by vertical lines. The Hind il E-seg-
ment (clone pJN201, 21.5 kb) encompassing most of the immediate
early (IE) region is magnified to demonstrate the map position of the
Pst I m-segment (clone pCM5027, 2.1 kb) (Greenaway et al., 1982;
Jahn et al., 1984a).

Four individual viral clones were reciaimed from the plas-
mid and once more transfected into CV1 cells. In this way,
defective viruses that require frans-complementation (two
out of the four) were excluded. The two resulting viable
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Figure 3. Enhancer/Promoter Region of the Major IE Gene of HCMV

(A) Nucleotide sequence of the HCMV enhancer and flanking DNA. The 341 bp of HCMV DNA contained in the SV40-HCMYV recombinant C2 and
the 262 bp contained in recombinant C4 are indicated by brackets. Four classes of imperfect direct repeats are underlined: — - — - - 21 bp repeat;
19 bp repeat; — - — — 18 bp repeat; . . . . 17 bp repeat. The transcription initiation site of the 1.9 kb IE transcript has been determined for HCMV
strain Towne by Stenberg et al. (1984) using 81 nuclease mapping. The cap of the 1.9 kb IE RNA is most likely located at an identical position in
HCMV strain AD168 {see text). Cap site, TATA box, a possible CAAT box, and a sequence closely related to the splice donor consensus sequence
(Mount, 1982) are boxed. Furthermore, the GC-rich hexanucleotides 5-CCGCCC-3', 5-CCCGCC-3, and 5-GGGCGG-3 are indicated.

(B) Schematic presentation of the sequence shown in (A). The enhancer region as defined by the recombinant viruses C2 and C4 extends between
nucleotides —118 and —524. The possible CAAT box (C), the TATA box (T), and the splice donor signal (S) are indicated. The location of the cap
and first exon of the 1.9 kb IE mRNA in HCMV strain Towne is included as determined with S1 nuclease mapping by Stenberg et al. (1984). The
elements of the four classes of imperfect direct repeats are represented by arrows. The clustering of the different repeat structures in the enhancer
region is obvious. The Aha Il restriction sites within the palindromic 19 bp sequences were used for construction of a set of deletion mutants (see
Figure 5).

HCMV-SV40 recombinants, designated C2 and C4, were DNA (Figure 1D). On one side, joining was by the usual

found to contain HCMV sequences substituting for the end-to-end ligation; on the other side, joining occurred
SV40 72 bp repeat (see below). Similar HCMV DNA seg- by recombination via a 6 bp homology between HCMV
ments were incorporated into the SV40 enhancer trap if (nucleotides —531 to —~526) and SV40 (nucleotides 67-72)
the much larger Hind Ill E-fragment (21.5 kb), which con- (Figure 3). This resulted in a deletion of 27 bp of SV40 DNA
tains the Pst I m-fragment (see Figure 2), was sheared and (nucleotides 73-99), affecting both 21 bp repeats of the
used for cotransfection (not shown). SV40 early promoter. Deletion of these 21 bp repeats is

compatible with SV40 replication (Hartzell et al., 1983). In
Nucleotide Sequence of the HCMV Enhancer previous experiments we observed in vivo recombination
and Localization Relative to the Dominant at a 5 bp homoiogy between enhancer trap and enhancer
immediate-Early Gene of HCMV fragment (Weber et al., 1984). Such homologous recombi-
The recombinant viruses C2 and C4 were both analyzed nation events occur more frequently with linear substrate

by DNA sequencing. C2 had been created by ligation of DNAs than with circular DNAs (Lin et al., 1984; P. Pfeiffer,
a 341 bp segment of HCMV DNA between the ends of a J. de Villiers, and W. Schaffner, unpublished).

linear enhancer trap molecule (Figures 1B, 1C). A few The HCMV sequences in recombinants C2 and C4
bases were deleted from the Kpn | and Xba | ends of the overlap by 196 bp (Figures 1, 3). For comparison, a 930
SV40 enhancer trap DNA, presumably as a result of exo- bp segment of the Pst | m-fragment from HCMV strain
nucleolytic degradation prior to ligation within the trans- AD169 DNA was sequenced (Figure 3). The 341 bp, as
fected cell. The recombinant virus C4 arose by integration well as the 262 bp HCMV DNA sequences contained in

of a 262 bp segment of HCMV DNA into enhancer trap recombinants C2 and C4, were both identical to the
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genomic HCMV virion sequence. Also, in the flanking
SV40 DNA no deviation from the SV40 wild-type sequence
occurred. In recombinants C2 and C4, therefore, no sec-
ondary sequence rearrangements appear to have taken
place.

Promoter organization and the 5’ end of the 1.9 kb IE
mRBNA of HCMV strain AD169 (M. Boshart, G. Jahn, and
B. Fleckenstein, unpublished data) appear very similar, if
not identical, to the corresponding structures of strain
Towne that have been analyzed recently by nucleotide se-
quencing and S1 mapping (Thomsen et al., 1984). Com-
parison of the sequences of HCMV strains AD169 and
Towne revealed identity for the short RNA leader and 97%
homology for 491 bp upstream of the 5’ terminus of the 1.9
kb mRNA. The HCMV DNA segment contained within the
recombinant virus C2 is therefore between nucleotides
-118 and —-458 upstream of the cap site, and the segment
contained in recombinant C4 represents nucleotides
—263 to —524 (Figure 3).

Growth Properties of SV40-HCMV

Recombinant Viruses

In several passages on CV1 cells, recombinant viruses C2
and C4 grew about as well as wild-type Sv40 (Table 1 and
unpublished data). The viral host range was not obviously
changed by the substitution of the HCMV enhancer for the
SV40 enhancer. Recombinants C2 and C4 both were un-
able to grow lytically on all other cells tested, including hu-
man foreskin fibroblast cells used as host for HCMV
growth and human Hela, human hepatoma, and mouse
fibroblast cells. In mouse cells, and even in frog (Xenopus
laevis) kidney cells, transfection with C4 DNA yielded a
3-fold greater number of T antigen positive cells than SV40
DNA (data not shown). This indicates that the HCMV en-
hancer has a broad host range, similar to the host range
of the SV40 enhancer, and that it is stronger than the SV40
enhancer in nonprimate cells, as it is in human Hel.a cells
(see below).

f-Globin Transcription Is Enhanced by the

Trapped HCMV-DNA

The substitution of the 72 bp repeat of SV40 could formally
be achieved by selection with the enhancer trap for strong
regulatory sequences other than classical enhancer ele-
ments. Thus, we wanted to determine whether or not the
HCMV sequences identified by the enhancer-trap assay
could stimulate transcription of a linked heterologous
gene over long distances, in either orientation, and from
a position downstream of the gene.

The Hind Ill C-fragments of both recombinant viruses
C2 and C4 (see Figure 1) and the Pst | m-fragment of
HCMV were cloned in either orientation downstream of
the rabbit $-giobin gene (Figure 4A). Enhancement of
p-globin transcription was quantitated by S1 nuclease
analysis of cytoplasmic RNA after transient expression in
Hela cells (see Figure 4B). All constructs were assayed
under standardized conditions together with analogous
constructs having the SV40 enhancer inserted at the
same position relative to the S-globin gene. Figure 4C
shows that the HCMV sequences from recombinants C2

Table 1. Analysis of HCMV Enhancer Deletions

% of Cells

with Nuclear  Time from Transfection
T Antigen to Lysis of 250% of
Fluorescence® Cells (in days)

Experiment 1 Experiment 2 Experiment 3

DNA Clone?
C2 (HCMV) 6.9% 12 17
C4¢ 5.8% 12 17
Deletion mutants
1 5.4% 12 19
2 6.2% 14 19
3 4.0% 14 ND
4 5.3% 14 19
5 3.5% 14 19
6 4.2% 14 19
7 3.0% 15 20
8 3.8% 16 21
9 2.5% 16 21
10 2.3% 19 25
pET-1 (no enhancer) 0.3%¢ 30° ND
SV40 6.6% 10 16
SV7.2 mutantf 3.1% 16 20

2 All DNAs were transfected in linear form (see text).

b The percentage of T antigen positive cells was determined by count-
ing several areas of 0.145 mm? as described in Baneriji et al. (1981).
From other experiments with duplicate transfections it is extrapolated
that the experimental error in Experiment 1 is about +0.5% T anti-
gen positive cells.

¢ In several other experiments the SV40-HCMV recombinant C4 lysed
the monkey CV1 celis even faster than SV40 (not shown).

d All of the positive cells showed dull fluorescence only.

¢ No lysis after 30 days of observation.

' This 8V40 mutant has generated an enhancer de novo by sequence
rearrangements that is about 30% as active as the SV40 wild-type en-
hancer (Weber et al., 1984).

ND: not determined.

and C4 enhance synthesis of correctly initiated -globin
transcript by at least 2 orders of magnitude, irrespective
of orientation. Whereas the “C2 enhancer” (lanes 3, 4) is
as active as the SV40 enhancer (lane 9), the activity of the
“C4 enhancer” is 3 to 5 fold stronger (lanes 5, 6). There-
fore, the HCMV genome bears an enhancer element that
is stronger than any other enhancer we have analyzed
so far.

The Enhancer Effect Is Obscured by

HCMV Promoter Sequences

In contrast to the orientation independence of the tran-
scriptional enhancing effect exerted by the HCMV se-
quences from C2 and C4, strong polar effects were seen
when the Pst | m-fragment of HCMV was inserted down-
stream of the p-globin gene. This fragment contains the
complete enhancer/promoter region, including the tran-
scriptional start site of the 1.9 kb IE mRNA (see above).
In construct ppX-1428 (Figures 4A and 4C, lane 7), in
which the directions of transcription of the 1.9 kb IE mRNA
and the f-globin mRNA are opposite each other, almost
no enhancing activity on f-globin transcription could be
detected. This is not unexpected because the g-globin
gene is separated from the enhancer by a full-length copy
of a bacterial plasmid at its 5’ end and by the strong IE pro-
moter of HCMV at its 3’ end. It has been shown that
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Figure 4. Comparative Analysis of Enhancer Strength, As Measured
by 81 Nuclease Assay

(A) Plasmid constructs used for testing enhancer activity of HCMV
sequences. Different fragments were inserted downstream of the ge-
nomic rabbit g-glabin gene (Maniatis et al., 1978) in clone pfX14 (a gift
from J. Banerji), which is a derivative of pfGX (Banerji et al., 1983) con-
taining a Hind Il linker at the single Xba ! site. The Hind [l C-fragments
of recombinant viruses C2 and C4 were inserted at this Hind lil site
in either orientation as indicated at the top. Plasmids pgHC22 (3) and
pBHC21 (4) contain the Hind ill C-fragment of C2; ppHC41 (5) and
pBHC42 (6), the Hind Ill C-fragment of C4. The HCMV sequence within
the Hind lll C-fragment is represented by a hatched box, and the SV40
origin of replication is indicated.

The Pst | m-segment of HCMV was inserted in both orientations be-
tween the Xho | and the Hind I sites of pX14 via synthetic linkers. In
ppX1428 the p-globin gene and the dominant {E gene of HCMV are in
opposite orientation to each other, in pX1429 in the same orientation
respectively.

(B) S1 nuclease mapping scheme. Cytoplasmic RNA (20 ng) from
transfected Hela cells was hybridized to an excess of end-labeled

B-globin transcription is severely reduced if the -globin
gene is separated from an enhancer by plasmid DNA
(Baneriji et al., 1981; Wasylyk et al., 1983) or by an active
promoter (de Villiers et al., 1983; Wasylyk et al., 1983;
Kadesch and Berg, 1983). In construct pX-1429 the direc-
tion of RNA synthesis from the IE promoter of HCMV and
the orientation of -globin transcription are identical (Fig-
ure 4A). After transfection into Hela cells, correctly ini-
tiated S-globin transcripts were synthesized from pfX1429
in amounts about equal to amounts synthesized from a
construct (p14511) containing the SV40 enhancer in an
equivalent position downstream of the g-globin gene (Fig-
ure 4C, lane 8). In addition, the S1 nuclease analysis re-
vealed a much stronger band, representing a protected
single strand of 306 nucleotides. From previous experi-
ments it can be assumed that this shortened protected
fragment is formed by aberrant splicing to a splice accep-
tor sequence at position +48 of the rabbit $-globin gene
(de Villiers and Schaffner, 1981). This suggests that tran-
scription from plasmid pfiX1429 is initiated from the strong
IE promoter of HCMV, and that the IE RNA leader of 121
nucleotides is spliced to the -globin transcript at position
+48. This conclusion was supported by Northern blot
hybridizations showing that RNA of the corresponding
size hybridized identically with HCMV IE DNA and g-glo-
bin DNA probes (data not shown).

In conclusion, it appears that the (proximal) promoter
components of HCMV act as an efficient “sink” for tran-
scriptional activity, resulting in a reduction and a polarity
of the enhancer effect. In contrast, no such effects were
seen with the relatively weak early promoter of SV40 (de
Villiers et al., 1983, and Figure 4).

Analysis of Enhancer Function by

Deletion Mutagenesis

Further experiments were undertaken to identify the func-
tionally essential parts of the enhancer region. To this
end, small restriction fragments within the enhancer re-
gion were deleted. The recombinant viruses C2 and C4

DNA probe prepared from a f-giobin gene clone lacking the first inter-
vening sequence (IVS1; Weber et al., 1981; a gift from H. Weber) and
labeled at the Bam HI site. The hybrids were digesied with S1
nuclease, denatured, fractionated by polyacrylamide gel electrophore-
sis in the presence of 8 M urea, and autoradiographed.

(C) S1 nuclease analysis of RNA from Hela cells transfected with the
B-globin constructs described in (A) and various controis. Lane 1: rabbit
reticulocyte mRNA. Lane 2: pfX14. Lanes 3-6 correspond to numbers
3-6 in (A). Lane 3: ppHC22. Lane 4: ppHC21. Lane 5: ppHC41. Lane
6: ppHCA2. Lane 7: pfAX1428. Lane 8: pfX1429. Lane 9: p14511 contains
the 196 bp enhancer fragment of SV40 downstream of the rabbit -glo-
bin gene (a gift from L. Olson). Lane 10: HWT3 (Weber et al., 1984) con-
tains the SV40 Hind Ill C-fragment downstream of the rabbit $-globin
gene (lane 10 suffered the loss of some material; p14511 and HWT3
are equally active in independent experiments; data not shown). Lane
11: pGHCAE contains the Hind Ill C-fragment of a reclosed viral en-
hancer trap DNA, lacking enhancer sequences, downstream of the
p-globin gene (Weber et al., 1984).

M: end-labeled marker DNA fragments. ct: correct terminus (a 354
nucleotide fragment is protected from $1 nuclease digestion by mRNA
correctly initiated at the globin gene cap site). it: incorrect terminus,
mapping about 48 bp downstream of the globin gene cap site
(presumably from splicing of far-upstream transcripts to a pseudoac-
ceptor site at position +48, see text).
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Figure 5. Construction of SV40-HCMV Recombinants with Deletions
in the HCMV Enhancer Region

Recombinant viruses C2 and C4 (only the enhancer region is repre-
sented) were partially digested with Aha Il restriction endonuclease
(vertical arrows). Purified digestion products were re-ligated in differ-
ent combinations in order to obtain a set of SV40-HCMV recombinants
lacking one or more Aha Il fragments from the enhancer region. The
length of the Aha li fragments is indicated, and thus the length of each
individual deletion can be calculated. HCMV-DNA is represented by a
broad line. The position of the different repeat elements in the HCMV
enhancer region and the nucleotide numbers of the deletion endpoints
are included. Note that the right-hand junction with SV40 DNA (thin
line} is identical for recombinants 1-10 (SV40 position 301) whereas at
the left-hand junction recombinants 2, 3, 4, 5, 6, and 9 lack 25 bp of
8V40 DNA relative to recombinants 1, 7, 8, and 10. This is due to a
different left-hand junction of recombinant viruses C2 and C4 as
shown in Figure 1.

were used for construction of a series of such deletion mu-
tants (Figure 5). The restriction enzyme Aha Il was con-
venient for this purpose, as it does not cleave SV40 DNA
but cuts within the palindromic 19 bp sequence that is
repeated four times in the enhancer region of HCMV (see
Figure 3). Partial Aha H digestion products of C2 and C4
were re-ligated in different combinations to generate ten
SV40-HCMV recombinants (Figure 5). These recombi-
nants were excised from the vector and transfected into
CV1 cells. T antigen production and virus growth were
analyzed because both are dependent on enhancer se-
quences. The results (Table 1) indicate that relatively small
deletions have little or no effect, whereas large deletions
reduce T antigen expression and virus growth. Some of
the mutants grow as slow as, or slower than, the previ-
ously characterized SV40 variant SV7.2, which has an en-
hancer about 30% as active as wild-type SV40 (Table 1).
From this we conclude that the activity of the HCMV en-
hancer (which is 3 to 5 fold stronger than the SV40 en-
hancer, see Figure 4) is reduced to less than 10% by the
extended deletions. However, we had to exclude the possi-
bility that the extended deletion mutants were not viable
and that cell lysis was due to late outgrowth of rare vari-
ants, e.g. harboring sequence duplications (see also
Weber et al., 1984). Since such variants are not visible
within the first few days, one series of transfections was

stained for T antigen production 2 days after transfec-
tion. In CV1 host celis in which viral DNA replicates to high
copy numbers T antigen expression levels off as a result
of autorepression (Tooze, 1981). Thus T antigen expression
is not proportional to enhancer activity in SV40 recom-
binants with a strong enhancer. For mutants with extended
enhancer deletions, however, there is a good correlation
between T antigen fluorescence and virus growth (see Ta-
ble 1). it is most remarkable that all deletion mutants are
viable and thus retain at ieast the minimum enhancer ac-
tivity required for viral replication.

Discussion

The Enhancer Trap

This study has identified a strong enhancer sequence in
the genome of human cytomegalovirus (HCMV) by use of
an SV40 enhancer trap (Weber et al., 1984). The SV40 en-
hancer trap appears particularly useful for the identifica-
tion of enhancers in the genomes of poorly characterized
viruses, because an enhancer can be selected from a
large excess of nonenhancing DNA. The procedure has
also been used to identify and characterize heterologous
enhancer sequences from various other viruses. In inde-
pendent experiments we have identified and/or further
characterized enhancers in the genome of Herpesvirus
saimiri (8. Schirm, F. Weber, W. Schaffner, and B. Flecken-
stein, unpublished), murine cytomegalovirus (K. Dorsch-
Hasler, G. Keil, W. Schaffner, and U. H. Koszinowski,
unpublished), Rous sarcoma virus (F. Weber and W.
Schaffner, 1985), and hepatitis B virus (A. Tognoni, R. Cat-
taneo, and W. Schaffner, unpublished). Among these
strong viral enhancers, the one from HCMV has the
highest activity not only in primate cells but also in cell
lines from other species, including frog kidney cells; thus
it is the strongest enhancer we have found so far.

Regulation of Immediate-Early Transcription
The HCMV enhancer identified in this study is located up-
stream of the major viral immediate-early (IE) gene. its lo-
cation within the IE region of HCMV strongly suggests that
this enhancer directs the initial transcription of the virus;
it is in agreement with the findings that early gene tran-
scription of many viruses is dependent on enhancer ele-
ments (reviewed in Gluzman and Shenk, 1983; Gruss,
1984; Picard, 1985). However, classical enhancers direct-
ing constitutive gene expression in ¢is, analogous to the
elements of small DNA viruses, had not been demon-
strated before in the complex genomes of herpesviruses.
Herpesviruses are highly heterogeneous in functional
genome organization, resulting in remarkable diversity of
their IE transcription units. Some members of the herpes
group such as pseudorabies virus or Herpesvirus saimiri
possess a single dominant IE gene (Feldman et al., 1982;
Bodemer et al., 1984). Other herpesviruses have several
IE transcription units. Herpes simplex virus (HSV), the
herpesvirus most extensively studied, contains five IE
genes. The regulation of IE transcription in HSV exhibits
some unique features. The IE genes of HSV are coor-
dinately stimulated in frans by a structural component
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of the virus particle. The regulation is mediated by far-
upstream sequences of the HSV IE genes, which all share
a consensus sequence that seems to be essential for
transactivation (Mackem and Roizman, 1982a; Cording-
ley et al., 1983; Preston et al., 1984; Kristie and Roizman,
1984). Recently an enhancer-like sequence with some
host cell preference has been described in the far-up-
stream region of HSV type 1 IE mRNA 3 (a-gene 4). It has
been suggested that for IE mRNA 3 the cis-acting
enhancer-type sequence might mediate the transactiva-
tion (Lang et al., 1984). The activity of the HSV type 1
enhancer-like element is, however, severely reduced or
absent when it is inserted downstream of indicator genes
(Preston and Tannahill, 1984). This property appears to
distinguish the HSV element from canonical enhancers of
other viruses. We have compared the sequence of the
HCMV enhancer with the upstream regions of all five HSV
|E genes, including the activator element upstream of IE
gene 3 (Mackem and Roizman, 1982b; Watson and Vande
Woude, 1982; Whitton et al., 1983; Whitton and Clements,
1984). No homology >70%, to any of the repeated se-
quence motifs in the HCMV enhancer (17 bp, 18 bp, 19 bp,
and 21 bp repeats), could be found in the upstream
regions of HSV IE genes. The HSV activator consensus
motif TAATGARATNC, common to all HSV IE genes and
present within the HSV enhancer-like element, is absent
from the HCMV enhancer sequence. The sequence dis-
similarities may reflect quite different mechanisms of
regulation of IE transcription in HSV and HCMV. This is
not surprising in the light of the highly diverse biological
properties of herpesviruses.

The large genome of HCMV AD169 contains at least
four IE genes (Jahn et al., 1984a, 1984b; Wilkinson et al.,
1984). Transcription of the dominant IE gene of HCMV
AD169 is negatively regulated during later phases of virus
replication (Jahn et al., 1984a). Possibly the enhancer/pro-
moter region is suppressed by an IE protein. This hypothe-
sis is compatible with the finding of a dramatic accumula-
tion of IE mRNA in the presence of cycloheximide, an
inhibitor of protein synthesis.

What Elements Make Up an Enhancer?

In spite of some encouraging results (Weiher et al., 1983;
Lusky et al., 1983; Hearing and Shenk, 1983; Nordheim
and Rich, 1983; Hen et al., 1983), it seems difficult to de-
tect a sequence motif common to all enhancers. Rather,
scattered short homologies are shared by subgroups of
enhancers, and it appears that several types of sequence
motifs can be assorted in many combinations to make up
an enhancer (Banetrji et al., 1983). Such elements can re-
place each other, since it is possible to construct en-
hancers in which any given type of “consensus” motif is
missing (Weber et al., 1984; W. Herr and Y. Gluzman, per-
sonal communication). It remains to be seen how the vari-
ous sequence motifs are recognized by one or a few cellu-
lar factors. The HCMV enhancer described here is the
most striking example of an enhancer harboring several
types of sequence elements. In a computer analysis of the
930 bp of HCMV DNA, four groups of directly repeated se-
quences could be detected, each being represented three

to five times. Almost all of these repeat elements of 17 bp,
18 bp, 19 bp, and 21 bp length were within the HCMV en-
hancer region defined by the recombinants C2 and C4
(Figure 3). Unlike perfect, abutting repeats in the SV40
enhancer/promoter region, the repeats of the HCMV en-
hancer are imperfect and are separated by nonrepetitive
DNA.

The 17 bp sequence is repeated three times, with 88%
to 94% fidelity (Figure 3). The four 18 bp direct repeats,
78% to 94% homologous to the consensus sequence
ACTAACGGGACTTTCCAA, are remarkable, since they
share an 11 bp homology with the 72 bp repeat of SV40
(nucleotides 164-174 and 236-246). This 11 bp homology
encompasses the motif TGG3$4G (Weiher et al., 1983)
in the opposite strand and is perfectly conserved in two
of the 18 bp HCMV repeats. Although this element may
contribute to the enhancer function, deletion mutagenesis
has shown that it is not essential for T antigen expression
and virus growth of the SV40-HCMV recombinants. Mu-
tant 9 does not retain any of the 18 bp elements, and mu-
tants 2 and 5 retain only a truncated copy (Table 1 and
Figure 5).

A sequence of 19 bp that is repeated five times, with
84% to 89% fidelity, itself contains an inverted repeat
(“palindrome”; Figure 3). As a consequence, putative
stem-loop structures could form between all of the 19 bp
repeat elements. The lengths of the stems (containing the
19 bp repeats, see above) range from 18 bp to 26 bp, with
base pairing that is 85% to 90% correct. This 19 bp repeat
is conserved in evolution, as an identical sequence is
repeated in the simian cytomegalovirus strain Colburn
(K.-T. Jeang and G. Hayward, personal communication).
Because some of our deletion mutants of the HCMV en-
hancer (5 and 9 in Table 1 and Figure 5) retain only one
copy of this 19 bp palindromic sequence, stem-loop for-
mation can be ruled out as a requirement for enhancer ac-
tivity. It will be interesting to see whether or not enhancer
activity is severely affected by elimination of this motif.
However, as discussed above, enhancer motifs can ap-
parently substitute for each other; therefore, elimination of
the 19 bp repeat may only be critical in a severely trun-
cated “minimal” enhancer.

Another repeat element of 21 bp length (Figure 3) is
reiterated three times, with 81% to 100% fidelity, and con-
tains the G/C-rich hexanucleotide CCCGCC. This motif
and the related sequence CCGCCC are present within the
HCMV enhancer sequence in four copies. In addition, two
CCGCCC motifs are present as an inverted repeat up-
stream of the capping site at positions ~52 to —-57, and
—71to ~76 (Figure 3). In herpes simplex virus, CCGCCC
motifs are involved in the modulation of IE gene expres-
sion (Kristie and Roizman, 1984; Preston et al., 1984) and
are also essential promoter components of the thymidine
kinase gene (McKnight et al., 1984). In SV40, the
CCGCCC sequence is present within the 21 bp repeats of
the early promoter (Everett et al., 1983) and is known to
bind the transcription factor Sp1 (Gidoni et al., 1984).

Direct repeat structures have been found in many en-
hancers, and duplications generally increase enhancer
activity (Weber et al., 1984; de Villiers et al., 1983, 1984).
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The fact that different subsets of the HCMV enhancer re-
gion can independently substitute for the SV40 enhancer
may indicate that the strong enhancer sequence of HCMV
has arisen through amplification and subsequent diversi-
fication of a set of original elements. The various imperfect
repeat motifs separated from each other by nonrepetitive
DNA may be conserved units of such amplification
processes. This would explain the inability of extended
deletions to eliminate enhancer function, as well as why
the relatively long enhancer of HCMV is the strongest en-
hancer identified thus far.

Experimental Procedures

Enhancer Trap Assay
Cell culturs, transfection, and analysis of viral DNA have been de-
scribed (Weber et al., 1984).

Construction of Recombinant DNA Clones

For construction of plasmids pX1428 and pgX1429, the Pst | m-frag-
ment of HCMV was cloned in both orientations in pUC8 (Vieira and
Messing, 1982), excised as Hind llI-Sal | fragments, and recloned be-
tween the Hind lll and Xho | sites of ppX14. For construction of the
recombinant viruses carrying deletions in the enhancer region, recom-
binant viruses C2 and C4, purified from the plasmid vector, were sub-
jected to partial digestion with Aha [f, and the partial digestion products
were isolated. Appropriate combinations of early and late regions of
the C2 and C4 viral DNAs were re-ligated individually with phospha-
tase-treated pUCB8 plasmid in three-component ligations.

Analysis of Gene Expression

S$1 nuclease analysis was performed as described (Weaver and Weiss-
mann, 1979; Rusconi and Schaffner, 1981). Isolation of HCMV |E RNA
and Northern blot hybridizations have been described previously
(Jahn et al., 1984a). Analysis of SV40 T antigen production by im-
munofluorescence was performed as described earlier (Banerii et al.,
1981, 1983).
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