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Intracisternal A-particle (IAP) expression in mouse cells has been correlated with hypomethylation of HhaI
and Hpal sites in proviral long terminal repeats (LTRs). In a previous study, in vitro methylation of three
HhaI sites in the U3 region of the LTR from the cloned genomic LAP element, MIA14, was shown to inhibit
promoter activity in vivo. In this study, we found by site-directed mutagenesis that the two more downstream
HhaI sites within this LTR were responsible for the methylation effects on promoter activity in vivo;
methylation of the other (5') HhaI site, which lies within a putative SP1 binding domain, did not affect promoter
activity. Methylation of the HhaI sites also inhibited promoter activity of the LTR in a cell-free transcription
system. Exonuclease Im footprinting demonstrated methylation-induced changes in protein binding over the
region encompassing the downstream HhaI site, designated the Enh2 domain. The protein that interacts
specifically with this domain, EBP-80, was characterized in a previous study (M. Falzon and E. L. Kuff, J. Biol.
Chem. 264:21915-21922, 1989). We show here that the presence of methylcytosine in the HhaI site within the
Enh2 domain inhibited binding of EBP-80 in vitro. The methylated MIA14 LTR construct was much less
responsive to added EBP-80 in an in vitro transcription system than was the unmethylated construct. These
data suggest that CpG methylation within the Enh2 domain may exert its effect on transcription in vivo by
altering the interaction between EBP-80 and its cognate DNA sequence.

Site-specific promoter methylation causes gene inactiva-
tion in a number of viral and nonviral eucaryotic systems (for
reviews, see references 10, 11, and 36). For example, in vitro
methylation at specific sites interferes with expression of the
a-globin gene (7, 37), the herpes simplex thymidine kinase
gene (5), and the adenine phosphoribosyltransferase gene
(26). DNA methylation has been implicated in the regulation
of intracisternal A-particle (IAP) gene expression. Expres-
sion of IAP proviral elements in various normal and trans-
formed mouse cells is inversely correlated with their meth-
ylation state (22, 29, 34) and specifically with the methylation
state of their 5' long terminal repeats (LTRs) (15, 35). In
vitro CpG methylation at HhaI or HpaII sites in the 5' LTR
of the mouse proviral IAP clone MIA14 resulted in a marked
decrease in promoter activity, as measured by transient
expression assays with a chloramphenicol acetyltransferase
(CAT) reporter gene in COS7 cells (15) or 293 cells (13). The
5' and 3' LTRs from MIA14 each contain three HhaI sites
(Fig. 1). We show here by site-directed mutagenesis studies
that only two of these sites (sites b and c; Fig. 1) are involved
in the methylation effect.

Methylation may influence LTR function by altering the
interaction between one or more regulatory proteins and
their binding sites. In this study, we show that the exonu-
clease III footprint of the HhaI-methylated LTR in the
presence of crude nuclear extract is perturbed over one of
the methylation sites (site c; Fig. 1). We also show that a
purified DNA-binding protein (EBP-80) specific for the LTR
region containing this site fails to bind to an oligonucleotide
containing the methylated form of the HhaI site c. The
MIA14 LTR methylated at the HhaI site c is a less effective
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promoter of transcription in vitro than is its unmethylated
counterpart and responds poorly to added EBP-80. These
results provide evidence that methylation-sensitive binding
of EBP-80 is important in regulating the activity of IAP
LTRs in vivo.

MATERIALS AND METHODS

Cell lines and nuclear extracts. Nuclear extract was pre-
pared from the 293 cell line, which is an adenovirus type
5-transformed human kidney cell line (18), by the method of
Parker and Topol (40) as modified by Ohlsson and Edlund
(39). Whole-cell extracts for in vitro transcription assays
were prepared from 293 and HeLa cells as described by
Manley (32). The cells were grown in spinner flasks in Joklik
modified Eagle medium supplemented with 10% fetal bovine
serum and 1 mM glutamine. Cells were harvested during the
log phase (4 x 105 to 6 x 105 cells per ml). Transient
expression assays were carried out using 293 cells (see
below).

Protein purification. Nuclear extract from 293 cells was
fractionated by chromatography on heparin-Sepharose and
DNA affinity columns as previously described (13, 25).

Plasmids and oligonucleotides. The expression plasmid
pMIAcat-3'L, which contains the 3' LTR from the mouse
genomic IAP element MIA14 (31), as well as mutant versions
of pMIAcat-3'L (described below), and pMlAcat-3'(del) (13)
were used for transient transfection assays. These con-
structs contain the CAT gene downstream of the IAP se-
quence and were prepared by cloning the 3' LTR-containing
DNA fragment from the mouse IAP gene MIA14 into plas-
mid pSV0cat (17). The constructs (linear or circular) were
also used in in vitro transcription assays. When circular
DNA was used as a template, the hybridization probe used
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FIG. 1. Schematic representation of the 3' LTR and immediate
upstream region of the mouse IAP clone, MIA14. Numbers above
the sequence represent nucleotide positions with respect to the
RNA start site; numbers below represent nucleotide positions in the
LTR. -, Position of a polypurine stretch; , the probe used for
exonuclease III footprinting (a 173-bp HaeIII-HaeIII fragment). The
three HhaI sites (a, b, and c) used to assess the methylation-induced
effects in vivo and in vitro are indicated. The PvuII site, which
marks the 5' end of the construct pMIAcat-3'L(del), is indicated by
an arrow.

prior to S1 nuclease digestion was an EcoRI fragment from
the respective construct. EcoRI fragments were used as
templates in runoff transcription assays. A DNA fragment
containing a region (-367 to +33) from the adenovirus major
late promoter (MLP) cloned in pUC18 was used as internal
control in the in vitro transcription assays. A BglI fragment
of this construct was used as hybridization probe prior to S1
nuclease digestion. The MLP construct was provided by J.
Brady, National Cancer Institute, National Institutes of
Health.
A 173-bp HaeIII-HaeIII fragment extending from nucleo-

tide 33 upstream of the LTR to nucleotide 139 within the
LTR (Fig. 1) was used as a probe for exonuclease III
footprinting. This fragment was cloned into pUC13 and has
been described elsewhere (12). Oligonucleotides represent-
ing the Enh2 domain were synthesized as self-complemen-
tary single-stranded molecules and were annealed prior to
use as probes or competitors. The annealed Enh2 oligonu-
cleotide cloned in pUC13 was used as a probe for meth-
ylation interference experiments. For synthesis of methyl-
ated oligonucleotides, 5-methylcytidine phosphoramidite
replaced cytidine phosphoramidite at the positions indicated
in Fig. 4 and 5b. These oligonucleotides were kindly synthe-
sized by Michael Brownstein, National Institute of Mental
Health. The 173-bp HaeIII-HaeIII fragment and oligonucle-
otides were 5' end labeled as previously described (12).

In vitro methylation ofDNA fragments. Plasmids pMlAcat-
3'L (and mutants thereof) and pMIAcat-3'L(del) were meth-
ylated with Hhal methylase as previously described (15).
The purified end-labeled 173-bp LTR fragment was methyl-
ated with HhaI methylase under the same conditions. To
check whether the methylation was complete, circular DNA
was first linearized with BamHI. The linear methylated DNA
was then digested with HhaI and examined by gel electro-
phoresis (followed by autoradiography for labeled frag-
ments). Mock-methylated constructs were prepared by
treatment with HhaI methylase in the absence of S-adeno-
sylmethionine.

In vitro transcription assays. Transcription reaction mix-
tures typically contained 40 to 100 pLg of 293 or HeLa
whole-cell extract protein. Reactions were carried out in 10
mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
(HEPES; pH 7.9)-S50 mM KCI-6 mM MgCI2-50 p.M
EDTA-1 mM dithiothreitol-8% glycerol in a final volume of
15 p.l. ATP, CTP, GTP, and [32P]UTP were each added in a
final concentration of 1 mM. EBP-80 or the appropriate
buffer was added to the template DNA before the whole-cell

extract, and the mixture was incubated at 30°C for 15 min.
Following addition of transcription extract, transcription
reaction mixtures were incubated at 30°C for 60 min, and
reactions were stopped by addition of 285 ,ul of a solution
containing 0.05% sodium dodecyl sulfate, 150 mM NaCl, and
10 mM Tris hydrochloride (pH 7.5). The transcription reac-
tion mixtures were phenol-chloroform and chloroform ex-
tracted and ethanol precipitated. Transcripts from run-off
transcription experiments were analyzed directly on a 5%
polyacrylamide gel containing 8 M urea. When circular DNA
was used as the template, the transcription reaction mixtures
were first treated with DNase I (32) and then analyzed by
hybridization and Si nuclease digestion as previously de-
scribed (31, 32).

Gel retardation and footprinting assays. Gel retardation
assays and binding competition experiments were carried
out as previously described (12, 13). The exonuclease III
assay was also carried out as previously described (12, 48),
using the amounts of extract and exonuclease III specified in
the legend to Fig. 3. The probe was the 173-bp HaeIII-
HaeIII fragment from the LTR of MIA14 (Fig. 1). G ladders
used to calibrate exonuclease III footprints were generated
by the method of Maxam and Gilbert (33). Methylation
interference assays were carried out as described by Speck
and Baltimore (43), using as a probe an oligonucleotide
representing the Enh2 domain cloned in pUC13.

Nitroceliulose filter binding assays. Nitrocellulose filter
binding assays were carried out as originally described by
Riggs et al. (42). Typical binding reaction mixtures (25 ,ul)
contained 10 mM Tris hydrochloride (pH 7.5), 50 mM NaCl,
1 mM EDTA, 1 mM dithiothreitol, 5% glycerol (binding
buffer), 100 ,ug of bovine serum albumin per ml, 4.55 fmol of
probe, and the amount of EBP-80 indicated in Fig. 6. Binding
was allowed to proceed for 30 min at 25°C. The reaction
mixture was then diluted with 1 ml of binding buffer and
applied to a nitrocellulose filter (Millipore type HA; 0.45-,um
pore size; wet in water and prewashed with binding buffer).
The filter was washed with three 1-ml portions of binding
buffer and dissolved in Piersolve (Pierce, Rockford, Ill.).
Retained radioactivity was measured by liquid scintillation
counting.

Site-directed mutagenesis. Oligonucleotide-directed muta-
genesis was used to generate mutants (44, 45). A 1.0-kb
HindIII fragment from pMIAcat-3'L (3' LTR from MIA14)
(31) was cloned into M13mpl8. Oligonucleotides comple-
mentary to regions encompassing each of the three HhaI
sites were used to generate mutants. The sequences of the
oligonucleotides are as follows:

HhaI a AATGTGGCCGCGGCTCCC
HhaI b TGTCACCGCCATCTTGTA
HhaI c GGCATATCCGCAGATTAT

Double mutants were generated by using the single-site
mutant as the template to anneal to the second oligonucleo-
tide. The oligonucleotide-directed in vitro mutagenesis sys-
tem from Amersham was used. Plaques were isolated and
screened by sequencing, using the Sequenase kit (U.S.
Biochemicals). The entire sequence of the insert in positive
clones was confirmed by sequence analysis.
The mutant fragments were excised from M13mpl8 and

cloned into the expression plasmid pSVOcat (17) for use in
expression studies in vivo.

Transfection procedures and CAT assay. Transfections of
293 cells were carried out as previously described (15), using
5 ,ug ofDNA per 6 x 105 cells in a 100-mm plate. Cells were
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TABLE 1. Effect of methylation on the promoter activity of
the MIA14 3' LTR'

Construct HhaI site Relative CAT activity
present Unmethylated HhaI methylated

pMIAcat-3'L a, b, c 100 30
Hhal a mut b, c 35 6
Hhal b mut a, c 90 22
HhaI c mut a, b 50 20
HhaI a,b mut c 33 9
HhaI a,c mut b 20 9
Hhal b,c mut a 50 48
pMIAcat-3'L(del) c 40 10

a Construct pMIAcat-3'L contains the 3' LTR from MIA14. HhaI mutants
(mut) were prepared by site-specific mutagenesis of pMLAcat-3'L. In these
constructs, one or two of the Hhal sites (GCGC recognition sequence) are no
longer present, and therefore that site is no longer a substrate for Hhal
methylase. In pMIAcat-3'L(del), the region upstream of the PvuII site in
pMIAcat-3'L (Fig. 1) has been deleted. Extracts from 293 cells transfected
with unmethylated or Hhal methylase-treated plasmids were assayed for CAT
activity. Activity is shown as arbitrary units relative to that of the parent
pMlAcat-3'L construct. Values are the means of three different experiments
using different plasmid preparations; 100o activity represents a conversion of
parent chloramphenicol to its acetylated forms of 20 pmolbh/4Lg of protein.

(a)
MIA14

<Q + 1 EcoRI
10~~~~ ~ ~~~~~~~~~~~~~~~1--,:o-
# 3' LTR

(b)

CAT lOQ bp

(c) (d)
1 2 3 4 5 1 2

MIAl4-

IHeLaJl293L-

MLP-

harvested and extracts were prepared after 48 h. Assays for
CAT activity were carried as previously described (15).

RESULTS
Effect of methylation of individual HhaI sites within the

MIA14 3' LTR on in vivo promoter activity. The construct
pMlAcat-3'L contains three methylatable Hhal sites (a to c;
Fig. 1). Previous studies have shown that treatment of this
construct with the enzyme HhaI methylase results in a
decrease in promoter activity following transfection into
COS7 or 293 cells (13, 15). In this study, we assessed the
contribution of the three individual HhaI sites to the overall
methylation-induced reduction in promoter activity. The
HhaI recognition sequence GCGC was altered by oligonu-
cleotide-directed mutagenesis to GCGG, a sequence no
longer recognized by HhaI methylase. Table 1 shows the
effect of this base change itself on promoter activity. Muta-
genesis of HhaI sites a and c caused three- and two-fold
decreases in CAT activity, respectively, but mutagenesis of
Hhal site b had little effect. When only one of the three Hhal
sites was mutagenized, methylation of the remaining two
sites still resulted in decreases in CAT activity (Table 1).
Simultaneous mutagenesis of two HhaI sites allowed defini-
tion of the role of each remaining methylatable site. After
alteration of sites b and c, methylation of site a had no effect
on promoter activity (Table 1). However, methylation of
either site b or site c resulted in considerable loss of
promoter activity (Table 1). Further, methylation of con-
struct pMlAcat-3'L(del), which lacks the upstream portion
of the MIA14 LTR and Hhal sites a and b and contains site
c, caused a fourfold decrease of promoter activity similar to
the reduction observed after methylation of the double HhaI
mutant lacking sites a and b (Table 1). These results dem-
onstrate the importance of site c in controlling the promoter
activity of the IAP LTR.

Methylation of HhaI sites within the LTR inhibits promot-
er activity in a cell-free transcription system. Construct
pMlAcat-3'L (Fig. 1 and 2a) was treated with the enzyme
HhaI methylase, and its promoter activity was compared
with that of the unmethylated and mock-methylated con-
structs in a cell-free transcription system, using extracts

FIG. 2. Inhibition of cell-free transcription by sequence-specific
methylation of the 3' LTR from MIA14, using the indicated whole-
cell extract protein (HeLa or 293). (a) Schematic representation of
the constructs used, containing the 3' LTR and flanking sequences
from MIA14 cloned into plasmid pSV0cat. a, b, and c indicate the
positions of the three HhaI sites within the LTR. The arrow
indicates the position of the PvuII site which marks the 5' end of the
LTR sequence within construct pMIAcat-3'L(del). The open bar
and thin line represent sequences 5' and 3', respectively, of the
LTR. The major transcription start site is indicated (there is also a
minor start site 10 bp upstream of the indicated +1 [31]). The probe
used for S1 nuclease analysis was an EcoRI fragment extending
from a site within the pBR322 vector (not shown) to a site within the
CAT gene (shown). The size of the transcript is 613 bp. (b to d)
Assays of promoter activity. (b) The template DNA was pMlAcat-
3'L, containing the entire MIA14 LTR. Lanes: 1 and 4, unmethyl-
ated DNA; 2; mock-methylated DNA; 3 and 5, DNA treated with
Hhal methylase. (c) Two templates were included in the same
reaction mixture, pMIAcat-3'L and a construct containing the
region (-367 to +33) from the MLP. pMIAcat-3'L was unmethyl-
ated (lane 1) or methylated (lane 2). MLP was unmethylated in both
instances. (d) The template DNA was pMlAcat-3'L(del), containing
the region of the LTR downstream of the PvuII site. Lanes: 1,
unmethylated DNA; 2, HhaI methylase-treated DNA. All plasmid
constructs were added in closed circular form. Transcripts are
indicated by arrows.

from HeLa and 293 cells. Provided that the DNA template
was in closed circular form, methylation of the three Hhal
sites in the LTR of pMIAcat-3'L greatly reduced the pro-
moter activity obtained with either 293 or HeLa extracts
(Fig. 2b; compare lanes 1 and 4 with lanes 3 and 5). Mock
methylation had no effect on promoter activity (Fig. 2b;
compare lanes 1 and 2). A control plasmid containing a
region from the adenovirus MLP was transcribed to the
same extent in transcription reaction mixtures containing
either the methylated or unmethylated form of pMIAcat-3'L
(Fig. 2c; compare lanes 1 and 2). The templates were
examined by gel electrophoresis following preincubation
with EBP-80 and during the course of the transcription
reaction. Both the unmethylated and methylated templates
remained in a closed circular conformation (data not shown).
We also studied transcription from construct pMIAcat-

3'L(del), in which the region upstream of PvuII (containing
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FIG. 3. (A) Effect of HhaI methylation on the exonuclease III footprint of the 3' LTR from MIA14. a, b, and c indicate the positions of
the three HhaI sites in the HaeIII-HaeIII fragment used as a probe. The binding reaction mixture contained the indicated amount of crude
nuclear protein from 293 cells; 50 or 200 U of exonuclease III was used. Lane G represents the Maxam-Gilbert sequence ladder (33). On the
positive strand, the bracket marks the sequence that is no longer protected following methylation, with the arrow pointing to the position
where the most marked change occurs; on the negative strand, the arrow points to a position of altered exonuclease III sensitivity following
methylation. (B) Sequence of the DNA fragment used as a probe, showing the exonuclease III stop sites (0, positive strand; 0, negative
strand). The three HhaI sites are underlined. SP1 (4) and ATF (30) represent sequences with homology to the consensus sequences of the
respective transcription factors. A 5-bp sequence common to the Enhl and Enh2 domains, and forming part of the enhancer core sequence
(47), is shown in bold lettering. The arrows point to exonuclease III stop sites that are altered following methylation. They appear as a

diminution or disappearance on the positive strand and an enhancement on the negative strand.

HhaI sites a and b) has been deleted (Fig. 1 and 2a).
Methylation of the single remaining HhaI site c in this
construct also resulted in a strong decrease in promoter
activity (shown for 293 extracts in Fig. 2d; compare lanes 1
and 2). This result is consistent with the inhibitory effect of
methylation of this site on in vivo promoter activity of the
IAP LTR (Table 1; 13).
The same series of experiments was carried out using

linear forms of the LTR-containing constructs. Transcription
was generally much less efficient with the linearized forms,
and methylation had no significant effect on the promoter
activity over a range of extract protein and DNA concentra-
tions (data not shown). Therefore, the inhibitory effect of
methylation on transcriptional activity appears to depend
critically on conformation of the template in this system.

Methylation-induced changes in the exonuclease HI foot-
print of the MIA14 LTR. Exonuclease III footprinting was

used to map the sites of interaction of nuclear extract
proteins from 293 cells with the unmethylated or HhaI-
methylated 173-bp HaeIII-HaeIII fragment from the MIA14
LTR (Fig. 1). In the presence of crude nuclear extract, the
LTR sequences in the unmethylated and methylated con-

structs shared a number of novel or greatly accentuated
exonuclease III stops, indicating multiple protein-DNA in-
teractions (Fig. 3). In addition, HhaI methylation produced
several specific changes in the exonuclease III footprint. On
the negative strand of the LTR, methylation resulted in
decreased sensitivity to exonuclease III over HhaI site b
(Fig. 3). On the positive strand of the LTR, three exonucle-
ase III stops between positions 80 and 94 were no longer
apparent when methylated DNA was used in the binding
reaction (Fig. 3). These three altered contact points lie
within the protein-binding domain which includes HhaI site
C.

G
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FIG. 4. (a) Determination of the region of interaction of EBP-80 with the Enh2 domain by methylation interference. The probe was an

oligonucleotide representing the Enh2 domain. Lanes: 1 and 2, positive strand; 3 and 4, negative strand. Lanes 1 and 3 represent the G ladder
obtained from free probe; lanes 2 and 4 represent the G ladder obtained from the protein-DNA complex. The position of G residues whose
methylation interferes with the protein-DNA interaction is shown below the footprint (0, strong interference; 0, weak interference). The two
methylatable CpG residues (designated 1 and 2) are underlined in the sequence. The two half-site oligonucleotides from the Enh2 domain,
Enh2-up and Enh2-down, are indicated in the sequence. Dots below the sequence indicate differences between the Enh2 domains of MIA14
(shown here) and rc-mos (Fig. 5b). (b) Gel retardation assay using the oligonucleotides Enh2-up and Enh2-down as probes (2 ng in lanes 1
and 3 and 4 ng in lanes 2 and 4) in the presence of 0.5 ng of EBP-80. F, Free probe; B, protein-DNA complex.

In a previous study (13), this protein-binding domain was

designated Enh2. A protein fraction, EBP-80, was isolated
by affinity chromatography on an oligonucleotide corre-
sponding to this domain from the MIA14 LTR. EBP-80 was
shown to interact preferentially with Enh2 and several other
oligonucleotides whose only shared sequence was the simian
virus 40 enhancer core motif.
The following experiments were carried out to determine

whether the reduction in LTR promoter activity following
methylation at HhaI site c might be caused by altered
interaction of EBP-80 with target sites within the Enh2
domain.
EBP-80 binds to subregions of the Enh2 domain. The

MIA14 LTR enhancer core homology (GTGGT) is located in
the downstream portion of the Enh2 domain (Fig. 3B),
identifying this region as a site of interaction with EBP-80.
However, when methylation interference studies were car-
ried out to identify EBP-80 contact points more precisely,
the guanine residues whose methylation interfered with
binding of EBP-80 were located within the alternating pu-
rine-pyrimidine tract in the upstream portion of Enh2 (Fig.
4a). These observations prompted us to ask whether binding
of EBP-80 might involve interactions with separable compo-
nents of the Enh2 domain. Accordingly, we synthesized
oligonucleotides corresponding to the upstream (containing

the purine-pyrimidine tract) and downstream (containing the
enhancer core motif) portions of the Enh2 domain (Enh2-up
and Enh2-down; Fig. 4) and used them as probes in the gel
retardation assay. Enh2-up and Enh2-down could both bind
to EPB-80 independently of one another (Fig. 4b). The two
oligonucleotides shown in Fig. 4 shared 3 bp from the middle
of the Enh2 region. To rule out the possibility that these 3 bp
were responsible for the binding, we synthesized Enh2-up
and -down oligonucleotides that lacked the 3-bp overlap.
These oligonucleotides also bound efficiently to EBP-80
(data not shown).

Methylation of CpG sites in the Enh2 domain inhibits
binding of EBP-80. The Enh2 domain of the MIA14 LTR
contains two methylatable CpG residues, both of which
(underlined in the sequence shown in Fig. 4) are included in
the Enh2-up oligonucleotide. We used the gel retardation
assay to assess the effect of cytosine methylation on the
interaction of EBP-80 with the upstream portion of the Enh2
domain.

In the assay shown in Fig. 5a, the probe was unmethylated
Enh2-up, and competitors were present in 10- and 20-fold
molar excess. As expected, unmethylated Enh2-up (self)
was an effective competitor. In contrast, the Enh2-up oligo-
nucleotide methylated at CpG position 1 (within the HhaI
site) competed poorly, indicating that methylation at this site

(b)

1 2 3 4

F
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Enh2-up
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Probe: Enh2-up (rc-mos)

B

F F
unmeth CGi CG2 CG1,2 unmeth CGI

meth meth meth meth

FIG. 5. Effect of methylation of CpG residues within Enh2 on
binding of EBP-80, measured by the gel retardation assay. (a) Assay
in which the probe was unmethylated Enh2-up and competitors
(unmethylated or methylated Enh2-up) were present in 10- or 20-fold
molar excess. Unmeth, Unmethylated competitor; CGlmeth,
CG2meth, and CG1,2meth, oligonucleotides methylated at the first,
second, or both CpG residues (locations shown in Fig. 4). (b)
Sequence of the Enh2 domain from the LTR of the IAP element
rc-mos. The position of the nucleotide change within the Enh2-up
region of this LTR which results in the loss of a CpG residue is
marked (*). The one methylatable CpG residue in this sequence is
underlined. Dots indicate sequence differences between the rc-mos
(shown here) and MIA14 (Fig. 4) Enh2 domains. In the gel retarda-
tion profile, the probe was unmethylated Enh2-up from rc-mos, and
competitors (unmethylated or methylated) were present as for panel
a.

inhibited binding to EBP-80. The oligonucleotide methylated
at both position 1 and position 2 also failed to compete (Fig.
5a). The oligonucleotide singly methylated at CpG position 2
competed effectively, though to a slightly lesser extent than
the unmethylated competitor. The inhibition of binding
following methylation at CpG position 1 in the Enh2-up
sequence is consistent with the methylation interference
data presented in Fig. 4a, which indicate that the guanine
residue at this position is involved in formation of the
Enh2/EBP-80 complex.
The Enh2 domain in the 5' LTR of another cloned IAP

element, rc-mos, contains a single CpG located at position 1
(underlined in Fig. 5b). When the Enh2-up oligonucleotide
from rc-mos was used as a probe for EBP-80 binding in a gel
retardation assay, the CpG-methylated form was a poorer
competitor than the unmethylated sequence (Fig. 5b). This
observation confirms that the interaction of EBP-80 with the
upstream portion of Enh2 is sensitive to the methylation
state of the CpG residue at position 1 (HhaI site c).
The reduced affinity to EBP-80 for the methylated

Enh2-up oligonucleotide from MIA14 was confirmed by the
filter binding assay (Fig. 6a). Binding to the doubly methyl-
ated Enh2-up or to the oligonucleotide methylated at CpG
position 1 alone was 10%o or less that obtained with the
unmethylated oligonucleotide. On the other hand, methyl-
ation of Enh2-up at CpG position 2 had no effect on its
binding to EBP-80.
CpG methylation also reduced binding of EBP-80 to the

whole Enh2 sequence of MIA14, as measured by the filter
binding assay, although the effect was less pronounced than

84.5 f - _/Y

4 0

3.

0

4.-

0.

2 4 6 8 10 12 14

EBP-8D (fmoles)

FIG. 6. Binding of EBP-80 to the unmethylated and methylated
Enh2 sequence, measured by the filter binding assay. The probe was
Enh2-up (a) or the entire Enh2 domain (b). Symbols: 0, unmeth-
ylated probe; A, probe methylated at CpG position 1; A, probe
methylated at CpG position 2; 0, probe methylated at CpG positions
1 and 2. Locations of the CpG residues are shown in Fig. 4. The
concentration of probe in the binding reaction was kept constant
(4.55 fmol) while the amount of EBP-80 was varied.

that seen with the half-site oligonucleotide. The doubly
methylated Enh2 probe required twice as high a level of
EBP-80 for half saturation as did the unmethylated form
(Fig. 6b). The binding profiles of Enh2 oligonucleotides
singly methylated at either CpG position 1 or 2 were inter-
mediate between the curves for the unmethylated and fully
methylated forms (Fig. 6b).
CpG methylation at position 2 had no quantitative effect

on binding to the Enh2-up oligonucleotide but significant
effect on binding of EBP-80 to the whole Enh2 sequence
(compare Fig. 6a and b). A protein interaction that spans
CpG position 2 in the whole Enh2 sequence may be more
sensitive to conformational changes caused by methylation
at this position than is an interaction with the half-site
oligonucleotide, where CpG 2 is in a near-terminal location.

Methylated and unmethylated LTR constructs respond dif-
ferently to purified EBP-80 in the in vitro transcription
system. We tested the ability of EBP-80 to stimulate in vitro
transcription from the unmethylated and methylated LTR
constructs. EBP-80 increased transcription from the unmeth-
ylated construct in a concentration-dependent manner (Fig.
7a; compare lane 1 with lanes 2 to 5). The LTR methylated
at all three HhaI sites had lower promoter activity than did
the unmethylated construct (compare lanes 1 and 6 in Fig.
7a; see also Fig. 2). Addition of EBP-80 also increased
transcription from the methylated template (Fig. 7a; com-
pare lane 6 with lanes 7 to 11); however, a higher threshold
concentration of EBP-80 was required. In addition, the
maximum transcript level from the methylated template was
only 50%o that of the unmethylated template. A graphic
representation of these data is presented in Fig. 7b. The
difference in transcriptional activity between the unmeth-
ylated and methylated constructs (shown by the broken line
in Fig. 7b) represents the methylation-sensitive portion of
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FIG. 7. Stimulation of in vitro transcription of the unmethylated

or methylated MIA14 LTR by EBP-80. (a) Assay in which the
reaction mixtures contained 50 ,ug of HeLa whole-cell extract in the
presence of the indicated amount of EBP-80. The template (closed
circular form) was unmethylated (lanes 1 to 5) or HhaI methylated
(lanes 6 to 11). The amount of EBP-80 added to the reaction mixture
is indicated below each lane. Transcripts were detected by hybrid-
ization followed by S1 nuclease digestion. MLP represents the
transcript from a construct containing the region (-367 to +33) from
the adenovirus MLP, which was included as an internal control. (b)
Graphic representation of the data in panel a. Symbols: 0, unmeth-
ylated construct; 0, methylated construct. One hundred percent
activity represents the maximal activation of the unmethylated
construct by 2 ng of EBP-80. The last point in the unmethylated
series (connected to the rest of the curve by a dotted line) was
obtained from a separate experiment in which the amount of EBP-80
required for maximal activation was determined. The broken line
between the two curves represents the difference in percent activity
between the unmethylated and methylated constructs.

the LTR response, which clearly saturated at a much lower
level of added EBP-80 than did the methylation-resistant
component of LTR activity.

DISCUSSION
EBP-80 binds to the Enh2 domain within TAP LTRs and

stimulates transcription in a cell-free system (13, 14). In this
study, we show that site-specific methylation within the
Enh2 domain of an IAP LTR interferes with its in vivo and
in vitro promoter activities. Methylation at this same site
also inhibits the in vitro interaction of EBP-80 with its
cognate sequence. This finding suggests a mechanism for the
regulation of expression of these endogenous retroviruses.

Previous work showed that the enzymatic methylation of

all three HhaI sites in the U3 region of an IAP LTR reduced
promoter activity in vivo (13, 15). Here, we have used
site-directed mutagenesis of the LTR to assess the effects of
methylation at individual HhaI sites. Methylation of HhaI
site a had no apparent effect on LTR promoter activity in
vivo in comparison with the unmethylated construct. This
site lies in a protein-binding region that bears homology to
the consensus sequence for the transcription factor SP1 (4).
Our results are consistent with reports that binding of SP1 to
its cognate sequence and activation of transcription are both
insensitive to methylation of CpG residues in the recognition
site (3, 20, 23).

Methylation of either HhaI site b or c in the UAP LTR
caused a marked loss of promoter activity in vivo. Both of
these sites are located in protein-binding domains defined by
DNase I and exonuclease III footprinting (12) and shown to
be important in regulating the promoter activity ofIAP LTRs
(8). Protein interactions at the site b-inclusive domain have
not been studied. However, HhaI site c lies within the LTR
binding region that we have designated Enh2, for which a
cognate transcription factor, EBP-80, has been isolated (13).
EBP-80 binds to and enhances transcription from IAP LTRs
in a cell-free system (13, 14).

Methylation of cytosine residues in the human immuno-
deficiency virus LTR (1), the Moloney murine leukemia
virus genome (19), the ElA promoter of adenovirus type 12
(28), and the late promoter of the E2A region of adenovirus
type 2 (9) has been shown to inactivate transcription. Sug-
gested mechanisms (not mutually exclusive) for these effects
include induction of altered chromatin structure over meth-
ylated DNA (5, 6, 26) and direct inhibition of binding of
transcription factors necessary for the initiation of transcrip-
tion. Examples of the latter include the adenovirus type 2
transcription factors E2F (27) and MLTF (46) and the factor
binding to the late E2A promoter (21), as well as the
transcription factor binding to the cyclic AMP-responsive
element (24). Inhibition of binding may occur as a result of
steric hindrance of protein contacts by methyl groups in the
DNA major groove or conformation changes in DNA in-
duced by the presence of the methylated bases. However, in
no case has the methylation effect been elucidated at a
detailed molecular level. In this study, we have shown that
the methylation-induced inhibition of EBP-80-mediated tran-
scription could be reproduced in a cell-free system, in which
chromatin structure probably does not play a role under the
assay conditions used. Therefore, it is likely that methyl-
ation directly alters the interaction between EBP-80 and its
cognate sequence, as also suggested by the in vitro binding
data.

EBP-80-supported transcription in vitro is sensitive to
site-specific methylation within the Enh2 domain provided
that the LTR-containing template is presented in closed
circular rather than linear form. This requirement suggests
that changes in DNA configuration have a significant role in
the methylation-induced inhibition of transcription, possibly
in conjunction with steric hindrance of specific protein-DNA
contacts by the introduced methyl group. Methylation of the
HhaI recognition sequence GCGC is known to cause local-
ized changes in helix geometry by altering phosphodiester
bond orientation 5' to the methylated cytosine (16). Of
possibly greater importance, HhaI site c is part of a highly
conserved 11-nucleotide tract of regularly alternating purine
and pyrimidine residues. When placed under superhelical
constraint, this type of purine-pyrimidine run has the poten-
tial to assume a left-handed (Z-DNA) configuration at phys-
iological salt concentrations (38, 41). This tendency is en-
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hanced by cytosine methylation of the contained HhaI site
(2). Thus, methylation of HhaI site c could inhibit transcrip-
tion from supercoiled templates by inducing a DNA config-
uration that is incompatible with effective binding of EBP-
80.

If this concept is correct, linear oligonucleotides may have
limited usefulness in studying the effects of methylation on
EBP-80 binding. Nevertheless, results obtained with the two
half-domain oligonucleotides indicate that EBP-80 can bind
independently to sequence elements in both parts of the
Enh2 domain and that interaction with the more 5' portion is
highly sensitive to methylation at the CpG residue in HhaI
site c. The effect of methylation on EBP-80 binding to the
whole (linear) Enh2 sequence was less dramatic: binding was
sensitive to methylation at each of the two CpG positions in
Enh2, but even the doubly methylated oligonucleotide had
appreciable affinity for EBP-80. Interaction with the 3'
portion of Enh2 would be expected to contribute to the
methylation-resistant factor binding. However, the situation
is probably complex and may involve cooperativity in bind-
ing of EBP-80 to the two portions of the Enh2 domain.
EBP-80 stimulates transcription from the unmethylated

and methylated MIA14 LTR in a cell-free system. However,
the methylated template requires at least 10-fold higher
concentrations of EBP-80 for activation and reaches a level
of transcription only half that of the unmodified template
(Fig. 7). The nature of the methylation-resistant component
is not clear. Since EBP-80 can interact independently with
both half-sites of the Enh2 domain, high levels of EBP-80
may stimulate transcription from the methylated LTR as a
consequence of binding to Enh2-down. Transcription from
the methylated construct might also reflect binding of
EBP-80 to the Enhl region of the LTR (12). In any event, the
in vitro data indicate that very high levels of EBP-80 can
partially overcome the effects of methylation, but whether
these levels are attained in vivo is not known.
EBP-80 is a cellular transcription factor to which IAP

LTRs happen to respond. The protein also interacts with
oligonucleotides containing the enhancer core sequences
from simian virus 40, polyomavirus, and the murine sarcoma
virus LTR (13; unpublished observations). As part of its role
as a cellular transcription factor, EBP-80 may be involved in
the regulation of a number of genes. Transcriptional activity
mediated by EBP-80 binding may be methylation sensitive if
the recognition site happens to contain a CpG residue in a
crucial position. Future studies will address the function of
EBP-80 in normal cell regulation and the causes and conse-
quences of elevated levels in transformed cells.
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