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Figure 9. Summary of in vivo footprinting data. Protection of
specific guanosines on the upper or lower strand is indicated by
downward arrows. Hyper-reactive sites are marked by upward
arrows. Hyperreactive sites on Xi are shown by upward open
arrows. Roman numerals name the individual footprints (see
text). (+) The major transcription initiation site.

ation patterns. It has been shown recently that a partial
methylation profile at a specific site can be stably main-
tained in tissues and cell lines (Turker et al. 1989). The
partial methylation that we see is not correlated with
protein footprints and is seen only at some GCG or CGC
trinucleotides; thus, there may be a bias of DNA meth-
yltransferase against certain DNA sequences. Mamma-
lian DNA methyltransferase does show a preference for
certain CpGs in vitro (Bolden et al. 1986; Smith et al.
1989). The undermethylated GCG trinucleotides that
we find are surrounded by several G/C base pairs and,
thus, are very G + C-rich sites. It has been proposed
that DNA methyltransferase acts by “‘opening” the
DNA helix (Adams and Burdon 1985), consistent with a
bias against G/C-rich target sequences (Carotti et al.
1989).

Factors bind selectively to Xa

We have identified in vivo eight different footprints in
the CpG island of PGK-1 on Xa, suggesting binding of
sequence-specific proteins. No footprints are seen on Xi
in hybrids and female cells. This result emphasizes that
the mere presence of a transcription factor in the cell
does not necessarily mean that it actually binds to its
recognition sequence in vivo (see also Becker et al. 1987;
Mueller and Wold 1989). By sequence analysis, the in-
vestigated region has five potential binding sites for
transcription factor Spl. Three of these sites show a
footprint in all cell types that contain an Xa (footprints I,
II, and VI; Fig. 9). One footprint at —360 (footprint VIII}
is seen only in HeLa cells, and one Spl consensus se-
quence at —30 is not protected at all in any cell type,
indicating that potential Spl-binding sites can be selec-
tively occupied in vivo. Earlier work using in vitro foot-
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printing and HeLa cell extracts (Yang et al. 1988) re-
vealed, for the Spl consensus sequences, only the —360
footprint. Another protected region observed in the in
vitro study and centered at position — 130 is also seen in
vivo (footprints III and IV); however, the most promi-
nent reactivity differences are seen at the left-most
boundary (—140 to —155). The region of footprint IV
shows a significant homology to a high-affinity NF1-
binding site (Nilsson et al. 1989). Two guanosines of the
CCAAT element at position —108 are also protected
(footprint III). The PGK-1 promoter contains no TATA
box, and the region near the transcription initiation sites
shows no obvious sequence-specific protein—-DNA in-
teractions detectable by in vivo DMS footprinting. Be-
cause a consensus sequence for HIP1 (Means and
Farnham 1990) is at the transcription start point of
PGK-1, it should be noted that our in vivo DMS studies
have not revealed a footprint for HIP1. This new factor
has been proposed to be a general factor for G + C-rich
promoters and to bind near the transcription start point
(Means and Farnham 1990). Footprint VII, which spans
only a few nucleotides, contains a consensus sequence
(CGTCA) for the transcription factor ATF (Lee et al.
1989). Footprint V, which is seen only in lymphocytes,
shows no obvious sequence similarity to any known
binding sequences of transcription regulatory proteins.
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Figure 10. In vivo DMS footprinting of Xa and Xi DNA ana-
lyzed with primer set J. This region contains a lymphocyte-spe-
cific in vivo footprint (footprint V, Fig. 9; nucleotide position
—210 to —230). Because there is partial methylation at some
Hhal sites (see Fig. 5), primer set J analyzes only those mole-
cules from Xi in female DNA that are completely methylated at
the relevant sites. Hyperreactive sites are indicated by solid
rectangles; protected guanosines are shown by open rectangles.
A hyperreactive site on Xi is also seen. Lanes 1-3 are se-
quencing controls (C, T + C, G + A). Naked DNA controls are
in lanes 4, 18 (HeLa cell DNA), 10 (X86T2 cells), and 11 (Y162-
11C cells). (Lane 5) In vivo DMS-treated samples were obtained
from HeLa cells; (lanes 6 and 7) hybrids containing human Xa;
(lanes 8 and 9) hybrids containing human Xi; (lanes 12 and 13)
male lymphyocytes; (lanes 14 and 15) female lymphocytes after
Hhal cleavage; (lane 16) male lymphocytes after Hhal cleavage;
and (lane 17) female lymphocytes without Hhal cleavage.

GENES & DEVELOPMENT 1283



Downloaded from genesdev.cship.org on August 25, 2010 - Published by Cold Spring Harbor Laboratory Press

Pfeifer et al.

Six of the eight sequences of human PGK-1 identified
by the presence of in vivo footprints (I, II, III, IV, VI, and
VII) show a high degree of homology to mouse sequences
that are similarly spaced in the promoter of mouse
PGK-1 (Adra et al. 1987). Also of significance is that the
same in vivo footprint patterns are seen in human cells
and in hamster—human hybrid cells, suggesting again,
as for methylation, a high degree of evolutionary conser-
vation.

Heterochromatin structure and the Xi

The Xi has the cytological features and genetic silence
typical of heterochromatin, yet the Xi is of particular in-
terest because in female cells a chromosome with indis-
tinguishable base sequence (inbred mice) is maintained
euchromatic. What is the difference between euchro-
matin and facultative heterochromatin? The LMPCR
procedure, in conjunction with Hpall treatment, has al-
lowed us to compare facultative heterochromatin and
euchromatin in vivo for the first time. We find that the
DMS reactivity profile of the Xi is very similar to tor-
sion-free, protein-free DNA. The DMS reaction profile of
the PGK-1 promoter region in supercoiled plasmid DNA
is distinguishably different (G.P. Pfeifer et al., unpubl.),
and the eight protein footprints apparent on the Xa are
definitely not seen on the Xi. At first contemplation,
these results seem to be at odds with the cytologically
condensed state of the Xi. One might have expected that
the heterochromatic Xi would have, as do some satellite
DNAs (Levinger and Varshavsky 1982) and Drosophila
heterochromatin (James and Elgin 1986; Reuter et al.
1990), a unique DNA-binding factor or set of bound
factors that would give an Xi-specific footprint pattern.
However, heterochromatin has been reported to have
less nonhistone proteins than euchromatin (Comings et
al. 1977). Moreover, with an important exception that
will be discussed below, several nuclease digestion
studies on isolated nuclei have indicated that general
nuclease accessibility of the Xi is not much different
from that of the Xa and bulk chromatin (Lin and Chin-
ault 1988; Antequera et al. 1989). If nuclease accessi-
bility is a reflection of higher order chromatin structure,
these results suggest only small global differences in
structure between euchromatin and facultative het-
erochromatin.

Our studies do not yet provide much direct informa-
tion about nucleosome structure and phasing, because it
is known that the DMS reactivity profile of DNA in nu-
cleosomes is not very different from free DNA; the N7
of guanine is as solvent and (DMS) accessible in nucleo-
some DNA as in DNA free of protein (McGhee and Fel-
senfeld 1979; Wang and Becker 1988). The only differ-
ence reported is an enhanced reactivity at approximately
nucleotide 62 from the 5 end of the nucleosome
(McGhee and Felsenfeld 1979). The only feature of Xi
DNA that we observe to be significantly different from
protein-free DNA is enhanced DMS reactivity of Gs at
positions +4,5, —87, —122, 123, and —218. These sites
of enhanced reactivity could possibly be a reflection of
phased nucleosomes, but the spacing between the sites
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is not obviously consistent with this notion. Hyperreac-
tive sites could also be caused by altered DNA confor-
mation in vivo (Z-DNA, bent DNA, etc.), which could
be influenced directly or indirectly by the high level of
methylation.

We cannot rule out that methylation alone is suffi-
cient in vivo for maintenance of the inactive state. The
simplest explanation would be that transcription factors
do not bind to DNA that is completely methylated.
However, Spl binding was shown to be not methylation
sensitive or only weakly methylation sensitive in vitro
(Harrington et al. 1988; Holler et al. 1988; Ben-Hattar et
al. 1989). Meehan et al. (1989) have identified a protein
(MeCP) that binds preferentially to clusters of 15 or
more methylated CpGs. MeCP binding at methylated
CCGG sites inhibits the action of Mspl, a methylation-
insensitive restriction endonuclease. Studies on isolated
nuclei by Hansen et al. (1988) have shown that the
methylated human PGK-1 promoter on the Xi is >100-
fold less sensitive to Mspl digestion than the same un-
methylated region is on the Xa. Antequera et al. {1989)
obtained similar results for mouse HPRT. Thus, this
line of evidence indicates that the methylated PGK-1 is-
land on the Xi should bind MeCP, but we observe no
protein footprints in vivo. Because MeCP is not se-
quence-specific, one possible explanation for this result
might have been tight but random binding of MeCP.
Present evidence, however, is against random, tight in-
teractions. Tight binding should give a strongly de-
creased DMS reactivity throughout the methylated CpG
island, but this is not seen. MeCP requires 15 CpGs for
binding; thus, interactions at each site are likely to be
weak. Like histones, MeCP binding may not greatly af-
fect DMS accessibility to guanine N7 in the major
groove of the DNA helix.

Our current working hypothesis continues to be that
the methylated PGK-1 island on the Xi is packaged in
nucleosomes associated with MeCP, as suggested by
Meehan et al. (1989). This packaging would preclude the
binding of transcription factors, including Spl. Studies
with agents other than DMS, such as DNases that probe
nucleosomal structure, will be required to test this
model. Because random binding is rather likely, these
studies will need to be quantitative, measuring, for ex-
ample, band intensities above and below Hpall sites as
we were able to do here for DMS studies.

How is the methylation difference between
Xa and Xi maintained!

Our results dramatically illustrate that in human—ham-
ster cell lines, all of the 120 potentially methylatable
sites in the CpG island of PGK-1 are maintained without
apparent methylation on the Xa. We believe that 10%
methylation would have been detectable at most sites.
In a separate study, LMPCR was used to focus on the
methylation of certain Hpall and Narl sites (positions
+23 and —343) (Steigerwald et al. 1990). In that study,
which used restriction-cut fragments to obtain methyl-
ation information, the experiment was designed to give
a positive signal from a methylated site (longer frag-
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ment), as well as from an unmethylated site (shorter
fragment).

These experiments showed no detectable methylation
on Xa and no detectable undermethylation on the Xi,
and it was concluded that the methylation differential
was >50-fold. There has not been selection for PGK-1
activity in the cell lines used for this study, yet two al-
ternate states of the CpG island (fully unmethylated, or
fully methylated) have been stably maintained for >30
cell generations since the last cell cloning, even in a het-
erologous hamster—human system. How is this accom-
plished? High cooperativity is often invoked to explain
the low abundance of intermediate states, in this case,
the absence of partially methylated islands. Coopera-
tivity may be part of the story, but patchwork methyl-
ation can be observed on the Xi in clones derived from
azacytidine-treated cells (G.P. Pfeifer, S.D. Steigerwald,
R.S. Hansen, S.M. Gartler, and A.D. Riggs, unpubl.);
thus, cooperativity seems limited. In addition, simple
cooperativity seems inadequate for long-term stability
such as is seen for X inactivation. The reasons are at
least twofold. First, on the Xa, occasional de novo meth-
ylation events in a population of cells should cause a
drift toward methylation, especially because gene si-
lencing and de novo methylation at Hpall sites at auto-
somal CpG islands does occur in tissue culture (Renzo et
al. 1989; Jones et al. 1990). Second, in a growing popula-
tion, failure to maintain a methylated site with 100%
efficiency results in dilution and eventual complete loss
of the methylated site, unless dilution is counteracted
by significant de novo methylation. Rather than relying
on perfect maintenance efficiency, a more dynamic
system with an error-correction mechanism seems more
likely. Whatever the complete mechanism, one compo-
nent could be that the proteins (large protein complex?)
observed on the Xa are crucially involved in keeping this
region methylation free by inhibiting both de novo and
maintenance activity of DNA methyltransferase, which
is a bulky 190-kD protein (Pfeifer and Drahovsky 1986).

Methods
Cells and cell lines

Chinese hamster hybrid cells containing either a human Xa
{Y162-11C) or Xi (X86T2) (Hansen et al. 1988) were kindly pro-
vided by R.S. Hansen and S.M. Gartler {Seattle, WA). HeLa cells
were strain S315 obtained from G. Attardi (Pasadena, CA).
Human lymphocytes were obtained from heparinized blood of
healthy donors by centrifugation on Histopaque (Sigma) gra-
dients.

In vivo footprinting

In vivo DMS footprinting was performed on cultured cells
(5 X 10to 5 x 107) by replacing the culture medium with me-
dium containing 10% fetal calf serum and 0.1% DMS (freshly
prepared) and incubating at room temperature for 5 min. Other
concentrations of DMS and various incubation times have re-
vealed the same footprints. The DMS-containing medium was
quickly removed, and cells were washed with medium without
DMS and detached by trypsin treatment. The cell suspension
was diluted 10-fold by adding ice-cold phosphate-buffered sa-
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line (PBS), and cells were collected by centrifugation. Lympho-
cytes were resuspended in RPMI medium containing 5% fetal
calf serum; DMS was added to a final concentration of 0.1%,
and cells were incubated for 10 min at room temperature. The
reaction was quenched by adding a 10-fold volume of ice-cold
PBS followed by centrifugation. After washing with ice-cold
PBS, nuclei were prepared (Wijnholds et al. 1988), and DNA was
purified [300 pg/ml proteinase K, 20 mm Tris-HCl (pH 8), 20
mM NaCl, 20 mm EDTA, 1% SDS for 3 hr at 37°C]. After
phenol/chloroform extraction, the DNA was precipitated in
ethanol and redissolved in 10 mm Tris-HCI (pH 7.8), 1 mm
EDTA. The viscosity of the DNA solution was reduced by di-
gestion with EcoRI, which does not cut within the region to be
analyzed. After restriction digestion, DNA was extracted once
with phenol/chloroform and ethanol-precipitated. The DNA
was dissolved in 1 M piperidine (Sigma), and the strand scission
reaction was performed in sealed tubes at 95°C for 30 min. The
fragments were precipitated in 0.3 M sodium acetate with 2.5
volumes of ethanol at — 70°C. After centrifugation, pellets were
washed twice in 80% ethanol. Residual traces of piperidine
were removed by drying the sample overnight in a Speedvac
concentrator. At this stage, it is usually useful to analyze the
DNA on an agarose gel. For optimum molecule usage, the
average fragment size length should be <500 nucletoides. If this
is not the case, the in vivo DMS treatment has been relatively
inefficient, and more DNA has to be used as starting material
in the Sequenase reaction (see below). To obtain similar band
intensities in individual lanes of the sequencing gel, approxi-
mately equal amounts of DNA (1-3 pg as estimated from the
gel] were processed for the Sequenase reaction, as described
below. Reducing this amount of DNA may result in occasional
missing of certain bands, and this could be mistaken as a foot-
print (Mueller and Wold 1989; Pfeifer et al. 1989).

Base-specific DNA cleavage

Between 10 and 50 pg DNA, prepared as above, was used per
base-specific reaction. This amount is sufficient for analysis
with at least 10 different primer sets. For analysis of cytosine
methylation, DNA was cleaved with hydrazine in the presence
of 1.5 M NaCl (Maxam and Gilbert 1980). Hydrazine cleavage of
30 pg genomic DNA for 20 min at 20°C resulted in an average
fragment size of 100-200 nucleotides. DNA was piperidine-
cleaved and precipitated as described above for in vivo foot-
printing. For the methylation studies, cloned DNA was used as
an unmethylated control. Plasmid pSPT19.1, which contains
the PGK-1 5’ region (Singer-Sam et al. 1984), was linearized
with EcoRI and diluted to the single-copy level, with Micro-
coccus luteus DNA as a carrier. G, G + A, T + C, and C reac-
tions were performed on HeLa DNA, and these were included
on the sequencing and footprinting gels to provide position
markers.

LMPCR

Gene-specific oligonucleotide primers were annealed to the
piperidine-cleaved DNA fragments and extended to blunt ends
by using Sequenase as described (Pfeifer et al. 1989). A complete
protocol for LMPCR-aided genomic sequencing is available
upon request. The following oligonucleotide primer sets (see
Fig. 1) were used for the Sequenase reaction (primers 1) and
PCR amplification (primers 2): For sequencing the lower strand,
we wused primer set A (primer Al, 5'-AAGTCGG-
GAAGGTTCCTT, primer A2, 5-AAGGTTCCTTGC-
GGTTCGCGGCG, nucleotides —238 to —208), primer set
C (primer C1, 5'-ATTCCAGGGGTTGGGGT, primer C2, 5'-
GGGTTGGGGTTGCGCCTTTTCCAA, nucleotides —436 to
—406), primer set E (primer El, 5-TGTGGCCAA-
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TAGCGGCT, primer E2, 5-AATAGCGGCTGCTCAG-
CAGGGCG, nucleotides —112 to —83), primer set G (primer
Gl, ©5-TCACGTCCGTTCGCAGC, primer G2, 5'-
CCGTTCGCAGCGTCACCCGGATC); for sequencing the
upper strand, we used primer set D (primer DI, 5'-
TTTGTCACGTCCGGCAC, primer D2, 5'-ACGCCGC-
GAACCGCAAGGAACCT, nucleotides —192 to -229),
primer set F (primer F1, 5'-CGTCCAGCTTGTCCAGC, primer
F2, 5'-TCCAGCGTCAGCTTGTTAGAAAGCG, nucleotides
+134 to +99), primer set H (primer H1, 5-CCGGAGGCTTG-
CAGAAT, primer H2, 5-GCTTGCAGAATGCGGAA-
CACCGCQG, nucleotides +25 to —5), and primer set ] (primer
J1, 5'-GCGGTCGGCGCGCTG, primer J2, 5'-CATCGCGG-
TCGGCGCGCTGCCA, nucleotides —120 to —137). Ligation
of the oligonucleotide linker to the blunt-ended primer-ex-
tended molecules was done as described (Mueller and Wold
1989). After precipitation of the DNA, PGK-1-specific frag-
ments were amplified with Taq polymerase by using the longer
oligonucleotide of the linker and primers 2 as described (Pfeifer
et al. 1989). Seventeen to 18 amplification cycles were per-
formed. After amplification and precipitation of the DNA, the
fragments were separated on sequencing gels (50 x 0.04 cm for
footprinting; 95 x 0.04 cm for 5-methylcytosine determina-
tion). The sequences were visualized by autoradiography after
electroblotting to nylon membranes and hybridization with a
single-stranded probe (Pfeifer et al. 1989). These hybridization
probes did not overlap with the sequence of the primers used
for PCR amplification. Primer sets D and F, and G and E, re-
spectively, were included simultaneously in primer extension
and amplification reactions. The sequence ladders for the indi-
vidual primers were then visualized separately by rehybridiza-
tion of the nylon membrane (Pfeifer et al. 1989).
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