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ABSTRACT

The major immediate early enhancer of the human
cytomegalovirus (HCMV) is composed of unique and
repeated sequence motifs, which interact with different
nuclear proteins, thus forming a large nucleoprotein
complex. Using DNAase | protection analysis, we
determined at the nucleotide level the interactions of
B cell and HelL a cell nuclear proteins with transcription
factor binding sites in the enhancer/promoter. In
agreement with in vivo activity, protein binding to the
18 bp repeats (xB element) was found predominantly
with B cell extract. Competition for proteins with
individual transcription factor binding sites allowed us
to define boundaries of closely spaced and overlapping
binding sites, and to group binding proteins into several
classes. Using gel mobility shift assays, we could show
that proteins, which bind to the 17 bp repeat, also bind
to a classical NF1 site. In addition, several novel binding
sites were identified. The presence of overlapping
binding sites, together with differences in the
occupation of the 18 bp repeats in the two cell types,
suggest that the HCMV major IE enhancer has several
possibilities of forming nucleoprotein complexes.

INTRODUCTION

cHuman cytomegalovirus (HCMYV) is a member of the herpesvirus
family and can cause a wide spectrum of diseases. The major
immediate early enhancer of the HCMYV is among the strongest
transcriptional elements in vivo and in vitro (1) and possibly
contributes to the expression of the viral immediate early (IE) genes
in numerous different cell types (2, 3). Features of this enhancer
are its large size and complexity. Four types of different sequence
repeats, with 17, 18, 19, and 21 base pairs (bp), respectively, are
interspersed three to five times within the enhancer region between
—524 and —65 upstream of the transcription initiation site (2, 4,
5). The 17 bp repeat contains the sequence motif ‘TGGCA’ which
resembles a recognition half site for the transcription factor NF1
(6, 7). The 18 bp repeat contains a binding site (GGGACTTT-
CC) for NFxB (8, 9), a transcription factor (9, 10, 11, 12) which
contributes to the specificity of immunoglobulin expression in B

cells (9) but is also present in non-B cells (10, 11, 12, 13). The
19 bp repeat contains a cyclic AMP response element (CRE: TG-
ACGTCA) (14, 15, 16, 17, 18), and the 21 bp repeat resembles
an SP1 binding site (19). The interaction of nuclear proteins from
HelLa cells with these repeated sequence motifs and with unique
sequences has been demonstrated in DNAase I protection
experiments, and the existence of a large nucleoprotein complex
on the enhancer was proposed (1). In vitro transcription
competition assays with oligonucleotides comprising protein
binding sites of the enhancer established that the individual binding
sites within the enhancer interact with transcription factors (20).

Since the HCMV enhancer contains multiple closely spaced
and possibly overlapping transcription factor binding sites it is
conceivable that the availability of factors in conjunction with
steric interferences in the nucleoprotein complex could result in
the formation of distinctly different complexes on the enhancer.
To test this hypothesis we compared nucleoprotein complexes
formed with either HeLa or B cell nuclear proteins. Furthermore,
using oligonucleotides containing transcription factor binding sites
as competitors we analyzed the formation of different
nucleoprotein complexes on the enhancer/promoter in the absence
of defined transcription factors. This approach allowed us to
determine cell specific differences in in vitro binding to the
different enhancer elements, to define the borders of overlapping
transcription factor binding sites, and to group the protein binding
sites.

MATERIALS AND METHODS
Reagents

Enzymes were from Biolabs, Boehringer Mannheim, BRL, or
Stratagene. Radiochemicals were obtained from NEN. Cell
culture media were from Biofluids. Oligonucleotides were from
The Midland Certified Reagent Company, Midland, Texas. All
other chemicals were from Biorad, BRL, Mallinckrodt, or Sigma.

Tissue culture

IM9 cells (an immunoglobulin secreting B myeloma cell line)
were obtained from ATCC, and HeLa S3 cells from B. Moss
(NIH). HeLa cells were maintained in suspension cultures of
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DMEM, and lymphoid cells in RPMI 1640, each containing 10%
fetal calf serum, 2 mM glutamine, 50 units penicillin per ml and
50 pg streptomycin per ml under 5% CO, and 37°C.

Plasmids

pAOCAT contained sequences from nucleotide (nt) —1142 to nt
+54 of the IE 1 gene of HCMV (AD169) in front of the structural
CAT gene from pAI10CAT2 (21). pAICAT (pRR56/1)
containing sequences from nt —526 to nt +54 of the HCMV
IE 1 gene in front of the CAT gene was obtained from R. Riiger
(Erlangen). pFSCAT containing sequences from nt —524 to nt
+7 of the HCMV IE1 gene in front of the CAT gene was
obtained from J. Nelson (San Diego). The core promoter (nt —55
to nt +7) plasmid was described as promoter (18). Plasmids
pl7CMVCAT, pl8;CMVCAT, pl9CMVCAT, and
pNFICMVCAT contained the respective transcription units in
pUC13 or pUC18 context. The respective oligonucleotides were
cloned in either a BamH1 or Smal site immediately upstream
of the core promoter in front of the structural CAT gene (21),
or directly used for in vitro footprinting analyses. The
doublestranded oligonucleotides were GATCCAGTACTTGG-
CAGTACATCAA // GATCTTGATGTACTGCCAAGTACT-
G containing the 17 bp repeat of HCMV from nt —373 to nt
—356, CCAATAGGGACTTTCCAT // ATGGAAAGTCCCT-
ATTGG containing the 18 bp repeat of HCMV from nt —428
to nt —411 in pl1§&CMVCAT, CAGATCTGGCCCATTGAC-
GTCAATAATCAGATCTG // CAGATCTGATTATTGACG-
TCAATGGGCCAGATCTG containing the 19 bp repeat of
HCMV from nt —469 to nt —451 in plI9CMVCAT, GCCCA-
TTGACGTCAATAAT // ATTATTGACGTCAATGGGC
containing the 19 bp repeat as a tandem hexamer in
p19¢CMVCAT (This oligo was also used for the competition in
DNAase I protection analyses), TATGTTCCCATAGTAACG-
CCAATAG // GATCCTATTGGCGTTACTATGGGAACA
containing the unique region of HCMV from nt —446 to nt
—421, AGATCTTGACTCAAGGCCT // AGGCCTTGAGTC-
AAGATCT containing an AP1 consensus site (22), and GATC-
TGGCACTGTGCCAAG // GATCCTTGGCACAGTGCCA
containing an NF1 consensus site (6).

Plasmids purified over two CsCl gradients were essentially
supercoiled and their integrity and purity were verified by
sequence analysis.

Transfections

5 ug of each plasmid were incubated with 5x10° cells for 15
min in two ml of serum free Dulbecco’s Modified Eagle’s
Medium containing 250 ug per ml DEAE Dextran, 0.1 mM
chloroquindiphosphate and 50 mM Tris-HCl at pH 7.3 at 37°C
in a shaking waterbath (100 rpm). Cells were then washed two
times with 10 ml RPMI 1640 medium containing 10% fetal calf
serum, followed by incubation for 36 hours under standard
conditions.

CAT assays

Cytoplasmic proteins were extracted as described (21) and CAT
activity was measured within the linear range of conversion using
14C-chloramphenicol. Acetylated and non acetylated forms were
separated using thin layer chromatography followed by
scintillation counting. Each experiment was performed in
duplicate.

Nuclear extracts

Nuclei were prepared using a combination and modification of
two methods (23, 24). After harvesting and washing the cells they
were resuspended in 5 pellet volumes of 0.3 M sucrose and 2%
Tween 40 in buffer A (without antipain, leupeptin, and pepstatin
A) and frozen in liquid nitrogen. After thawing and gently
homogenizing the suspension, it was layered onto 0.5 M sucrose
in the same buffer and centrifuged at 3000 g in a swinging bucket
rotor. The nuclear extracts were prepared as described (24).

Gel mobility shifts

DNA fragments of 43 bp and 36 bp length were excised from
plasmids pl7CMVCAT and pNFICMVCAT respectively with
appropriate restriction enzymes and purified via polyacrylamide
gel electrophoresis. Gel retardation assays were performed as
described (24) with the following modifications: 7 ug of nuclear
proteins, 1 ug poly dIdC, 0.1 ng of Klenow labeled fragment,
and in the indicated cases a 40 fold molar excess of unlabeled
competitor DNA fragment, were incubated in 25 ul of the same
buffer as used for DNAase I protection analysis.

Constructing the enhancer chromatography column

5'-biotinylated enhancer DNA from nt —524 to nt +54 of the
HCMV IE I gene was generated using polymerase chain reaction
(PCR) on a Perkin Elmer Cetus PCR machine. As primers were
used one 24-mer oligonucleotide containing a 5’-biotin group (The
Midland Certified Reagent Company) starting at nt —524 and
one 21-mer oligonucleotide ending at nt +54. PCR conditions
were as described by the manufacturer with the following
modifications: 100 ul reaction volume contained 10 units of Taq
polymerase, 1.2 pug of the 5'-biotin primer, 1.05 ug of the
3’-primer with a concentration of 2.15 mM MgCl,, and 700 uM
each of the four desoxynucleotides. Biotinylated enhancer DNA
was separated from remaining primers and concentrated through
filtration with a centricon 100 filter (Amicon), and linked to avidin
agarose at a ratio of 1 ug DNA per ul resin by mixing it on a
rotating wheel overnight in 2 M KCl. Effectivity of coupling was
controlled by inclusion of a small amount of radioactively labeled
DNA.
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Fig. 1. Activities of HCMYV transcriptional elements in HeLa S3 and IM9 B cells.
The cell types and constructs are depicted on the abscissa and relative CAT activities
are shown on the ordinate. The activity of the core promoter is set at 1 in both
cell types. The activities of the plasmids p18;CMVCAT, p19;CMVCAT, and
pFSCAT (enhancer) are related thereto.



Fractionation of crude nuclear extracts

Crude nuclear proteins were passed over the enhancer DNA resin
at a ratio of 100 ug protein per ug DNA, and, after extensive
washing of the resin with DNAase I protection buffer, proteins
were eluted with 2 M KCI. The eluted proteins were dialyzed
for four hours as described (24, p. 723), and flowthrough, wash,
and eluate fractions were stored at —70°C.
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DNAase I protection analysis

Plasmids pAOCAT and pA1CAT were cut with appropriate
restriction enzymes, endlabeled with Klenow enzyme, recut and
labeled fragments containing the regulatory sequences of HCMV
purified from a native 5% polyacrylamidegel. pAOCAT was
labeled at Xbal of the polylinker sequence at the 3'-end of the
HCMV sequences, and pA1CAT was labeled at HindIII at the

17 18 19 U AP1
M 12 345 67

19bp

=
=u

19bp

Fig. 2. Panel A: DNAase I protection analyses of the HCMV upstream region with HeLa cell proteins. lane 1: unprotected probe, lane 2: protected probe, lane
3: competition with 1 ug unlabeled oligonucleotide of the 17 bp repeat, lane 4: competition with 18 bp repeat oligo, lane 5: 19 bp repeat oligo, lane 6: unique
binding site oligo, lane 7: AP1 site oligo, lane 8: competition with 0.5 ug each of 17 bp and 18 bp repeat oligos, lane 9: 17 bp and 19 bp repeat oligos, lane 10:
17 bp repeat and unique binding site oligos, lane 11: 17 bp repeat and AP1 site oligos, lane 12: 18 bp and 19 bp repeat oligos, lane 13: 18 bp repeat and unique
binding site oligos, lane 14: 18 bp repeat and AP1 site oligos, lane 15: 19 bp repeat and unique binding site oligos, lane 16: 19 bp repeat and AP1 site oligos,
lane 17: unique binding and AP1 site oligos. Panel B: DNAase I protection analyses of the HCMV promoter proximal region with HeLa cell proteins. lane 1: unprotected
probe, lane 2: protected probe, lane 3: competition with 1 ug unlabeled oligonucleotide of the 17 bp repeat, lane 4: competition with 18 bp repeat oligo, lane S:

19 bp repeat oligo, lane 6: unique binding site oligo, lane 7: AP1 site oligo.
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5’-end of the HCMYV sequences. For DNAase I footprinting 7
pg proteins from the eluate fraction were incubated with 3 ug
poly dIdC at room temperature for 15 min, then with the
indicated amounts of unlabeled doublestranded synthetic
oligonucleotides for 5 min, then for 20 more min in the presence
of 8 ng of endlabeled fragment (50000 cpm) in 12 mM Hepes-
KOH, pH 7.9, 10% glycerol, 1.6 mM dithiothreitol (DTT), 0.12
mM EDTA, 60 mM KCl, 6 mM MgCl,, the reaction volume
was 50 ul. Then the DNA was digested with 1 unit of DNAase
I (Boehringer, Mannheim) at RT for 1 min. The reaction was
stopped by addition of 100 ul of stop solution (100 mM Tris HCI,
pH 7.5, 100 mM NaCl, 10 mM EDTA, 1% SDS, 10 pg
proteinase K, 1 ug E. coli DNA), incubation for 15 min at 37°C,
and denaturation at 90°C for 2 min. The digestion products were
phenol extracted, ethanol precipitated, and separated on a 6%
sequencing gel. Maxam and Gilbert A +G sequencing markers
(25) of the corresponding probes were used to locate the footprint
regions.

RESULTS
Cell specific activity of the 18 bp and 19 bp enhancer repeats

The HCMYV enhancer has a strong transcriptional activity in a
number of cell types (2, 3). In our experiments the enhancer
increased expression from the HCMV promoter about 190-fold
in HeLa cells and 700-fold in IM9 B cells as compared to the
core promoter (Fig. 1). To identify enhancer elements which
confer activity in both cell types, the transcriptional activities of
the 18 bp and 19 bp repeats were analyzed. Oligonucleotides
containing the 18 bp and 19 bp repeats were ligated to an IE1
core promoter (nt —55 to nt +7) in front of the bacterial
chloramphenicol acetyltransferase (CAT) gene. Six copies of the
19 bp repeat, which contains the cAMP response element (CRE)
TGACGTCA (14), stimulated the IE1 promoter about 6-fold in
B cells, and about 190-fold in HeLa cells (Fig. 1). In contrast,
three copies of the 18 bp repeat, which contains the xB sequence
GGGACTTTCC (9), induced expression from the promoter
about 140-fold in B cells and about 9-fold in HeLa cells (Fig. 1).
Thus in HeLa cells the activity of six 19 bp repeats was very
strong, whereas three 18 bp repeats had little activity. In B cells,
on the other hand, the six 19 bp repeats had little transcriptional
activity and the activity of three 18 bp repeats was about one
fifth of that seen with the entire enhancer. This suggests that the
19 bp repeats may contribute strongly to the enhancer activity
in HeLa cells, whereas the 18 bp repeats may have little effect.
Further these results suggest, that the 18 bp repeats, contrary
to the 19 bp repeats, may contribute strongly to the enhancer
activity in B cells, but also that other repeat elements may
contribute to the enhancer activity in B cells, or that the sequence
context of the 18 bp repeats within the enhancer is more favorable
for a high level expression.

Formation of nucleoprotein complexes on the HCMV
enhancer

The differential utilization of the 18 bp and 19 bp repeats in HeLa
and in B cells, together with previous work from this laboratory
(1, 26, 20), led us to investigate differences of the nucleoprotein
complexes formed with proteins from the two cell types.

Methodical approach. DNAase I protection analyses using crude
nuclear extracts revealed that the HCMV regulatory region
between nt —524 and nt +54 was already extensively protected
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Fig. 3. Panel A: DNAase I protection analyses of the HCMV upstream region
with B cell proteins. lane 1: unprotected probe, lane 2: protected probe, lane
3: competition with 1 ug unlabeled oligonucleotide of the 17 bp repeat, lane 4:
competition with 18 bp repeat oligo, lane 5: 19 bp repeat oligo, lane 6: unique
binding site oligo, lane 7: AP1 site oligo. Panel B: DNAase I protection analyses
of the HCMV promoter proximal region with B cell proteins. lane 1:

probe, lane 2: protected probe, lane 3: competiion with 1 ug unlabeled
oligonucleotide of the 17 bp repeat, lane 4: competition with 18 bp repeat oligo,
lane 5: 19 bp repeat oligo, lane 6: unique binding site oligo, lane 7: AP1 site oligo.

with low amounts of nuclear protein (1, data not shown). To
clearly define individual protected sites crude nuclear proteins
were fractionated on an avidin agarose resin with HCMV
enhancer DNA (from nt —524 to nt +54) linked to it via a biotin
group. Footprinting analyses of the HCMV regulatory regions
were performed with the HeLa and B cell proteins eluted from
this resin. In accordance with earlier observations (1, 26) the
analyses revealed a pattern of densely packed and possibly
overlapping binding sites. In order to define borders and types
of different binding sites in both extracts, we investigated
protection patterns on the enhancer/promoter in the presence of
oligonucleotides containing specific binding sites. Incubation of
nuclear proteins with specific oligonucleotides prior to adding
the template resulted in the formation of nucleoprotein complexes
devoid of the corresponding transcription factors.
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sites respectively. The boxes at level 2 of each half of the figure show footprints which are getting stronger upon competition with the indicated oligonucleotide.

Protection with HeLa cell proteins. Using the competition assay
with HeLa cell proteins we could define one weakly and five
strongly protected regions as 17 bp repeat homologs (Fig. 2A,
B, lanes 2, 3; fig. 4). No changes in protection were observed
upon competition with the 18 bp repeat oligonucleotide (Fig. 2A,
B, lanes 2, 4; fig. 4). Competition with the 19 bp repeat
oligonucleotide defined the proteins binding to the four complete
19 bp repeats as belonging to one group (Fig. 2A, B, lanes 2,
5; fig. 4). Competition with the unique binding site
oligonucleotide revealed the already known binding site at nt
—440 and an additional one at nt —220 (Fig. 2A, B, lanes 2,
6; fig. 4). The finding that the unique oligonucleotide could also
compete for 17 bp repeat binding protein (Fig. 2A, B, lanes 6)
may be due to the ‘TGGC’ sequence at nt —426, which seems
sufficient to bind a 17 bp related protein. Competition with the
AP1 oligonucleotide revealed one AP1 binding site at nt —233.
The AP1 consensus site at nt — 174 was not protected (Fig. 2A,
B, lanes 2, 7; fig. 4). The already described footprint at nt —90
(26) and the footprint from nt —62 to nt —35 were not competed
for by the different oligonucleotides and are designated X and
Y respectively (Figs. 2B, 4). Footprint Y, though, probably
extends an already described footprint from nt —65 to nt—50
(26).

Using the DNAase I protection competition assay we identified
several overlapping binding sites, with the most pronounced ones
located between nt 460 and nt —420. Competition with the unique
binding site oligonucleotide extinguished the footprint at nt —440,
but resulted in better protection of the neighboring 19 bp repeat
at nt —460. Vice versa, competition with the 19 bp
oligonucleotide extinguished the 19 bp footprint, but yielded in
better protection over the unique region. Competition for binding
to juxtaposed sites was most clearly seen in the presence of both
oligonucleotides. The band at nt —444 was totally deprotected
only upon competition with both the unique and 19 bp repeat
oligonucleotides (Fig. 2A, lanes 1, 2, 5, 6, and 15).

Protection with IM 9 B cell proteins. Clear binding to only one
17 bp repeat (at nt —360) was detected also in B cells (Fig. 3A,
lane 3). The 19 bp repeats, the two unique binding sites, the AP1
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Fig. 5. Binding of nuclear proteins from HeLa cells to the 17 bp repeat and to
an NF1 consensus site. Labeled restriction fragments containing the 17 bp repeat
and an NF1 site were incubated with crude nuclear extracts from HeLa cells and
a 40-fold molar excess of unlabeled restriction fragments containing the 17 bp
repeat or the 19 bp repeat from HCMYV or an NF1 consensus site as indicated.
The resulting protein-DNA complexes were separated in a 4% polyacrylamidegel.
Lanes 1: no protein added, lanes 2 to 5: with nuclear protein; lanes 3: competition
with the 17 bp repeat, lanes 4: competition with the NF1 site, lanes 5: competition
with the 19 bp repeat.

site, and the Y box were clearly protected also by B cell proteins
(Figs. 3, 4). In contrast to the situation with HeLa cell proteins,
however, we observed strong protection of all four 18 bp repeats
with B cell proteins (Fig. 3A, B, lanes 2, 4). Specificity of
binding was shown by competition with the respective
oligonucleotides (Figs. 3, 4).

Similar to HeLa cell proteins, binding of B cell proteins to
certain sites in the enhancer was more pronounced in the presence
of oligonucleotides spanning juxtaposed binding sites. Although
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these effects are weak, they deserve attention. The intensity of
protection of the 19 bp element at nt —140 increased upon
competition with the 18 bp repeat oligonucleotide (Fig. 3B, lane
4; fig. 4). A footprint around the area of the X box at nt —90
seen with HeLa extract, similarly appeared with B cell proteins
after titrating xB proteins from their binding site around nt —100
with the 18 bp repeat oligonucleotide (Fig. 3B, lane 4; fig. 4).
The protein(s) responsible for the footprint, however, may be
different from the HeLa cell protein(s). The protection of the
19 bp repeat at nt —320 was not very strong, but became clear
upon competition with the 18 bp repeat oligonucleotide (Fig. 3A,
lanes 2, 4; fig. 4). This 19 bp repeat has no immediate 18 bp
repeat neighbors, suggesting that there might be interactions of
proteins which are not next to each other on the linear DNA.

The 17 bp repeat binding proteins bind also to NF1 sites

17 bp repeat binding proteins seem to be major constituents of
the nucleoprotein complex on the HCMV enhancer in HeLa cells.
Since the 17 bp repeat is related to the binding site for NF1,
we tested whether there was a cross competition for proteins
between these binding sites. Complexes of HeLa cell proteins
with the 17 bp repeat were diminished by competition with 40
fold excesses of unlabeled 17 bp repeat and NF1 site (Fig. 5),
but not with any other of the binding sites used (only 19 bp repeat
shown). Also complexes on the NF1 site were diminished by
competition with the 17 bp repeat and extinguished with the NF1
site, but not any other binding site (only 19 bp repeat shown).
Comparable results were obtained for B cells (data not shown).
Therefore, we suggest, that proteins binding to the 17 bp repeat
of HCMV can also bind to a classical NF1 site. Thus, these
proteins are related to NF1 at least regarding the DNA sequence
specificity. Under certain conditions the 17 bp repeat may even
bind NF1.

DISCUSSION

We analysed interactions between nuclear proteins from B
lymphoid cells and HeLa cells with the major immediate early
enhancer/promoter region of the human cytomegalovirus.
Nucleoprotein complex formation was investigated by DNAase
I footprinting in the absence or presence of oligonucleotides
spanning protein binding sites from the HCMV enhancer. In
addition, the contribution of CRE (19 bp repeat) and »B (18 bp
repeat) elements to transcriptional activity from the IE promoter
was tested by transient expression assays. Taken together, it is
clear that due to qualitative differences in protein binding between
cell types alternative forms of nucleoprotein complexes can arise
on the densely packed binding sites of the IE enhancer.

Cell specific differences

The »B element (18 bp repeat) was almost inactive in HeLa cells,
but had strong activity in B cells. These in vivo results partly
correlated with in vitro binding of nuclear proteins to the
enhancer/promoter. The 18 bp repeat element formed sequence
specific complexes only with proteins from B cells (for summary
see Fig. 4). Previous work from this laboratory had shown partial
protection of the 18 bp repeat (1, 26), and a strong contribution
of the 18 bp element to in vitro transcriptional activity with HeLa
cell protein (20). These apparent discrepancies may be due to
differences in extract preparation and fractionation. They may
also be explained by proteins, non identical to NF-xB, whose
binding sites overlap with the 18 bp repeats, and are now

recognized as overlapping sites. These sites are for example the
18 bp repeat around nt — 100 with the X box around nt —90, or
the 18 bp repeat around nt —420 with its neighboring sites. The
weak activity of the 19 bp repeat in B cells cannot be explained
by the lack of proteins binding to this sequence. It is possible,
that the binding proteins are in an inactive state, whereas the
corresponding proteins from HeLa cells are active. A protein
like CREB, with its different phosphorylation states, could explain
these results (27). This is supported by experiments, showing
that CAT expression from plasmid p19¢CMVCAT increased
only marginally in HeLa cells after cAMP stimulation, but
approached the expression level from the enhancer plasmid in
non stimulated B cells (data not shown). The differences in the
protection of the 17 bp repeat in both cell types is probably due
to lower amounts of 17 bp binding protein in B cells. Mobility
shift experiments with B cell proteins corresponding to the HeLa
experiment of figure 5 show, besides a similar cross competition,
an overall weaker protein binding (data not shown). On the other
hand, this difference may be due to structural restraints of the
nucleoprotein complex on the enhancer with B cell proteins. At
this point it is not clear that proteins from the two cell types
binding to corresponding sites are the same or related. Further
experiments are necessary to answer this question.

Crossrecognition of binding sites by proteins binding to 17
bp repeats and NF1 sites

The 17 bp repeat sequence is related to the NF1 binding site,
and those two sequences showed cross competition for their
respective binding proteins. This finding reopens the question
whether the 17 bp repeats and several more protein binding sites
in the enhancer do bind proteins related to the NF1 family of
transcription factors. This is supported by work from Sippel’s
group (28, 7), which shows, that the sequence ‘TGGCA’ (related
to the NF1 half site) can bind an NF1 related protein. The NF1
half site ‘TGGCA’ in the 17 bp repeats and related sequences
in several more binding sites of the enhancer thus would seem
sufficient to bind NF1 like proteins, although we do not exclude,
that the complete 17 bp repeat in the context of the intact enhancer
sequence might bind additional proteins. Earlier work (29)
demonstrated binding of NF 1 proteins to the upstream region
and one binding site in the downstream region, but not in the
enhancer. This apparent contradiction may be explained by
different affinities of the 17 bp repeats and the NF1 sites for
NF1-like proteins and the higher sensitivity in our present
experimental approach. Another study (30) investigating the NF1
binding to part of the HCMV IE1 upstream region does not
exclude NF1 binding to the enhancer either. To proof or exclude,
however, that the 17 bp binding protein is NF1 related, further
experiments are required.

Competition for transcription factors reveals additional
binding complexity to the enhancer

In vitro transcription in conjunction with competing
oligonucleotides spanning enhancer binding sites had been used
to identify transcription factor binding sites (20). We extended
this approach and analyzed in vitro the formation of nucleoprotein
complexes on the HCMV enhancer with HeLa and B cell
proteins. Using this technique we could classify several protected
regions as belonging to the 17 bp repeat, 18 bp repeat, 19 bp
repeat, unique binding site, and AP1 families. The 19 bp repeats
and AP1 site might share some binding protein (31), since the
AP1 site binding was also competed for by the 19 bp



oligonucleotide. The protein complex on the AP1 site in the
enhancer might be a heterodimer of one CREB- and one fos-
related protein (32). The inability of the AP1 site at nt —174
to bind protein may be due to the sequence context of this site
or in structural constraints of the protein complex on the enhancer,
which may make it impossible for AP1 proteins to bind at this
site.

It is clear, that complete protection of some binding sites can
only be obtained in the absence of proteins binding to juxtaposed
and overlapping binding sites. The differences in the occupation
of the 18 bp repeats in the two cell types together with the
presence of overlapping binding sites suggest, that this enhancer
has several possibilities of forming functional nucleoprotein
complexes. These possibilities may depend on the presence and
abundance of certain transcription factors under the respective
conditions in the cell like cell type, stimulation and growth stage.
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