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ABSTRACT

The 86 kDa immediate early-2 protein (IE2, IE86) of
human cytomegalovirus (HCMV) is a multifunctional
polypeptide that can regulate gene expression both
positively and negatively. In particular, it represses its
own mRNA synthesis by binding directly to a sequence
element, termed cis repression signal (CRS), that is
located between the TATA box and the transcriptional
start site of the major IE enhancer/promoter of HCMV.
Here, we provide evidence that IE86, unlike most
sequence-specific DNA-binding proteins, interacts
primarily within the minor groove of the DNA helix. This
was shown by hydroxyl radical and methylation
interference assays. In addition, binding studies with
inosine-substituted oligonucleotides which have an
altered major groove morphology without changing the
surface of the minor groove, confirmed the results
obtained in interference analyses. This establishes IE86
as a member of a small group of DNA binding proteins
that interact with A - T rich sequences within the minor
groove and which also includes the TATA-box binding
protein TBP. Remarkably, IE86 and TBP are able to bind
simultaneously in an immediate vicinity at the major IE
enhancer/promoter of HCMV. As minor groove binding
proteins are known to bend DNA heavily this could
contribute to the observed negative regulation of
transcription by IE86.

INTRODUCTION
Human cytomegalovirus (HCMV), one of the seven human
herpesviruses, is of considerable clinical importance in newborns
and immunosuppressed patients. For instance, it is estimated that
approximately 90% of patients with acquired immunodeficiency
syndrome (AIDS) will manifest CMV infection, and, of those,
25% will proceed to some form of sight- or life-threatening
disease such as retinitis or pneumonia (1).
The double-stranded DNA genome of HCMV comprises 229

345 nucleotides and has the potential to code for more than 200
proteins (2). As shown for all members of the family of
herpesviruses investigated so far, lytic cycle gene expression of
HCMV occurs in a sequential fashion. After entry into the cell,

immediate early (IE) genes are the first to be expressed, followed
by the early (E) and late (L) genes (3-5). Immediate-early genes
mainly code for regulatory proteins that are involved in the switch
from restricted to extensive expression of the genome. Thus, these
proteins are proposed to play a key role in determining whether
the virus enters lytic cycle gene expression or remains in a latent
state within the infected cell. Although regulatory activities have
been described for several IE-proteins of HCMV (6- 8), the
mechanisms used by these polypeptides are largely unknown.
The best characterized regulatory protein of HCMV is the 86
kDa IE2 (IE86) polypeptide (9-11). The encoding RNA of 2.2
kb is expressed under control of the major IE enhancer/promoter
of HCMV (12,13) and arises via differential splicing (14).

Like for the Ela protein of adenovirus, IE86 of HCMV has
been described as a promiscuous transactivator of viral, as well
as cellular, gene expression (15-17). For some regulatory
sequences like the hsp70 promoter and the HIV LTR it could
be demonstrated that a minimal, TATA-box containing promoter
is sufficient to mediate a response to IE86 (18). This suggests
that the basal transcription apparatus is one target of IE86 effects
and correlates with the observation that IE86 is able to interact
with the TATA-binding protein TBP (18) and with TFIIB (19).
However, IE86 transactivation of some HCMV early genes is
stimulated significantly by the presence of regulatory sequences
upstream of the TATA box (20-22). In part, this may be
mediated by protein/protein contacts as IE86 appears to be able
to interact with a large number of as yet unidentified cellular
proteins (23).

In addition to its function as transactivator, IE86 has been
shown to negatively autoregulate its own expression; it is able
to repress transcription from the major IE enhancer/promoter of
HCMV (16,24). This negative regulation is dependent on a
sequence element, termed the cis repression signal (CRS), that
is located between the TATA box and the transcriptional start
site of the major IE enhancer-promoter (see Figure 1) (25 -27).
The CRS element which has a partially palindromic structure can
confer an IE86 dependent repression to heterologous promoters
in an orientation independent but location dependent manner
(25 -27). While the CRS has been defined by deletion and
mutational analysis some years ago, it was only recently possible
to demonstrate a direct binding of the IE86 protein to sequences
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of the CRS element (28-30). In part, this was due to an unusual
characteristic of IE86: its interaction with DNA is sensitive to
certain non-specific competitor DNAs such as poly(dIdC) (28,30),
a property shared with the TATA-binding protein TBP. In
addition, the detection of several binding sites for IE86 within
an early promoter of HCMV revealed a weak similarity of the
respective sequences, suggesting a rather loose sequence
requirement for specific recognition of the target DNA (20).

This study was therefore undertaken in order to obtain a
detailed picture of the interaction characteristics of IE86 with
DNA. We show that IE86 contacts DNA primarily via the minor
groove, a property shared with a limited number of other
transcription factors such as the TATA binding protein TBP
(31-34) or the HMG domain protein LEF1 (35). Remarkably,
IE86 and TBP which are both minor groove binding proteins
are able to interact simultaneously in an immediate vicinity at
the major IE enhancer/promoter of HCMV (36). As minor
groove binding proteins are known to bend DNA heavily this
could contribute to the observed negative regulation of
transcription by IE86.

MATERIALS AND METHODS
Oligonucleotides
Oligonucleotides were obtained from MWG Biotech (Ebersberg,
Germany) and Eurogentec (Seraing, Belgium). The following
oligonucleotides (5' to 3' sequences; double-stranded
oligonucleotides are indicated by double shills) were used for
gel retardation experiments and methylation interference analysis:
CRS, CGTTTAGTGAACCGTCAGAT(CRS-1)//
CTAGATCTGACGGTTCACTAAACGAGCT(CRS-2);

CRS-MUT (mutated CRS), GCGGCGGTGAACCGTCAGAT//
CTAGATCTGACGGTTCACCGCCGCAGCT;

EAEE2, CTCGAGAAAGTAGCGTTGCGATTrGCAGTCCGCTCAAGCT(EA-EE2-1)//
TGAGCGGACTGCAAATCGCAACGCTACTTTCTCGAGAGCT (EA-1E2-2);

I-CRS, AATTCGAGCTCGCCCAGTGAACCGTCAGATCTAGAG (I-CRS-1)//
TCGACTCTAGATCTGACGGTTCACTUICGAGCTCG (I-CRS-2);

G-CRS, AATTCGAGCTCGCCCAGTGAACCGTCAGATCTAGAG (G-CRS-1)//
TCGACTCTAGATCTGACGGTTCACTGGGCGAGCTCG (G-CRS-2);

PAL, AATTCGAGCTCGTTTAGTTAAACGTCTAGAG (PAL-)//
TCGACTCTAGACGTAACTAAACGAGCTCG (PAL-2).

Preparation of EE86 protein
For procaryotic expression of the 86 kDa IE-2 (IE86) protein
of HCMV, Escherichia coli strain M15 which contained the
plasmid pREP4 (Diagen) was used. After transformation with
the procaryotic IE86 expression plasmid pQE1OIE2 containing
a full-length IE-2 c-DNA (28), IE86 was expressed as a histidine-
tagged protein and purified via metal-chelate affinity
chromatography as described previously (28). The purified IE86
protein was used in gel retardation experiments, phenanthro-
line-copper footprinting and chemical interference analyses.

Gel retardation analysis
For gel retardation analyses the double-stranded oligonucleotides
CRS, CRS-MUT, I-CRS, G-CRS and PAL were labeled by using
polynucleotide kinase in the presence of 'y-32P-ATP. After
purification of the probes via polyacrylamide gel electrophoresis,
procaryotically expressed, purified IE86 protein (lOOng) was
mixed with 20 000 cpm (analytical reaction) or 100 000 cpm
(preparative reaction) of the probe and the gel shift reaction was
performed in buffer B containing 25 mM Tris (pH 8.0), 6.25
mM MgCl2, 0.5 mM EDTA, 0.5 mM DTT, 0.01% Nonidet
P-40, 9% glycerol and 1 jg of herring sperm DNA as an

ng of the double-stranded CRS or PAL oligonucleotide were

included in the reaction mix. Samples were electrophoresed as

described (28).

Phenanthroline-copper protection analysis
For phenanthroline-copper (OP-CU) protection analysis the
XhoIIBamHI fragment of plasmid pHM69 containing the IE1/2
promoter region between nucleotides -38 and +6 was used as

probe. This fragment was labeled either at the 3' end of the
BamHI site by a filling in reaction with Klenow fragment (coding
strand) or at the 5' end of the BamHI site by using polynucleotide
kinase (non-coding strand). OP-CU protection analysis was
performed as described by Kuwabara and Sigman (1987) (37)
with minor modifications. After a gel retardation reaction and
exposure of the wet gel to X-ray film for 1 h, the bands
representing IE86/DNA-complexes and free DNA were excised
from the gel and immersed in 600 1l of a solution containing
50 mM Tris/HCl (pH 8.0). Then, 60,l of solution A containing
2.0 mM 1, 10-phenanthroline (Sigma) and 0.45 mM CuSO4
were added followed by 60 Al of solution B containing 58 mM
,B-mercaptopropionic acid (Sigma). After incubation for 10 min
at room temperature the digestion reaction was quenched by the
addition of 60 Al of 28 mM 2,9-dimethyl-OP (Sigma) and 1.4
ml of a solution containing 0.5 M ammonium acetate and 1 mM
EDTA. The DNA was then eluted from the polyacrylamide gel
onto a DEAE-membrane (Schleicher and Schull) and
electrophoresed under denaturing conditions. The gel was dried,
autoradiographed and analysed by densitometry scanning.

Hydroxyl radical interference analysis
For hydroxyl radical interference (HRI) analysis the XhoIIBamHI
fragment of plasmid pHM69 was labeled as mentioned above.
HR-interference reactions were carried out as described by Tullius
and Dombroski (1986) (38) with modifications. About 1 x 105
cpm of end-labeled DNA in buffer B (see gel retardation analysis)
and 1 Ag of herring sperm DNA were mixed in a final volume
of 50 Al. Then, 20 1l of freshly prepared cleavage solution (5
1d of 280 IAM Fe(NH4)2(SO4)2, 5 g1l of 520 ltM EDTA, 5 1d 2%
H202, and 5 ,ul 26.8 mM ascorbic acid) were added. After
incubation for 20 min at room temperature, the reaction was

stopped by the addition of 30 y1 of 0.2 M thiourea and 1 /tg of
t-RNA. The DNA was precipitated, pelleted, dried under
vacuum, and resuspended in buffer B. A preparative gel
retardation experiment was performed and retarded and free DNA
were eluted from the gel as described for OP-CU protection
analysis. The resulting DNA fragments were separated via
denaturing polyacrylamide gel electrophoresis. Afterwards, the
gel was dried, autoradiographed and analysed by densitometry.

Methylation interference analysis
For methylation interference (MI) analysis the single-stranded
oligonucleotides EAIE2-2, I-CRS-2, CRS-2, Pal-i and Pal-2 were
labeled by using polynucleotide kinase in the presence of 'y-32p-
ATP. After heating to 95 °C, the complementary strands
EAIE2-1, I-CRS-1, CRS-1, PAL-2 and PAL-1 were added,
respectively, and annealing was performed by gradual cooling
of the samples to 4°C. The XhoI/BamHI fragment of plasmid
pHM69 was also used as a probe in MI-experiments (see
OP-CU protection analysis). After purification via polyacryl-
amide gel electrophoresis, the end-labeled DNA-probes were
modified by treatment with dimethylsulfate (DMS) as reported

unspecific competitor. In competition experiments, 5 ng to 20 by Siebenlist and Gilbert (39). For preparative gel retardation
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assays, modified DNA-probes (1 x i05 CPM) were incubated
for 10 min in buffer B (see gel retardation analysis) together with
3 ,sg of herring sperm DNA as an unspecific competitor and 200
ng of purified IE86 protein in a final reaction volume of 50 ,ld.
After native gel electrophoresis and exposure of the wet gel to
X-ray film for 1 h, bound and free DNA were eluted from the
gel matrix onto a DEAE membrane (Schleicher and Schuell) and
cleaved at modified positions with piperidine. DNA fragments
were separated using a denaturing polyacrylamide gel. Then, the
gel was dried, autoradiographed and the autoradiogram was
analysed by densitometry.
For OP-CU-, HRI- and MI-analysis, each protection or

interference reaction was performed at least three times yielding
a highly reproducible protection or interference pattern.

RESULTS
Delimitation of intimate contacts of IE86 with its target DNA
by phenanthroline-copper protection analysis
The 86 kDa immediate early-2 (IE-2, IE86) protein of HCMV
has previously been reported to negatively regulate its own
expression via a short nucleotide sequence element, termed the
cis repression signal (CRS). This nucleotide sequence is located
between the TATA box and the cap site of the immediate
early-1/2 (IE1/2) enhancer/promoter of HCMV and has been
defined by mutational analysis to extend from nucleotides -14
to -1 relative to the transcriptional start site (see Figure 1)
(25 -27). In DNase I protection analysis a direct interaction of
IE86 with the CRS element could be detected, thus demonstrating
that IE86 is a DNA-binding protein (28). The protection pattern
observed extended largely from nucleotides -18 to + 10 on the
coding strand and from nucleotides -25 to +3 on the non-coding
strand relative to the IE-1/2 transcription start site, overlapping
the TATA box of the IEL/2 promoter in part (see Figure 1). In
further DNase I protection analysis using purified, procaryotically
expressed IE86 protein and TATA box binding protein (TBP),
we and others observed that both proteins are able to bind
simultaneously at the IE-1/2 promoter in an immediate vicinity
(data not shown) (36). Thus, a steric block of TBP-binding to
the TATA box appeared not to be the major mechanism of IE86
mediated negative regulation. In addition, it suggested a smaller
region of intimate contact of IE86 with its target DNA.

In order to define the protection pattern of IE86 with a higher
precision, phenanthroline -copper (OP-CU) footprinting was
performed (37). In the experiment of Figure 2, a DNA fragment
comprising the IE1/2 promoter region between nucleotides -38
and +6 which was labeled either at the 3' end of the coding strand
(Fig. 2A) or the 5' end of the non-coding strand (Fig. 2B) was
incubated in a preparative gel retardation reaction with 200 ng

1m1 CRS Ir

GGTGGGAGGC6AT6CTCGMAGTGA6 ACCGCA CGC

I I I I I I
-40 30 -20 10 *1 +10 +20

Figure 1. DNA sequence of the IE1/2 promoter region between nucleotides -40
to +22. Sequences protected from DNase I cleavage by the 86 kDa IE-2 protein
are boxed. Filled bars indicate the location of the TATA-box and the CRS-element.
The arrow shows the transcription start site of the IE1/2 transcription unit.

of procaryotically expressed, purified IE86 protein. After
electrophoresis and autoradiography, the bands representing the
IE86/DNA complexes and the free DNA were excised from the
gel and subjected to a light digestion treatment, so that each DNA-
fragment was cleaved at no more than one position. DNA, eluted
from the gel matrix, was electrophoresed on a sequencing gel
and autoradiographed. The results were quantitated by
densitometry scanning (Fig. 2C). Strong protections were visible
on both the coding strand (Fig. 2A, lanes 3 and 4) and the non-
coding strand (Fig. 2B, lanes 3 and 4). Nucleotides, protected
on both strands, extended from -16 to -1 relative to the IE1/2
transcription start, exactly encompassing the CRS-element (Fig.
2C). In particular, the strongest protections relative to the IE1/2
transcription start extended from position -13 to -1 on the
coding strand and from -14 to -4 on the non-coding strand.
The flanking nucleotides were apparently less but significantly
protected. Thus, the interacting region of 28 nucleotides as
defined by DNase I footprinting assays was delimitated via
OP-CU protection analysis to 16 nucleotides.

Hydroxyl radical interference analysis reveals the importance
of single nucleoside positions for an interaction of EE86 with
its autoregulatory target site
To further analyse the direct interactions between the IE86 protein
and different bases of the DNA within the protected region,
extending from nucleotides -16 to -1 relative to the IE1/2
transcription start, hydroxyl radical interference (HRI) analyses
were performed. By hydroxyl radical cleavage individual
nucleosides from a DNA fragment containing the IE1/2 promoter
region between nucleotides -38 and +6 were removed. The
DNA which was labeled either at the top or bottom strand was
subjected to a light cleavage treatment, so that each DNA
fragment was modified at no more than one position. IE86 protein
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Figure 2. Phenanthroline-copper (OP-CU) protection analysis of the IE1/2
promoter region with the 86 kDa IE-2 protein. The XhoI/BamHI fragment of
plasmid pHM69 containing the IEI/2 promoter region was labeled either at the
coding strand (A) or at the non-coding strand (B). The DNA probes were
complexed with IE-2 protein, cleaved, isolated and displayed as mentioned in
Materials and Methods. G-sequence reactions as a marker are shown in lanes
1. Lanes 2 and 5 show cleavage reactions without addition of IE-2 protein. Lanes
3 and 4 show cleavage reactions after addition of IE-2 protein. A summary of
the results obtained in OP-CU protection analysis is shown in the histogram
(C). The magnitude of the protection is shown by the size of the bar above and
below the position of the DNA sequence.
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was then incubated with the modified DNA, and the DNA
fragments bound to IE-2 protein were separated from unbound
fragments by native gel electrophoresis. DNA, eluted from the
regions of the gel containing the bound and free fragments, was
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Figure 3. Hydroxyl radical interference analysis of the IE1/2 promoter region
with the 86 kDa IE-2 protein. The XhoI/BamHI fragment of plasmid pHM69
containing the IE1/2 promoter region was labeled at the coding strand (A) or
at the non-coding strand (B). The DNA probes were modified, complexed with
IE-2 protein and analysed as described in Materials and Methods. G-sequence
reactions as a marker are shown in lanes 1. Input DNA without addition of IE-2
protein is shown in lanes 2. Lanes 3 and 4 represent the bound and free DNA,
respectively, which was isolated following native gel electrophoresis. The data
in (A) and (B) were analysed by densitometry and are summazed in the histogram
(C). The ratio of the intensities of the bands observed in the bound and free DNA
fractions was compared for each position of the CRS-element.
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Figure 4. Methylation interference (MI) analysis of the IE1/2 promoter region
with the 86 kDa IE-2 protein. The XhoI/BamHI fragment of plasmid pHM69
containing the IE1/2 promoter region was labeled at the coding (A) or at the non-

coding strand (B). The MI-pattern of the bound and free DNA isolated after a

gel retardation assay is shown in lanes 1 and 2, respectively. DNAs were modified
by DMS treatment, complexed with IE-2 protein, isolated, cleaved and displayed
as described in Materials and Methods. The data in (A) and (B) were analysed
by densitometry and are summarized in the histogram (C). The ratio of the
intensities of the bands observed in the bound and free DNA fractions was

compared for each position of the CRS-element.

electrophoresed on a sequencing gel. The results are shown in
Figure 3.
Densitometry of the autoradiograms of Figures 3A (coding

strand) and 3B (non coding strand) revealed the relative
importance of individual nucleosides to the formation or
maintenance of the IE86/CRS complex. These data are
summarized in the histogram of Figure 3C. It is shown that the
bases at different positions within the CRS-element have different
relative importance. On the coding strand, the removal of the
A's at positions -5 and -4 and the release of the C at position
-3 strongly interfered with stable binding of IE86 protein to the
DNA probe. In contrast, the bases at positions -16 to -6 and
at -2 to -1 contributed to binding but were apparently less
important. On the non-coding strand the A's at positions -12,
-11, and -10 were the most important bases involved in IE86
binding relative to the flanking bases from positions -15 to -13
and from -9 to -1. Thus, the primary determinants of IE86
protein binding to the CRS-sequence appear to be contained in
the 3' direction of both the top and the bottom strand. Loci of
maximal interference are shifted towards the 3' boundaries. This
HRI interference pattern of IE86 at the CRS-element resembles
those of minor groove binding proteins (40,4 1).

Methylation interference analysis suggests minor giroove
contacts of IE86
To test the hypothesis of whether IE86 binds to the CRS-element
via minor groove contacts, methylation interference (MI) analyses
were performed. The primary advantage of this method is that
information is obtained about whether the protein contacts the
minor or major groove of DNA. This distinction is possible
because adenines become methylated at the N-3 position within
the minor groove and guanines at the N-7 position in the major
groove. The DNA fragment containing the CRS-element, labeled
as mentioned above, was partially modified by dimethyl sulfate
(DMS) and incubated with the procaryotically expressed, purified
IE86 protein. After gel retardation analysis, bound and free
probes were eluted from the gel, treated to cleave the
phosphodiester backbone at the position of each methylated base,
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CRS) and the 86 kDa IE-2 protein. The nucleotide sequences of the oligonucleotides
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2, 4, 6 and 8] or buffer [(A), lanes 1, 3, 5 and 7] were incubated with the
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and analysed by denaturing polyacrylamide gel electrophoresis.
Figures 4A (coding strand) and 4B (non-coding strand) show
representative results of the MI assays, and a quantitation of the
results based on densitometry scanning is shown in Figure 4C.
We found that methylation of several A's and G's within the CRS-
element interfered with IE86 protein binding. In particular,
methylation of any of the A's from -12 to -10 on the non-
coding strand (Fig. 4A) and the A's at -5 and -4 on the coding
strand (Fig. 4B) strongly interfered with IE86 binding, confirming
the results obtained in HRI analysis. Methylation of the A at -9
and the G's at -13, -8, -6 and -1 on the coding strand
together with the A's at -7 and + 1 and the G's at -3, -2 and
+2 on the non-coding strand was only mildly deleterious. The
G at -14 on the non-coding strand showed relatively strong
interference after methylation, indicating that the major groove
is also contacted. The observed strong interference of methylated
adenines on both strands of the DNA suggested that IE86 binds
to the CRS-element via the minor groove.

IE86 protein binds specifically to an inosine/cytosine
substituted CRS-element
To further confirm that IE86 protein binds DNA via minor groove
contacts we decided to synthesize a double-stranded
oligonucleotide containing an artificial CRS-element. This
oligonucleotide, termed I-CRS, consisted of the CRS wild-type
sequence except that the adenines at positions -12 to -10 of
the non-coding strand were replaced by inosines (see Figure SB).
In terms of hydrogen bonding substituents on the purine and
pyrimidine rings, TEC looks like TAAAC in the minor groove
and like TGGGC in the major groove. If minor groove contacts
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Figure 6. Methylation interference (MI) analysis of the I-CRS and the CRS-element
with the 86 kDa IE-2 protein. Labeled I-CRS (A) and CRS oligonucleotides (B)
were treated with DMS, complexed with IE-2 protein, isolated after a gel
retardation reaction, cleaved, separated on a 12.5 % sequencing gel and analysed
by densitometry scanning. The MI-pattern of the bound and the free DNA of
the I-CRS (A) and the CRS (B) element is shown in lanes 1 and 2, respectively.
The results of (A) and (B) are summarized in the histograms a and b, respectively.
The ratio of the intensities of the bands observed in the bound and free DNA
fractions was compared for each position of the I-CRS and the CRS oligonucleotide.

were important for an interaction of IE86, the I-CRS
oligonucleotide should be bound as well. To test this, we used
both the I-CRS and the wild-type CRS oligonucleotide in a gel
shift assay, comparing the retardation mediated by IE86. As
control the G-CRS oligonucleotide was used (see Figure SB).
This oligonucleotide contained G's at positions -12 to -10
which should result in an altered minor groove morphology as
well. In addition, a mutated form of the CRS oligonucleotide
(Mut-CRS) was labeled which has previously been used as a
negative control for IE86 DNA-binding (28). In the experiment
of Figure 5 identical amounts of purified IE86 protein were
incubated with the CRS-, mutated CRS- (CRS/MUT), I-CRS-
and G-CRS oligonucleotide. IE86 protein retarded both the I-
CRS- and the CRS-oligonucleotide with the same efficiency
(Figure SA, lanes 2 and 6). No retardation was observed with
the MUT-CRS- and the G-CRS oligonucleotide (Figure SA, lanes
4 and 8). Although these results established the minor groove
as the primary determinant of IE86 binding to the CRS-element,
we could not rule out participation of the major groove, for
example, through recognition of the purine N-7 of inosines.

Methylation in the major groove did not interfere with IE86
binding
The fact that IE86 protein bound strongly to the I-CRS
oligonucleotide allowed us to determine directly the importance
of major groove contacts. Inosine, like guanine, is methylated
by DMS at the N-7 position within the major groove (42). Thus,
if major groove contacts were not important for the interaction
of IE86 with the I-CRS oligonucleotide, methylation at the
inosines should not interfere with binding. In the experiment of
Figure 6 the results of methylation interference analysis using
the non-coding strand of both the I-CRS (Fig. 6A) and the CRS
oligonucleotide (Fig. 6B) together with the quantitation based on
densitometry scanning (Fig. 6C) are shown. Methylation of the
three I's at positions -12 to -10 in the major groove caused
a very weak interference, providing further confirmation that
IE86 interacts with the I-CRS oligonucleotide primarily via minor
groove contacts. In contrast, methylation at any of the three
adenines at the same positions within the wild-type CRS-sequence
showed strong interference (see Figures 5a and Sb). Thus, the
methylation interference pattern observed for the I-CRS
oligonucleotide is consistent with a model in which functional
groups within the major groove of positions -12 to -10 do not
contribute substantially to the binding of IE86 protein to the CRS-
element.

Binding of IE86 within an early promoter of HCMV is also
mediated via minor groove contacts
We demonstrated recently, that a direct interaction of IE86 with
DNA is not confined to the CRS-element of the IE1/2
enhancer/promoter, but occurs also within an early promoter of
HCMV (20). This promoter drives expression of the
ULl 12/UL1 13 region of HCMV and is strongly transactivated
upon cotransfection with IE86 expression vectors. Remarkably,
the identified binding sites which were located within the region
of -290 to -120 of the UL1 12 promoter, had a rather limited
sequence similarity when compared to the CRS sequence. To
test whether minor groove contacts are involved in the interaction
of IE86 with one of these elements of the UL1 12 promoter, a
double-standed oligonucleotide termed EAIE2 was synthesized.
It corresponded in sequence to the IE86 binding site located
between nucleotides -151 and -126 next to the TATA box of
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the UL1 12 promoter. This oligonucleotide which was labeled
at the 5' end of the non-coding strand was used in methylation
interference analysis. The result of this experiment is shown in
Figure 7. Strong interference was observed after methylation of
A's and G's. In particular, methylation of the three A's at
positions -140 to - 138 resulted in a strong interference. The
flanking G at position - 136 was moderately important whereas
the G at - 143 appeared to be more important for binding of
IE86. Thus, the MI pattern of the EAIE2-2 oligonucleotide is
in agreement with that observed for the CRS-element. The strong
interference observed after methylation of the three adenines
within both the CRS-element and the EAIE2 oligonucleotide
confirmed that minor groove contacts are a major determinant
of the interaction of IE86 with DNA.

IE86 binds to a palindromic CRS-element via symmetric
minor groove contacts
The nucleotide sequence of the CRS-element is partially
palindromic (see Figure 8B). To address the question as to
whether the EE86 protein could bind to a palindromic CRS-
element, a double-stranded oligonucleotide, termed PAL, was
synthesized (see Figure 8B). This PAL oligonucleotide consisted
of the CRS wild-type sequence with the exception that the second
half-site GAACCG was replaced by TAAACG. To test whether
IE86 could bind to the PAL-sequence, we used both the CRS
and the PAL oligonucleotide in a gel retardation assay (Figure
8A). The IE86 protein retarded both oligonucleotides to the same
position in the gel (Figure 8A, lanes 2 and 4). However,
compared to the retardation observed with the CRS-probe, the
retardation of the PAL oligonucleotide was three times more
efficient, indicating a higher affinity for IE86. This could be
confirmed by performing competition experiments: the PAL
oligonucleotide competed much more efficiently for binding of
IE86 to the CRS probe when compared to the wild-type CRS
sequence (Figure 9C). This result shows that IE86 protein is able
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Figure 7. Methylation interference analysis with the EA-IE2 oligonucleotide and
the 86 kDa IE-2 protein. The EA-IE2 oligonucleotide was radiolabeled at the
EA-IE2-2 strand and treated with DMS. After a gel retardation reaction with
IE-2 protein, bound and free DNA was isolated, cleaved and displayed as described
in Materials and Methods. The MI-pattern of the bound and free DNA is shown
in lanes 1 and 2, respectively. The nucleotide sequence of the EA-IE2-2
oligonucleotide and the results of densitometric analysis are shown as indicated.

to bind to a palindromic CRS-sequence and indicates that contacts
within both half sites determine the affinity of binding.
A methylation interference analysis was then performed in

order to reveal the contacted nucleotide positions within the PAL
oligonucleotide. Figures 9A and 9B, show the experimental
results of the MI analysis of the coding (PAL-1) and non-coding
(PAL-2) strand of the PAL oligonucleotide, respectively. A
quantitation of the results based on densitometry scanning is
shown in Figure 8C. Methylation of every adenine residue on
both strands of the PAL oligonucleotide (at positions -7 and
-5 to -3 on the PAL-1 strand and - 12 to -10 and -7 to -6
on the PAL-2 strand) strongly interfered with EE86 binding. The
G's at positions - 13, -8 and -1 on PAL-I and at positions
- 14 and -2 on PAL-2 showed also interference after DMS
treatment. These data indicate that IE86 protein can bind to a
palindromic sequence element via symmetric interactions witiin
the minor groove of DNA.

DISCUSSION
The 86 kDa IE2 (IE86) protein of HCMV is a multifunctional
polypeptide that can mediate both transactivation and repression
of gene transcription (9,15,16,24,43). Repression is specific for
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Figure 8. Gel retardation analysis with the palindromic CRS-element and the
86 kDa IE-2 protein. The nucleotide sequences of the CRS and the palindromic
CRS-element (PAL) are shown in (B). Identical amounts of IE-2 protein[(A),
lanes 2 and 4] or buffer [(A), lanes 1 and 3] were incubated with the radiolabeled
CRS (lanes 1 and 2) or the PAL oligonucleotide (lanes 3 and 4). In (C) a
competition analysis is shown. The CRS oligonucleotide was used as a probe
in gel retardation analysis either without protein [(C), lane 1] or together with
identical amounts of IE-2 protein [(C), lanes 2 to 9]. Either the unlabeled CRS
oligonucleotide [5 ng, 10 ng or 20 ng, respectively; see (C), lanes 3 to 5] or
the unlabeled PAL oligonucleotide [5 ng, 10 ng or 20 ng, respectively; see (C),
lanes 7 to 9] were used for competition analysis.
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the major IE enhancer/promoter within the genome of HCMV
and requires the presence of a sequence element, termed cis
repression signal (CRS) that is located between the TATA-box
and the transcription start site (25 -27). In this study we
demonstrate that IE86 interacts with the CRS sequence primarily
through contacts within the minor groove of the helix. Moreover,
this appears to be a general characteristic of the IE86/DNA
interaction as contacts with the minor groove occur also at an
IE86 binding site located within an early promoter of HCMV.
Thus, IE86 is a member of a small group of DNA binding
proteins that interact with A-T rich sequences within the minor
groove. This group includes polypeptides such as the TATA-
box binding protein TBP (31-34), the HMG domain protein
LEF-1 (35) and the bacterial protein IHF (44). Minor groove
interaction is an unusual property as the minor groove has been
thought to contain insufficient information to define a sequence
specific recognition site for a protein (45). Indeed, most DNA-
binding proteins recognize the hydrogen bonding surface within
the major groove. A detailed description of the interaction of IE86
with its target sites may therefore contribute information about
the determinants of protein/DNA interaction. In addition, our
results have important implications concerning the function of
IE86 in regulation of HCMV gene transcription.

Three lines of evidence support our conclusion that IE86 binds
within the minor groove of DNA. Firstly, we have used hydroxyl
radical interference analysis to identify the nucleosides within
the CRS-element that contribute directly to the formation and
maintenance of the IE86/CRS complex. The results obtained in
this assay and in phenanthroline copper protection experiments
showed that the bases of maximal protection are shifted to the
3' boundaries; this protection pattern is characteristic of
protein/DNA interactions in the minor groove (40,41). Secondly,
we found that methylation of the A residues on both DNA strands
within the CRS-element interfered strongly with IE86 binding.
Methylation of A alters the minor groove surface both by
eliminating a potential hydrogen bond acceptor and by introducing
a novel group that might interfere sterically. However, modified
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Figure 9. Methylation interference (MI) analysis of the palindromic CRS-element
(PAL) with the 86 kDa IE-2 protein. PAL oligonucleotide labeled on both the
PAL-1 and the PAL-2 strand was treated with DMS, complexed with IE-2 protein,
isolated, cleaved, separated on a 12,5 % sequencing gel and analysed by
densitometry scanning. The MI-pattern of the bound (lane 1) and the free DNA
(lane 2) of the PAL-I and the PAL-2 strand is shown under A and B, respectively.
The data of densitometry scanning of both strands of the PAL element are

summarized in the histogram (C). The ratio of the intensities of the bands observed
in the bound and free fractions was compared for each position within the PAL
oligonucleotide.

bases might also interfere with protein binding by altering the
proclivity of the DNA to adopt a necessary structure (46,47).
For this reason we decided to employ the approach of Starr and
Hawley (1991) (31). We substituted the most important A-T
residues within the CRS-sequence for I-C bases in order to alter
the recognition potential of the major groove while leaving the
minor groove unchanged. As demonstrated by gel retardation
analysis IE86 binds to this I-substituted CRS element at a level
similar to that of the wild-type CRS-sequence. This revealed that
major groove functional groups were relatively unimportant for
an interaction of IE86 with DNA. This conclusion was
strengthened further by the observation that methylation of the
I's in the major groove caused only a small decrease in IE86
binding. However, few major groove contacts also appear to
participate in specific DNA-binding ofIE86, because methylation
of the N7 position of one or two G residues flanking the A-T
contact sites interfere with binding. In this respect IE86 resembles
TBP and LEF-1 which recognize their DNA binding sites
primarily through the minor groove together with a few major
groove contacts in the flanking positions (31,32,35).
One major characteristic of minor groove binding proteins is

their ability to interact with a wide variety of DNA sequences.
This has been reported for TBP (48), for HMG-box proteins (49)
and for IHF, which is a sequence-specific DNA-binding protein
but binds to nonspecific DNA under certain conditions (50). A
similar variation in sequence-specific recognition of DNA is
observed with IE86. Firstly, as described for TBP, IE86 binds
to synthetic polynucleotides like poly (dI-dC) poly (dI-dC)
(28,30). This could now be explained by an interaction of IE86
with this unspecific competitor DNA via minor groove contacts.
Secondly, IE86 has three target sites within the ULl 12 promoter
of HCMV which have little sequence homology when compared
to the CRS-element, indicating that IE86 can interact with a broad
spectrum of DNA sequences (20). However, substitution of the
most important A-T residues within the CRS-element for G-C,
which alters the minor groove surface of DNA, is deleterious
for IE86 binding. This again resembles the DNA binding
properties of TBP and LEF-1 (35,48,5 1). The only nucleotides
that are conserved between all IE86 binding sites identified so
far are two copies of the dinucleotide C-G or G-C separated
by ten nucleotides. In addition to the A-T-stretches flanking the
C-G or G-C dinucleotides internally, this spacing is probably
a further determinant of the IE86/DNA interaction, because an
insertion mutant of one nucleotide within the CRS-element
abolished IE86 binding (30).
We have shown that IE86 interacts with a palindromic CRS-

element. Binding appears to be more efficient when compared
to the wild-type CRS-sequence. This result makes dimerisation
of IE86 while binding to DNA possible. It is worth to note that
increasing the amount of purified IE86 protein in gel retardation
reactions results in the appearence of slower migrating IE86/DNA
complexes (unpublished). This indicates that IE86 is able to
multimerize when bound to DNA. In addition, it is known that
IE86 can interact with itself in solution (23,30). However we
and others could not successfully demonstrate in gel retardation
analysis by using truncated forms of the protein that the lower
migrating complex represents an IE86 dimer (unpublished) (30).
In part, this may be due to the fact that the domain of IE86 which
is minimally required for DNA binding still comprises more than
200 amino acids (30). A comparison of this amino acid sequence
with well-characterized minor groove binding motifs such as the
HMG domain did not reveal any substantial homologies.
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As a further important characteristic, minor groove binding
proteins have been shown to bend DNA heavily. This appears
to be of functional relevance; for example, IHF promotes the
formation of a compact structure required for integration of phage
lambda into the host chromosome (52-54). In the case of TBP,
the DNA at the TATA box is strongly bent (1000) in a direction
opposite to that preferred in nucleosomal DNA (33,34,55),
suggesting a simple mechanism for the observed competition
between histones and TBP. This has been described as an
important rate-determining step in transcription (56,57). In this
respect, IE86 has been reported to counteract histone
Hi-dependent repression of the UL1 12 promoter ofHCMV (58)
which, as detected recently (20), contains binding sites for IE86.
Remarkably, as IE86 and TBP are able to bind simultaneously
at the major IE enhancer/promoter ofHCMV (36), IE86 induced
bending at the CRS-element immediately downstream of the
TATA box could disturb the TBP induced bending pattern and
thus constitute a potential mechanism for repression of
transcription from this promoter.
Taken together we have demonstrated that the 86 kDa IE-2

protein of HCMV binds to DNA primarily via minor groove
contacts. This finding extends explanations of both IE86
dependent transactivation as well as repression of gene
transcription.
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