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ABSTRACT

Methylated DNA-binding protein (MDBP) from human placenta recognizes
specific DNA sequences containing 5-methylcytosine (m5C) residues. Comparisons
of binding of various prokaryotic DNAs to MDBP indicate that m CpG is present
in the recognition sites for this protein but is only part of the recognition
sequence. Specific binding to MDBP was observed for_ bacteriophage XP12 DNA,
which naturally contains "“1/3 of its residues as mSC, and for Micrococcus
luteus DNA, M13mp8 replicative form (RF) DNA, and pBR322 when these three DNAs
were methylated at CpG sites by human DNA methyltransferase. Five DNA regions
binding to MDBP have been localized by DNase I footprinting or restriction
mapping in methylated pBR322 and M13mp8 RF DNAs. A comparison of their sequen-
ces reveals a common 5'-m°CGRm>CG~3' element or closely related sequence in
which one of the m>C residues may be replaced by a T. In addition to this
motif, one upstream and one downstream mSCpG as well as other common residues
over an “20-bp long region may be recognized by MDBP.

INTRODUCTION

Vertebrate DNA methylation 1is largely confined to CpG sites (1-5).
However, the distribution of mSCpG (mSC, S5-methylcytosine) sites as compared
to CpG sites is complicated. There are tissue-specific differences in the
locations of mSCpG sites as well as large variations in the levels of genomic
% (1,6,7). Because of the complexity of DNA methylation patterns, it has
been difficult to clarify the roles of DNA methylation in cellular control
mechanisms despite much evidence linking methylation of certain DNA sites to
negative control of transcription (8-17).

The methylated DNA-binding protein (MDBP) which we isolated from human
placental nuclei (18) provides the first example of a possible mediator of the
effects of DNA methylation on macromolecular synthesis. This protein binds
prefei‘entially to human DNA or bacteriophage M13 replicative form (RF) DNA
when these DNAs are substituted with m5dCTP by nick translation or primer
extension, respectively (18). Furthermore, phage XP12 DNA, which naturally
contains “1/3 of its total residues as m°C (19,20), is an even better ligand
for MDBP (18).
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MDBP recognizes with high affinity a particular site in pBR322 when that
site is methylated at its CpG residues (21) by human DNA methyltransferase
(hDMT) (22). We show in this report that MDBP binds with different affinities
to various related, mSCpG-containing DNA sequences in methylated pBR322 and
M13mp8 RF DNAs. Correspondingly, the ability of DNAs with higher sequence
complexity to bind to MDBP after incorporation of m%dCTP residues depends upon
their CpG dinucleotide frequencies, which indicates the importance of the
mammalian pattern of in vivo-like DNA methylation (m5CpG sites) for MDBP

recognition.

MATERIALS AND METHODS
MDBP and DNA methyltransferases. The procedure for isolating MDBP and hDMT

from placenta was as previously described (21). Unless otherwise specified,
the DEAE-cellulose peak fractions were used. To achieve a high degree of
methylation of the DNA ligands used in this study, the peak fractions of hDMT
from the DEAE-Sepharose CL-6B column were pooled, concentrated (to "“20 main-
tenance units per microliter) and desalted (21,22). Usually 400 units of
enzyme were incubated with 1 ug of DNA (21). Hhal and Hpall methylases were
from New England Biolabs and other enzymes from Bethesda Research Laboratories
or International Biotechnologies, Inc.

Preparation of DNA ligands for MDBP binding assays. To prepare radiolabeled
m3C-rich DNAs by nick translation, phage DNAs (A, N7 and XP12), Micrococcus

luteus DNA, and human placental DNA were pre-nicked with DNase I (22), ex-
tracted, precipitated, and 2.5 ug of DNA dissolved in 100 ul containing 5
units of E. coli DNA polymerase I, 50 ug/ml of bovine serum albumin (BSA;
USBC, RIA grade), 1 mM dithiothreitol, 66 mM Tris-HC1l, pH 7.5, 5 mM MgCl2 and
40 M each of mJdCTP, dGTP and dATP plus 20 M 3H-dTTP or 32p-dTTP
(V40 Ci/mmole). After incubation for 4 h at 14°C, the DNA was treated with
nuclease S1 and purified (18). Only DNA preparations with similar molecular-
weight distributions were compared. In the case of M. luteus DNA, various
ratios of m>dCTP to dCTP were used during in vitro DNA synthesis.

Plasmid pRW751 DNA (23) was methylated with 5 units of Hhal methylase per
Hg of DNA under standard conditions. The product, which was completely resis-
tant to Hhal, was digested with Taql and labeled at the 3' ends with [6-32P]-
dCTP (21).

End-labeled XP12 DNA was prepared by digesting 1 ug of DNA with 10 units
of MboI (24) followed by addition of dGTP, dTTP, [0~32P]dATP, and the Klenow
fragment (25). After incubation at 25°C for 30 min and then incubation at 37°C
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for 1 h with 25 mM EDTA and 100 ug/ml of proteinase K, the DNA was extracted
with organic solvents and precipitated with ethanol.

To obtain preparative amounts of methylated MDBP-specific fragments of
PBR322 or Ml3mp8 RF sequences, these DNAs were digested as follows. From
HinfI-cleaved pBR322 DNA (200 ug), the 298-bp fragment containing pB site 1
and the 1632-bp fragment containing pB site 2 were isolated by electrophoresis
on a 57 polyacrylamide gel. To further localize pB site 2, a 603-bp/517-bp
doublet band was isolated from HinfI/HindIII-digested pBR322. This doublet was
digested with BamHI and the 346-bp subfragment isolated on a 7.5% polyacryla-
mide gel. MI13 sites 1, 2, and 3 were isolated from M13mp7-8 RF DNA, an M13-
human B-globin recombinant (probe F; 26). This RF was digested with HinfI and
the 445-, 573-, and 348-bp fragments containing M13 sites 1, 2 and 3, respec-
tively, were purified from a 57 polyacrylamide gél. These fragments were
radiolabeled by 3' end-filling as for XP12 DNA. Methylation was catalyzed by
hDMT using 1 ug of the 346~ or 298-bp fragment of pBR322 as a substrate or 8
ug of the M13mp7-B RF prior to restriction.

Assay of MDBP activity. Total protein was quantitated by the assay of Bradford

(27) with BSA as a standard. One of the two assays used for MDBP activity was
the nitrocellulose filter-binding assay (18, 28). Reaction mixtures were
filtered as previously described (18) through nitrocellulose membranes
(Schleicher and Schuell, BA85; 25 mm in diameter, 0.45 pm pore size) which had
been previously soaked in 0.3 M NaOH for 15 min, washed five times with water,
rinsed twice with 10 mM Tris-HC1, pH 8.0, 1 mM EDTA, and then with water, and
finally soaked in the binding buffer (20 mM Tris-HCl, pH 7.6, 40 mM NaCl, 0.2
mM EDTA, 3 mM MgClz). The binding reaction mixture usually contained the above
buffer plus MDBP, 40 ug/ml BSA, and two differentially radiolabeled DNA
ligands (2-10 ng, 4-10 x 10% cpm/ug), for example, 32P-labeled XP12 and
®H-labeled M. luteus DNAs.

The second MDBP assay, the fragment selection assay, was used for ana-
lyzing the relative extent of retention of various methylated DNA fragments
and was performed essentially according to the previously described methods
(21). In brief, the radiolabeled restricted DNA ("“10-20 ng ~107 cpm/ug) was
incubated with MDBP for 15 min as in the above assay. After nitrocellulose
filtration, the DNA-MDBP complexes were eluted from the nitrocellulose filter
and dissociated at 37°C for 16 h in the presence of 0.2%7 sodium dodecyl
sulfate. The eluted DNA fragments were subjected to polyacrylamide gel elec-
trophoresis and autoradiography to determine which fragments had been enriched
by binding to MDBP. One unit of methylated pBR322-binding activity is defined
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as the amount of MDBP that binds 1 fmol of the 298-bp Hinfl fragment of
32p_labeled, hDMT-methylated pBR322 in 15 min. This was determined after 10
min of preincubation with 800 ng of MboI-digested M. luteus DNA in the above
buffer followed by addition of a 3' end-labeled HinfI/HindIII digest of
the methylated pBR322 (2907 of CpG dinucleotides methylated). Specific
retention of the radiolabeled, methylated 298-bp fragment was quantitated
after filtration, dissociation of DNA-protein complexes, gel electrophoresis,
and autoradiography by measuring Cerenkov radiation in the corresponding DNA
band cut out of the electrophoresis gel. The minor amount of the analogous
nonmethylated 298-bp fragment that was retained after the same treatment was
subtracted to account for nonspecific binding activity. Unlike the filter-
binding assay, this assay allows quantitation of MDBP activity in the crude
nuclear extract and was also used on pooled chromatography fractions. However,
for routine quantitation of stock samples of partially purified MDBP and for
assay of multiple individual fractions from column chromatography or sedimen-
tation analyses, the more rapid nitrocellulose-filter binding assay was used.
With this assay, one unit of XP12 DNA-binding activity is defined as the
amount of MDBP which binds 10 ng of 3H-labeled, nick-translated XP12 DNA
(v2-10 kb) in the presence of 100 ng of unlabeled M. luteus DNA. One unit of
XP12 DNA-binding activity contains a similar amount of partially purified MDBP
as one unit of pBR322-binding activity.

RESULTS
Characterization of MDBP
MDBP was partially purified by extraction of nuclei with 0.3 M NaCl, and

chromatography on phosphocellulose, hydroxyapatite, and DEAE-cellulose as
previously described (18). The MDBP activity was determined by the fragment
selection assay, a specific and highly sensitive assay for sequence-specific
DNA-binding proteins. The increase in specific activity and the yield of MDBP
activity are given in Table 1. Several fold higher yields are obtained when
BSA is added to the pooled hydroxyapatite fractions to a final concentration
of 150 pg/ml before the DEAE-cellulose chromatography. Glycerol gradient
sedimentation of the partially purified peak fractions of MDBP from the
hydroxyapatite column gave a major peak of MDBP activity with an 520’w of 6.1,
which only partially overlapped the main protein peak and the main peak of
nonspecific DNA-binding activity (data not shown). In addition, in some
samples, a second minor peak of MDBP activity was observed with an SZO,w of
9.5. This might represent a dimerized form of the protein in the main peak of
MDBP activity.
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Table 1, Partial purification of human placental MDBP

Total Total

Purificgtion protein activitg Specific activity Recovery

step (mg) (units) (units/mg protein) (¢3)
0.3 M NaCl 96 5,300 55 100

extract

Phosphocellulose 10 1,800 180 33
Hydroxyapatite 0.47 520 1,100 10
IDEAE-cellulose 0.016 110 6,900 2

a For this isolation, 470 g of placenta was used. The 0.3 M NaCl extract
is the crude extract obtained after ultracentrifugation (18). The phos-
phocellulose fraction is the pooled fractions assayed after dialysis.
During purification, BSA was not added to stabilize MDBP activity in the
last steps because of the specific activity measurements.

The units of activity are based on the fragment selection assay with
32p_1abeled HindIII/HinfI-digested, hDMT-methylated pBR322 as defined in
Materials and Methods

To investigate various factors which can influence the binding specifi-
city of MDBP, we employed a nitrocellulose filter-binding assay in a double-
label experiment with the following ligands: nick-translated, 32P-labeled,
m3C-rich XP12 DNA (34 molZ mSC; 19,20) and 3H-labeled, mSC-deficient, human
placental DNA (normally 0.76 molZ m>C but depleted to 0.5 molZ mc by exten-
sive nick translation with dCTP rather than mstTP; 29). The effect of pH on
MDBP activity was determined at pH 6.6-8.8 in buffers containing 3 mM MgClz,
25 mM NaCl, 0.2 mM EDTA and 20 ug/ml of BSA. The ratio of m3C-rich DNA to
m5C-deficient DNA bound by MDBP was "6 at pH 6.6-6.8, and increased to V16 at
pH 7.5-8.0. This ratio dropped to 4 at pH 8.8. At pH 7.6, the optimal concen-
tration of NaCl in the reaction buffer for MDBP activity was 25-50 mM. At 100
mM NaCl, although the binding ratio was slightly increased (%19, compared to
~16 af 25 mM NaCl), the extent of DNA-binding activity was only 7357 of that
at 25 mM NaCl. The binding specificity of MDBP was significantly decreased in
the absence of MgClZ. The optimal concentration of MgCl2 was 3 mM and the
MgCl2 could be replaced by CaClz. The half-1life of MDBP-XP12 DNA complexes was
~v2 h at 25°C in 10 mM sodium phosphate, pH 7.4, 3 mM MgClz, 50 mM NaCl,
0.25 mM EDTA and 50 ug/ml BSA., This was determined by addition of a 20-fold
excess of unlabeled XP12 DNA after the standard 15-min incubation followed by
removal of aliquots at 10-20 min intervals for filtration through nitrocellu-

lose membranes (30).
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Table 2. Binding of MDBP to m3C-enriched DNAs with different m5CpG contents
obtained by nick translation in the presence of m>dCTP.

7 of 7 of Relative
mSC—substituteg basesb dinucleotiges retentian
3H-1abeled DNA' as m3¢C as mSCpG by MDBP
Placenta 11 0.9 1.0
M. luteus 2.6 1.0 1.0
M. luteus 4.0 1.5 1.3
M. luteus 6.5 2,5 1.8
M. luteus 13 5.1 5.8
XP12 34 12 11
A 11 2.9 2.5
N7 15 5.3 0.8

2 A11 DNAs were prepared by nick translation as described in Materials and
Methods. The extent of replacement of nucleotides by in vitro DNA syn-
thesis was as follows: human placental DNA, 517; M. luteus DNA, 34-377;
XP12 DNA, 327; X DNA, 42%; N7 DNA, 417. The sizes of these DNAs after
nuclease Sl treatment were in the range of 1-7 kb.

For XP12 DNA, the molZ m5C in the DNA was used because the m>C content was
not changed by in vitro DNA synthesis in the presence of m5dCTP, dGTP,
dATP, and dTTP. The data for the other samples were obtained from the
following calculation: the percentage replacement of nucleotides during
in vitro DNA synthesis multiplied by the molZ C in the DNA and, in the
case of M. luteus DNA, by the percentage m5dCTP divided by m>dCTP plus

dCTP in the polymerization mixture.

Values were obtained from the 7 of CpG dinucleotides in the DNA multiplied
by the molZ m5C divided by the molZ C plus m3C. For A and M. luteus DNAs,
the CpG dinucleotide frequencies are 0.069 and 0.139, respectively (41).
For N7 and XP12 DNA, the CpG dinucleotide frequency was assumed to be the
product of their molZ C and their molZ G.

Percentage of °H-labeled DNA bound divided by the percentage of competing
m3C-substituted, 32P-labeled human placental DNA bound by MDBP using
approximately equimolar amounts of both DNAs. Binding was measured by the
standard filter-binding assay.

Recognition of m5CpG—containing sequences by MDBP

We compared the binding of MDBP to DNA in which essentially all the C
residues are 5-methylated and to DNA with methylation confined to CpG sites.
M. luteus DNA (36 mol% C, 0.3 molZ m3C) was partially methylated with hDMT so
that it contained 6% of its bases as m°C and most or all of this m>C in CpG

sequences (21,22). It competed for binding to nick-translated, radiolabeled
XP12 DNA in the nitrocellulose filter-binding assay almost half as well as did
an excess of unlabeled XP12 DNA (data not shown), which has 34 molZ mSC.
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That retention of DNA by MDBP depends more on the concentration of mSCpG
sites than on the level of total m°C residues was also seen in comparisons of
DNA ligands extensively nick-translated in the presence of m3dCTP and dCTP in
various ratios (Table 2). After nick translation under comparable conditionms,
the concentration of mSCpG dinucleotide sequences in human DNA was much less
than in M. luteus DNA because of the "“4-fold underrepresentation of CpG
sequences in mammalian DNA (1) and the higher (A + T) content of human DNA (58
vs. 28 molZ; 29). The relative binding of these DNAs indicated that the m3CpG
content correlated much better than the total m°C content with the ability of
the DNAs to be retained by MDBP (Table 2). However, m>C-substituted N7 phage
DNA was retained pcorly by MDBP (Table 2) despite a moderately high concentra-
tion of mSCpG-sequences. This DNA has a genome that is in the size range of
that of A phage (31) and can be methylated just as efficiently as M. luteus
DNA by hDMT. The poor recognition of N7 DNA extensively substituted with m3C
residues is probably due to its not having the necessary sequences neighboring
CpG sites (21).

We have also tested pRW751, a derivative of pBR322 containing a (CpG)16
and a (CpG)13 sequence (23), for MDBP binding. After methylation with Hhal
methylase, restriction and end-labeling, selective retention of DNA fragments
by MDBP was analyzed as described below. Little or no specific binding to MDBP
was found for any of the restriction fragments from this Hhal-methylated DNA
although it contained two runs of mSCpG. Similarly, when M. luteus DNA was
exhaustively methylated with both Hpall methylase and Hhal methylase, so that
n37 of its bases were m>C residues at CpG sites (CCGG and GCGC), it did not
exhibit specific binding by MDBP presumably because the CpG-containing sequen-
ces recognized by the protein were not methylated by these enzymes.

Recognition of specific methylated restriction fragments by MDBP

We next examined the binding of restriction fragments of naturally
m3C-rich XP12 DNA to determine whether some were bound by MDBP better than
others in the fragment selection assay. For this assay, XP12 DNA was cleaved
by MboI, one of a very small number of restriction endonucleases able to
hydrolyze DNA which is fully methylated at C residues (24). After 32P end-
labeling, the Mbol fragments of XP12 DNA were incubated with MDBP and filtered
through a nitrocellulose membrane. The retained fragments were dissociated
from the DNA°*MDBP complexes and eluted from the membrane. They were then
analyzed by polyacrylamide gel electrophoresis followed by autoradiography.
Preferential retention of certain groups of DNA fragments by MDBP was observed
(32 and data not shown).
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Table 3. Restriction mapping of the MDBP-gpecific pB site 2 in CpG-methylated 1;131?;322a

Sizes of hDMT-methylateg Sizes of hDMT-methylated
Type of digest fragments binding MDBP fragments not binding MpBP®
Enzyme(s)  Substrate (bp) (bp)
HindII1/ PBR322 2 632 1029, 506, 396, 344
HinfI 603 = 221, 220, 154, 75
170 387 d
MspI 1632-bp HinfI 6227, 242, 122, 110
fragment 3 99, 85, 67, 35
MspI 346-bp HindIII- 170 375 _ -—
BamHI fragmente 205
HaeIII  205-bp MspI- 296 375 -
_ BamHI fragment 79
TaqI 205-bp MspI- 339 375 ---
BamHI fragment 37

2 The hDMT-treated DNA contained 80Z of its CpG sites methylated. It was restricted with
the indicated enzymes and then the 603-bp and 217-bp fragments were identified as
containing MDBP sites by the fragment selection assay described in Materials and
Methods. Analysis of the singly end-labeled MspI/BamHI, HaeIII/BamHI, and T_gI?BamHI
fragments was by the nitrocellulose filter-binding assay as 18 described in Materials and
Methods and Results.

The lines represent the MDBP-specific restriction fragments; these bound preferentially
to MDBP only when methylated. The numbers above the lines refer to the standard map
position (35,42) of the 5' base of the indicated restriction recognition sites. The
numbers below the line give the distance between the two designated restriction sites,
which is approximately equal to the number of base pairs in each fragment. In the case
of the Taql/BamHI fragment, the exact number of base pairs in the double-stranded
region is indicated; this fragment had a 2-base overhang at one 5'-end and a l-base
overhang at the other due to partial end-filling. The radiolabeled end of each fragment
is indicated by an asterisk. The first enzyme named in a double digest cut the intact
DNA at the restriction site shown at the left side of the fragment and the second one
cut at the restriction site on the right.

The radiolabeled DNA fragments which did not bind preferentially to MDBP in the frag-
ment selection assay (exhibiting background amounts of binding or no detectable bind-
ing) and which did not coelectrophorese with MDBP-binding fragments are listed.

The 622-bp Mspl fragment (derived from the 1632-bp HinfI fragment; positions 3902-161)
showed weak binding which is partly attributable to its relatively large size that
gives it proportionately more nonspecific binding (Fig. 1).

The 205-bp Mspl/BamHI fragment was radiolabeled only at its BamHI terminus because it
was derived from a 346-bp HindIII/BamHI fragment (positions 29-375) that had been
radiolabeled at both ends. The radiolabeling was by partial end-filling in the
presence of dGTP, dTTP, and [32P]dATP which generated, on the right end in the above
scheme, a double-stranded region through position 378.

We had already detected one MDBP-specific site in pBR322 (21), a much
smaller DNA molecule than XP12 DNA (33) and, unlike XP12 DNA, of known
sequence. In that study, pBR322 was singly digested with HinfI after enrich-
ment for m°C residues by in vitro methylation catalyzed by hDMT (22). In the
present study the plasmid was similarly methylated to give 7% of the bases as
m5C (v90% of CpG sites methylated) and then digested with HindIII and HinfI.
Two end-labeled DNA fragments were observed to bind specifically to MDBP. In
addition to the previously described 298-bp HinfI fragment (21), one methyl-

9850



Nucleic Acids Research

s < 5w W

wonsnrom 1632

- —-622
- 506

—
—

-

; \ — —242
R [ e -——217

w——154
hoad s
s il
s S

Fig. 1. Localizing pB site 2, a moderate affinity MDBP site in pBR322,
Retention by MDBP of methylated subfragments from the 1632-bp fragment of
HinfI-digested pBR322. The purified 1632-bp Hinfl fragment was methylated,
digested with Mspl and end-labeled with [a—szﬁidCTP. This DNA had ~80% of
its CpG sites methylated as determined by incorporation of methyl groups
from [3H-methyl]S-adenosylmethionine (AdoMet) and confirmed by digestion
with Hpall, Hhal, and Thal (22, 39). Approximately 15 ng (%5 x 105 cpm) of
the DNA fragments was incubated with 0.6 units of MDBP in the presence of 30
ng each of double-stranded and single-stranded, HinfI-digested, unlabeled X
DNA and then the nitrocellulose membrane-bound DNA was eluted and dissoci-
ated from protein. All the MDBP-retained DNA fragments eluted from a single
nitrocellulose filter were electrophoresed in a 97 polyacrylamide gel and
autoradiographed. The units of MDBP in this and subsequent figures refer to
XP12 DNA-binding units as determined by the filter-binding assay. Lanes 1-3,
methylated DNA; lanes 4-6, DNA treated with hDMT in the absence of AdoMet
(mock-methylated DNA). Lanes 1 & 6, “1 ng of input DNA without incubation
with proteins or passage through a nitrocellulose filter; lanes 2 & 3, DNA
fragments retained by two different fractions of MDBP from the DEAE-cellu-
lose column; lanes 4 & 5, analogous to lanes 2 & 3 except with unmethylated
DNA. M, HinfI-digested pBR322 DNA serving as markers. In this and subse-
quent figures, the lanes with a dot on top contained methylated DNA frag-
ments that were retained by MDBP.
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ated, 603-bp HindIII/Hinfl fragment was preferentially retained by MDBP in a
methylation-dependent manner (Table 3). This DNA sequence is present in the
1632-bp fragment of HinfI-digested pBR322 DNA examined in the previous study
(21). The apparent lack of much methylation-dependent binding of that fragment
in the previous experiment may have been partially due to the presence of more
nonspecific DNA-binding proteins in the earlier preparation of MDBP. Non-
specific DNA-binding proteins have a greater chance to bind to larger sized
DNA fragments thereby obscuring MDBP binding to those fragments. Furthermore,
MDBP binding to the methylated 1632-bp fragment or the 603-bp sutiragment is
weaker than to the methylated 298-bp fragment.

We localized this second MDBP binding site of pBR322 by restriction
mapping to a 217-bp MspI fragment (Fig. 1) and finally to a 37-bp TaqI/BamHI
fragment (Table 3). Restriction mapping was used rather than DNase I foot-
printing because the weaker binding of MDBP to this second site compared to
the first site made footprinting more difficult. Also, by doing restriction
mapping we could determine the frequency of occurrence of MDBP sites in these
genomes as well as which fragments do not contain MDBP binding sites. In
parallel nitrocellulose filter-binding assays with MDBP, approximately eight
times more of the methylated, single end-labeled 37-bp TaqI/BamHI fragment
(Table 3) was retained than of the analogous mock-methylated fragment; results
from duplicate assays were essentially the same. No preferential binding of
this methylated 37-bp fragment by MDBP could be seen in the presence of a
five-fold excess of the nonradiolabeled, hDMI-methylated, 298-bp HinfI frag-
ment of pBR322 DNA. In contrast, the nonmethylated 298-bp fragment under the
same conditions had no detectable effect on the binding of the 37-bp fragment.
This result indicates that the same protein in the MDBP preparation is respon-
sible for recognition of the previously described high-affinity MDBP site,
pB site 1, and for recognition of this moderate-affinity MDBP site, pB site 2.

Methyltransferase-methylated M13mp8 RF DNA, which contained 3.6% of its
bases as m5C (>90% of CpG sites methylated) was used in a search for addi-
tional MDBP-binding sites. In a previous report, retention of specific re-
striction fragments from M13mp8 RF methylated in its complementary strand by
incorporation of mS5dCTP was noted (21). In the present study, after methyla-
tion with hDMT and restriction with TaqI, M13mp8 RF sequences showed preferen-
tial retention by MDBP of 927-bp and 614-bp fragments and, to a lesser extent,
of a 579-bp fragment (Table 4). Such preferential binding only occurred when
these fragments were methylated and was competed by the methylated (but not
the unmethylated) 298-bp HinfI fragment of pBR322.
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Table 4. Restriction mapping

of three MDBP-specific sites in CpG-methylated M13mp8 RF

Sizes of hDMT-methylated Sizes of hDMT-methylated b
13 Type of digest fragments binding MDBP? fragments not binding MDBP
site
Enzyme (s) Substrate (bp) (bp)
1 Taql M13mp8 RF 6248 6862 1018, 971, 791, 703,
* 614 441, 381, 239
1 EcoRI/ M13mp7-8 RF® 6273 6612 1288,771,328,324,274,261,253,
HinfI 339 234,232,137,96,80,63,46,45
1 Sau961  339-bp E/H 6384 6612 111
fragment 228
1 MspI 339-bp E/H 6469 6612 178
fragment 143
2 Taql M13mp8 RF 2527 L 3454 gee M13 site 1
* 7! 927
2 Hinfl  M13mp7-B RF 2844 3417 See M13 site 1
573
2 HaeII  573-bp HinfI 2844 3038 379
fragment 194
2 Alul 573-bp HinfI 28kt 2962 142
fragment 118
3 TaqI M13mp8 RFd IQ“L 2527 See M13 site 1
579
3 HinfI  M13mp7-8 RF 2496 2844 See M13 site 1
348
3 HaeIII  348-bp HinfI 2496 2553 291
fragment 57

2As 1in Table 3, DNA was methylated with hDMT, restricted, end-labeled (indicated by the
asterisk), and analyzed by the fragment selection assay (Figs. 2 and 3). The binding to
MDBP of these fragments was methylation-dependent. The length in base pairs is given
under the line representing the fragment. Above the line are the positions of the
restriction recognition sites in the M13mp8 or the unrecombined M13mp7 map (43-45).

Only those radiolabeled fragments which did not coelectropherese with MDBP-binding
fragments are listed. For M13mp7-8, only the vector-derived fragments are given.

SThis EcoRI/HinfI (E/H) fragment was obtained by first electrophoretically isolating a
445-bp § Hian fragment which contained ~106-bp of the B-globin sequence. The vector
sequences were released as a 339-bp E/H fragment. Position 6273 and 6612 refer to the
M13mp7 map; the latter is position 6603 on the M13mp8 map. Positions 6469 and 6384 on
the M13mp7 map are positions 6460 and 6375, respectively, on the M13mp8 map. The posi-
tions described for M13 sites 2 and 3 on the M13mp7 map are numbered identically on the
M13mp8 map. The non-binding fragments listed are those from digestion with HinfI alone.
The fragments in the Taql digest were labeled by a fill-in reaction with [d=32P]dCTP and
dGTP. Therefore, the right end of the 579-bp fragment is actually at position 2529 after
filling its 2-base 5' overhang. This provides a 33-bp overlap of double-stranded
sequence (position 2497-2529) between this fragment and the partially 3' end-filled
348-bp HinfI or 58-bp HinfI/HaeIIl fragments.

To further locate the MDBP-binding sites in M13 DNA by restriction
analysis, we digested MI13mp7-8 RF recombinant DNA, which contains a human
B-globin gene insert (26), instead of M13mp8 RF with HinfI. The recombinant
was used because of the better separation of its MDBP-binding fragments.
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Fig. 2. Retention of hDMI-methylated M13mp7-8 HinfI fragments by MDBP.
About 10 ng (V1.2 x 105 cpm) of DNA fragments radiolabeled at their 3' ends
plus 20 ng of unlabeled, denatured HinfI-fragments of A DNA were incubated
with 0.8 units of MDBP and then analyzed as described in Fig. 1. The 348-bp
band is actually a doublet of 348-bp and 345-bp fragments from the vector
with an adjacent band containing a junction fragment (“336-bp) from the
B-globin gene (26; 40) and from the vector. Isolation and restriction
analysis of the fragments in this band indicate that only the 348-bp vector
fragment has an MDBP-specific site. The HinfI site at position 3257 of the
standard M13mp7 map is missing from M13mp7-B DNA so that a 573-bp fragment
instead of 413- and 160-bp fragments are present. Lanes 1-3, methylated DNA;
lanes 4 & 5, mock-methylated DNA. Lane 1, input DNA (0.5 ng) without
incubation with protein or passage through a nitrocellulose filter; lanes 2
& 5, DNA fragments retained by nonspecific DNA-binding proteins from hy-
droxyapatite column fractions outside the MDBP peak; lanes 3 & 4, fragments
retained by the DEAE-cellulose fraction of MDBP.
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Fig. 3. Restriction mapping of the MDBP-binding site in the 339-bp fragment
of M13mp7-8 DNA. The hDMT-methylated or mock-methylated EcoRI/HinfI 339-bp
fragment radiolabeled with [a-32P]dATP at its 3'-ends was purified and
further restricted with MspI or Sau96I. Approximately 3 ng (6 x 104 cpm)
of radiolabeled DNA fragments plus 100 ng of unlabeled MboI fragments of M.
luteus DNA were incubated with 1 unit of MDBP from the hydroxyapatite
fraction and then analyzed as described in Fig. 1. Lanes 1-4, MspI-digested
DNA fragments; lanes 5-8, Sau96I-digested DNA fragments. Lanes 1, 2, 5, &
6, methylated DNA; lanes 3, , 4, 7, & 8, mock-methylated DNA., Lanes 1, 4, 5,
& 8, input DNA without incubation with protein or passage through nitro-
cellulose; lanes 2, 3, 6, & 7, DNA fragments retained by MDBP. Lane M,
HinfI- and HindIII-digested pBR322 DNA as molecular-weight markers. The
incomplete digestion seen in lanes 5 & 6 is apparently due to the inhibition
by hemimethylation at a CpG overlapping the Sau96I recognition site.

End-labeled hDMT-methylated 573-bp, 445-bp and 348-bp fragments were pre-
ferentially retained by MDBP (Fig. 2). Three MDBP binding sites, M13 sites 1,
2, and 3, all derived from vector sequences, were then localized by the
fragment selection assay as shown in Table 4 and Fig. 3.

Comparison of MDBP binding to various sites

To elucidate the relationships between related sequences recognized by
MDBP, the relative affinity of MDBP for DNA fragments containing pBR322 or

M13mp8 MDBP sites was determined in the presence of different concentrations
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of salt. This experiment was performed by the standard fragment selection
assay except that the NaCl concentration was varied from 20 to 120 mM in the
reaction and washing buffers. The DNA fragments used for analysis of pBR322
sites were the 298- and 603-bp fragments in an unfractionated HinfI/HindIII
digest of hDMT-methylated pBR322. M13mp8 sites were provided in HinfI-di-
gested, hDMT-methylated M13mp7-f RF in well-resolved 445-bp (M13 site l-con-
taining) and 573-bp (M13 site 2-containing) fragments. This unfractionated
digest was mixed with the purified, methylated, pB site l-containing fragment
from pBR322 for evaluation of the relative binding of their respective MDBP
sites. At 20-40 mM NaCl, the affinity of MDBP for pB site 1 was 4-5 times
stronger than that for pB site 2, M13 site 1, or MI3 site 2. Upon increasing
the NaCl concentration to 60 mM, this difference in the binding affinity of
MDBP was even larger, “8 fold. When NaCl concentrations greater than 80 mM
were used, specific retention by MDBP of pB site 2 and of MI13 sites 1 and 2
was barely detectable. In contrast, MDBP was still very selectively binding
pB site 1 at 120 mM NaCl. The binding to pB site 1 at this salt concentration
was V407 of that at 40 mM NaCl. As mentioned above, under standard conditioms,
M13 site 3 binds with lower affinity than the above sites to MDBP. Further-
more, yet lower-affinity MDBP sites can be found (Figs. 1 and 2).

DISCUSSION

From this study and the three preceding reports (18,21,34), it is clear
that MDBP recognizes mSC-containing DNA sequences, specifically, those with
mSCpG sites. The frequency of m5CpG sites rather than of m®C residues is a
critical determinant of the ability of in vitro-methylated DNAs of moderate to
high complexity to bind to MDBP (Table 2). This confirms that MDBP has a

specificity for DNA methylated in the in vivo pattern of vertebrate DNA, that
is, at CpG dinucleotides (l). However, the presence of msch dinucleotides is
not sufficient for MDBP binding (21). For example, as shown in this report,
MDBP will not bind to a (mSCpG)16 sequence in a pBR322 derivative. Having
identified the sequence of a high-affinity binding site for MDBP (pB site 1)
on methylated pBR322 (21), we proceeded to localize other MDBP binding sites
on small prokaryotic DNAs. In addition to pB site 1, we found four other
MDBP-specific sites in hDMT-methylated (CpG-methylated) pBR322 and M13mp8 RF.
Like pB site 1, they showed little or no binding to MDBP when unmethylated.

We localized these four lower-affinity binding sites by sequential
restriction analysis. For example, the second MDBP-specific site in CpG-
methylated pBR322 (pB site 2) was localized to a 603-bp fragment, then to a
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217-bp subfragment, and finally to a 37-bp subfragment (Fig. l; Table 3). The
sequence of one strand of the double-stranded portion of this CpG-methylated
subfragment is as follows (with the pB site 1 region aligned underneath it for
maximum homology):
5'-ACTAMGMGAIE&TGGMGACCACACQ!QICCTGTGGAT—3' pB site 2
5'~CTGATMGTCAMGGMGATTTATGCMG-3"' pB site 1.

L O IR I I S

The m5C residues are indicated by an M and the region of pB site 1 protected
against DNase I is indicated by the dotted line. In the pB site 2 sequence
(positions 342-378 of the standard pBR322 map; 35), the residues showing exact
homology to the DNase I-protected region of pB site 1 are underlined as is the
shared 5'-CMG-3'. In pB site 1, this 5'-CMG-3' sequence occurs three bases
after the apparent 3' end of the region protected by MDBP against DNase I. At
that position, enhanced cleavage by DNase I was seen (21). There are four
shared (M/T)pG dinucleotides at these two MDBP-specific sites 1if one l-bp
displacement is made on the 5' side (Table 5). Such specific binding to two
related DNA sequences, one of which has an inserted base pair relative to the
other, is precedented (36,37). It is interesting to note that there is con-
siderable homology between these two regions even outside the sequence recog-
nized by MDBP. This suggests that the areas surrounding pB sites 1 and 2 may
be the relics of an ancient DNA duplication in the tet region (35).

Three sites in CpG-methylated M13mp8 RF, M13 sites 1, 2 and 3, also bind
specifically to MDBP (Figs. 2 & 3; Table 4). These sites were localized by
restriction mapping to regions containing 118, 143, and 33 bp, respectively.
In these MDBP-specific fragments, one or, in the case of M13 site 1, three
sequences had sufficient homology to pB site 1 to be considered as putative
MDBP-binding sites. These methylated sequences plus those of pB sites 1 and 2
are aligned for maximum homology in Table 5. Because all of these sites in
their unmethylated form are recognized very poorly or not at all by MDBP
(Figs. 1-3), this protein 1is probably making specific contacts with the
5-methyl group of m3C residues in these sites. Therefore, T residues with
their analogous 5-methyl group in the outer major groove of the B helix (38),
might be at least partially recognized when they substitute for m5C residues.
Indeed, at several of the underlined positions of the MDBP sites shown in
Table 5, a T residue replaces the analogous m5C residue in pB site 1.

A comparison of the sequences for the above sites suggests that MDBP
interacts with a rather long region (v20-bp). Table 5 reveals that almost all
of the putative binding sites, contain an MpG or TpG dinucleotide on the 5'
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Table 5. Methylated pBR322 and M13mp8 RF DNA sequences bound by MDBP

MDBP binding site Sequence of binding site?
pB site 1 ATMGTCAMGGMGATTTATGCHMG
pB site 2 GMGATCATGGMGACCACACCMG
TGGGAACAAAMGGMGGATTGACMGT
M13 site 1 - or -
TGAGGGGAMGAMGACAGTATMGG
CAMGGTTAMGATGMGCCCATCTA
M13 site 2 MGTTATTATTGMGTTTCCTMGGT
M13 site 3 CTGATTAMGGTGCTGCTATCG

%The sequence of one of the two strands of each of these sites is written 5'
to 3' in its fully CpG-methylated form with M representing m3C. These sites
are located at the following positions of the standard pBR322 or M13mp8 DNA
sequence maps: pB site 1, 1145-1166; pB site 2, 347-368; MI3 site 1,
6574-6598, 6494-~6516, or 6529-6551 (the position numbers are given for the
viral strand although the sequences shown for the first two sites are on
the analogous positions of the complementary strand); M13 site 2,
2877-2899; and M13 site 3, 2509-2529., pB site 1 was identified by DNase I
footprinting (21). The fragment to which pB site 2 was localized has only
37 bp. The sequence assignments for the M13 sites 1 and 2 are tentative
because of the much larger size of the fragments to which they were local-
ized (143 or 118 bp). M13 site 3 was localized to a 33-bp region terminat-
ing in the ATCG sequence shown at the 3' end. This CpG was unmethylated
because it arose from an end-filling reaction subsequent to DNA methyla-
tion; however, its complement on the other strand was methylated. The
overlined positions in pB site 1, which has the highest affinity for MDBP
of all these sites, denote residues conserved in at least two of the other
sites shown and include shifts of 1-3 positions at MpG dinucleotide se-
quences and substitutions of T for M. In pB site 2 and the M13 sites, the
MpG, TpG, or CpG dinucleotide sites which are hypothesized to be recognized
by MDBP are underlined.

side and a central palindrome 5'-MGGMG-3' or related pentanucleotide deriva-
tives such as 5'-TGGMG-3', 5'-MGGTG-3', or 5'-MGAMG-3'. These features appear
to be important for recognition by MDBP as determined by a comparison of the
above binding sites (Table 5) as well as by oligonucleotide-directed muta-
genesis and site-specific methylation of pB site 1 (34). However, this penta-
nucleotide motif is clearly not sufficient for MDBP binding because it is
present in numerous copies in non-binding fragments of pBR322 and M13 DNAs and
even the presence of an MpG dinucleotide three residues upstream did not

suffice to confer specific binding. There is another partially palindromic
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element in pB site 1, namely, 5'~ATMGYCRYGRMGAT-3' whose dyad symmetry appears
to be important for high-affinity binding by MDBP (34). However, very little
dyad symmetry in this location is seen in the other MDBP sites. This may
contribute to their lower affinity for MDBP.

Also of interest are pB site 1l's T and A residues which are at least
partially conserved in the other sequences (Table 5). T residues on both
strands as well as m5C residues might be recognized by MDBP largely by virtue
of their 5-methyl group if these residues are correctly positioned within the
sequence. This hypothesis is consistent with our finding that certain MDBP
recognition sites can be created by substituting a DNA with m3C via incor-
poration of m5dCTP but not by an hDMT-catalyzed reaction (21). In the former
case, an m°C residue might be able to substitute for a T residue of a variant
of an MDBP consensus sequence.

Despite the homologies between pB site 1 and the three other MDBP sites
described here, it is apparent that there are many differences in these
sequences (Table 5). This indicates that MDBP can bind in a methylation-
dependent fashion to a wide variety of related m5CpG-containing sequences in
DNA. Determination of whether only human genomic analogues of high-affinity
sites (like pB site 1) or also lower-affinity sites in the human genome (like
those of pB site 2 or the three M13mp8 sites) are physiologically relevant

will require isolation and extensive characterization of such sites.
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