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THE increasingly rapid pace at which genomic DNA sequences
are being determined has created a need for more efficient tech-
niques to determine which parts of these sequences are bound in
vivo by the proteins controlling processes such as gene expression,
DNA replication and chromosomal mechanics. Here we describe
a whole-genome approach to identify and characterize such DNA
sequences. The method uses endogenous or artificially introduced
methylases to methylate all genomic targets except those protected
in vivo by protein or non-protein factors interfering with methylase
action. These protected targets remain unmethylated in purified
genomic DNA and are identified using methylation-sensitive
restriction endonucleases. When the method was applicd to the
Escherichia coli genome, 0.1% of the endogenous adenine methyl-
transferase (Dam methylase) targets were found to be unmethyl-
ated. Five foreign methylases were examined by transfection.
Database-matched DNA sequences fanking the in vivo-protected
Dam sites all fell in the non-coding regions of seven E. coli operons
(mel, cdd, flh, gut, car, psp and fep). In the first four operons
these DNA sequences closely matched the consensus sequence that

FIG. 1 Autoradiograph of an end-labelling experiment. Lane 1 is a Plex00
molecular weight standard (sizes given in nucleotides); other lanes represent
E. coli genomic DNA cut by different combinations of endonucleases as
follows: 5 ug genomic ONA was digested with restriction endonuclease |,
end-labelled with 1 pl reverse transcriptase (10U p™*; Stratagene) and
0.5 pl [a-2?P]dNTP (1 mCi in 50 ul), chosen to correspond to the base
following the restriction site 3’ terminus, which helped to reduce background
labelling at random breaks. After incubation at 37 °C for 40 min, the reaction
was chased with 1 ul of each dNTP at 100 mM, digested with 2 ul endonu-
clease Il (chosen to cut the genome frequently), then electrophoresed on a
6% non-denaturing polyacrylamide gel. The get was dried and autoradio-
graphed. Restriction endonucleases Mbol, Sau3A1 and Notl were used.
Mbo! specifically cleaves only GATC sequences with unmethylated adenines;
Sau3A1 acts as a control, cleaving at this sequence regardless of its adenine
methylation status (about 21,000 times in the £ coli genome based on
current sequence data) Notl is a single-copy intensity control which we
used to help estimate the fraction of bands in the Mbol digest that are
especially intense owing to comigration of multiple bands or are noticeably
weak as a result of partial site protection. Restriction endonucieases | and
It are used in different lanes as follows: lane 2: Sau3A1/Sau3Al, represent-
ing all genomic DNA fragments containing a GATC sequence at each end;
tane 3: Notl/Sau3Al, indicating single-copy intensity control; lane 4:
Mbol/Sau3A1, representing genomic fragments bearing an unmethylated
GATC (Mbol) site at one end and a Sau3A1l site at the other. About 20
prominent bands corresponding to completely unmethylated GATC sites are
seen; many partially methylated sites (faint bands) are also evident.
Unmethylated GATC sites were cloned as follows: 100 g E. coli genomic
DNA was cut with Mbol, extracted twice with phenol, mixed with 1 pg
BamHi-cut Bluescript SK vector (Stratagene), precipitated with ethano! and
resuspended in 50 i Hy0: 2 il each of ATP (100 mM) and T4 DNA ligase
(2,000 U per pl) were then added. The ligation mixture was size-fractionated
on a 1% agarose gel and any products larger than the major vector bands
were excised and purified using Geneclean (Bio101), then resuspended in
50 wl H,0. A Clal reaction liberated small (6 kb on average) vecotor-genomic
ligation products, and after pheno! extraction and ethanol precipitation, a
ligation reaction was done to circularize the products. £, coli cells (BRL Max
Efficiency DH5a) were then transformed to produce the libraries, from which
random plasmid clones were purified and 5 ul of each plasmid was treated
with 0.5 ! RNaseA (10 pg ul™?), denatured with 1 I NaOH (2 M), precipi-
tated with ethanol and sequenced using Sequenase (USB).
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binds to the cyclic AMP-receptor protein. The in vivo protection
at the Dam site upstream of the car operon was correlated with
a downregulation of car expression, as expected of a feedback
repressor-binding model.

Our method is based on threc assays: (1) characterizing the
genomic DNA patterns of the in vivo-protected methylation
targets using end-labelling and gel fractionation; (2) cloning
and sequencing of these sites to identify both exact DNA mat-
ches and morc degenerate protein-binding motifs in databases;
(3) direct physiological tests to determine partial in vivo protec-
tion of the target as a function of genetic and environmental
changes by means of filter hybridization assays. The E. coli
genome provides a particularly good testing system for our
mcthod as over-40% of the genome has been sequenced. We
examined the genomic DNA sequence GATC by using the
endogenous Dam methylase which methylates the N6 position
of adenines in GATC sequences. Figure | shows an end-labelling
experiment which demonstrates that about 20 GATC sites are
completely unmethylated (0.1% of the total targets in the
genome) and that many sites are partially methylated'-®. Methy-
lation targets remain unmecthylated as a result of binding of
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FIG. 2 The in vivo protection at a Dam site in the regulatory sequence of
the gut operon1*, a The protected GATC site is boxed, and the potential
cAMP.CRP binding site shaded. The gut promoter is underlined and the RNA
start site is indicated with an arrow; the translational start site ATG is
underlined twice. Nucleotide numbering starts with the RNA start site. The
diagram illustrates the relationship between the in vivo-protected GATC
site, the flanking restriction endonuclease sites, and the DNA probe which
are used for filter hybridization (b and c). b, Autoradiograph of a filter
hybridization experiment using a DNA probe complementary to the regulatory
region of the gut operon. DNA was extracted from E coli K-12 EMG2 grown
in rich medium (1% yeast extract, 29 tryptone) to early stationary phase.
After endonuclease digestion, the samples were electrophoresed on 6%
denaturing polyacrylamide gels and electrotransferred to nylon, crosslinked
by ultraviolet irradiation and hybridized®’2, The restriction enzymes used
for each sample are indicated under the lanes, see a for explanation of the
hybridization bands. Numbers indicate sizes in nucleotides. The gut DNA
probe was constructed by 3’ extension from a 20-nucleotide primer annealed
to the vector near the cloning site: 10 pmo! of the Bluescript plasmid
(Stratgene) containing the gut inserts were treated with 2 ul RNase A
(10U uI™?), denatured with 4 I 2M NaOH, precipitated with ethanol and

protein or non-protein factors, DNA conformational steric
hindrance’ or demethylation by DNA repair. These we refer to
collectively as protecting factors. A typical E. coli DNA-binding
protein sterically blocks 10 to 70 base pairs of target DNA from
access to DNase I (refs 8, 9). Hence each GATC site could lie
within footprints anywhere in a region of 22 to 142 base pairs
and the sum of these footprints covers about 10-60% of the E.
coli genome. To expand the genomic portion that could be
assayed, we studied foreign methylases introduced by transfec-
tion. Prokaryotic methylases, with 111 types characterized and
cloned'®, make a rich source of target sequences experimentally
accessible. Perturbing effects of methylases on cellular processes
might confine experiments to lower intracellular methylase con-
centrations or to brief methylase induction periods. We explored
the possible use of exogenous methylases by examining five E.
coli strains transfected with one of the following foreign methyl-
ase genes each: Hhal, Hhall, Hpall, Mspl and Taql, having
corresponding target DNA sequences: GCGC, GANTC,
CCGG, CCGG and TCGA respectively. Methylase over-
production resulted in no obvious phenotypic effect, and the
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air-dried. It was then incubated with annealing mix (2 umo! 20-nucleotide
primer per 4 ul USB 10x Sequenase buffer and 12 ul water) at 37 °C for
30 min. The probe was labelled with 4 ! (20 pmol) of [a®?PJJATP, 1 nmol
each of dCTP, dGTP and dTTP using 2.5 ul (32U} of USB Sequenase. The
reaction products were denatured in formamide at 90 °C and fractionated
on a 6% acrylamide-urea gel. A narrow region of the gel (80-120 nucleotides)
was excised and eluted by grinding in hybridization buffer {7% SDS, 10%
polyethylene glycol, 0.25 MNaCI)*2, ¢, Autoradiograph of filter hybridization
experiments using an £ cofi strain with a deletion in the ¢rp gene which
inactivates the CRP!®, E coli K12 CGSC 7043 (A ~relA1 spoT1 thil rpst136
Acrp45) cells were grown in minimal A medium with 19 glycerol to early
stationary phase. DNA was prepared and hybridized as b. The additiona!
weaker bands in lanes 3 and 4 were due to low-stringency hybridization
and were not normally seen. Further comparison using two £ cofi strains
{isogeneic except the crp locus) show 829 in vivo protection in the crp*
strain and 6% protection in the crp~ strain.

end-labelling experiments produced bands similar in number
but distinct in pattern from that of Dam.

The cloning strategy (Fig. 1 legend) eliminated the initially
high levels of background clones, such that essentially all
genomic DNA fragments cloned contained an unmethylated
GATC site cach. The flanking DNA sequences of seven of the
first nine such GATC sites cloned matched to the E. coli database
in seven different operons: mutl, cdd, flh, g, car, psp and fep.
Remarkably, all seven in vivo-protected GATC sites fall in the
5’ non-coding regions of these genes. As the probability that
this will occur by chance is extemely small (1 in 10° on the basis
of current E. cofi sequence data), our finding indicates that the
protecting factors have a strong and non-random preference for
the upstream regulatory regions of E. coli genes. Table 1 lists
these DNA sequences and shows that the in vivo-protected
GATC sites are located between ~230 and +5 base pairs relative
to the transcription start sitcs. DNA sequences flanking these
GATCs in four opcrons (mtl, cdd, flh and gut) show close
matches to the consensus sequence that binds to cAMP-receptor
protein (CRP). In the cdd operon, the putative CRP-binding
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sequence, previously shown to bind to CRP strongly in vitro"',
is found here to contain an in vivo-protected GATC site. In the
mtl operon, the protected GATC locus overlaps the most sig-
nificant CRP consensus match in that region. In contrast to the
above four operons, the regulatory sequences of the car, psp
and fep operons, which were not thought to be under CRP
control, lack significant matches to the CRP box. The protection
at the GATC loci in the regulatory regions of these operons
may be due to interactions by other factors that, for example,
regulate carbamoyl phosphate synthesis (car), stress response
{psp), and iron transport ( fep). The fraction of each Dam site
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FIG. 3 The in vivo protection at a Dam site in the regulatory region of the
car operon. 3, The protected GATC site is boxed. A purR box s shown with
a dashed underline. Promoters P1 and P2 are underlined, and the correspond.-
ing RNA start sites are indicated by arrows. Two argR boxes are represented
by tandem shaded rectangles. The translational start site for carA initiation
is underlined twice. Nucleotide numbering starts with the RNA1 start site.
The diagram shows the relationship between the undermethylated GATC
site, the flanking restriction endonuclease sites and the DNA probe which
were used in the hybridization reactions (b and c). b, Autoradiograph of
filter hybridization reaction using a DNA probe complementary to the car
regulatory sequence. Strains and media were as described in Fig. 2b:
hybridization bands are explained in a Numbers indicate sizes in nucleotides.
The DNA probe was constructed from a plasmid clone containing the
appropriate car insert using methods described for Fig. 2b. Restriction
enzymes used are indicated under the appropriate lanes. ¢, Hybridization
band patterns arising from £ coli EMG2 cells grown in nutrient conditions
with different availability of pyrimidine and arginine. Lane 1, minimal A
medium; lane 2, minimal A plus uracil (500 ug mi~!) and cytidine (1 mg mi~1);
lane 3. minimal A plus L-arginine (1 mg mi~2); (ane 4, minimal A plus uracil,
cytidine and arginine. The degrees of in vivo protection at this car GATC
locus (see a) are 0.05%, 3%, 0.07% and 15%, respectively. Hence, without
pyrimidines the GATC site is essentially unprotected and independent of
arginine. Pyrimidines have a significant effect and seem to be synergistic
with arginine. The finding that arginine availability by itself does not affect
the methylation status of the GATC site is consistent with the previous
assignment®® of arginine repressor interaction at the P2 promoter, which
is located at quite a distance (138 bp) downstream from the GATC site that
is pyrimidine-responsive.
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protected in a cell population was quantitated by filter hybridiz-
ation, a method similar to those used to study vertebrate CG
methylation'?. The genomic DNA from cell cultures was ana-
lysed by appropriate methylation-sensitive restriction endonu-
cleases and specific DNA probes were used to visualize selec-
tively the in vivoe protection of each methylation target in the
genomes directly and without cloning. These results are also
shown in Table 1.

The gut operon is responsible for glucitol uptake in E. coli**'*,
The undermethylated GATC locus in the gut regulatory region
(Fig. 2a) shows the strongest in vivo protection (95%; Fig. 2b),
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TABLE 1 DNA sequences flanking in vivo-protected GATC sites in the regulatory regions of seven £. cofi operons and comparison
with the consensus CRP-binding sequence

Unmethylated (%)

Gene Map Mbol Dpnl
mtl 81 —_ -261
14 20
—_ -180
—_ -107
—_ -63
cdd 46 — -97
18 22 -41
fth 42 38 46
—_ -13
gut 58 89 99 —47
car 1 14 21 -107
psp 29 ND -16
fep 13 ND +5

CRP consensus:

Position

~218

-230

Match score

CRP consensus matches (s.8. units)
5’ TAACATGCTGT AGATCACATCA 2.7
5 TCTTIGTGATTC AGATCACAAAT 6.2
5 AAATGTGACAC TACTCACATTT 6.6
5 TTTTGTGATGA ACGTCACGTCA 5.0
5 TTATGTGATIG ATATCACACAA 55
5 ATTTGCGATGC GTCGCGATTTT 06
5 TAATGAGATTIC AGATCACATAT 44
5 ceeeaa GATCT GTCATCACGAA -0.3104.2
5" TGCGGTGAAAC CGCTAAAAATA 0.2
5 TTTTGCGATCA AAATAACACTT 1.2
5 TTAGATGATCT TTTIGTCGCTT -19
5 ATTCTTCAATC AGATCTTTATA =22
5 ATATCCAAATA AGATCGATAAC -28
5 aaaTGTGAtct agaTCACAtt t 85

The first column gives the name of each genetic locus, the next column the location on the genetic map in minutes. The third column shows the per cent
unmethylation (protection) assayed by Mbol and Dpnl respectively through densitometry of filter hybridization bands. We selected Opnl whose specificity
is in a sense complementary to Mbol in that it recognizes only GATC sites methylated on both strands?®. In every case the Mbol estimate is consistently
lower by 4 to 10% than that of Dpnl, which could be due to partial enzyme cleavage or to hemimethylation (as neither enzyme cleaves hemimethylated
DNAZ%). We determined the upper bounds 1o partial enzyme cleavage to be 3% based on the band intensities of adjacent GATC sites. The "position’ column
lists the position of the G in GATC relative to the RNA start site (for segments lacking a GATC, it refers to the seventh base from the left of the CRP box).
Bases matching the GATC sites in the CRP consensus are in bold. Undermethylated GATC sites are underlined. The rightmost column lists the score for a
match to the consensus CRP-binding sequence. The scores are in standard deviation units (s.d.) above the mean for all E coli sequences normalized to a
length of 22 bp using the GOG version of the program ProfileSearch®’. A reasonable indicator of a significant match is +2 s.d. The range covers from -2.8
to +8.5 s.d. All CRP sites noted previously 12132829-35 gra included. Promoters for fih and psp lack S1 or reverse transcriptase mapping of the transcription
start, instead putative —10 sequence motifs were used for alignment. A symmetric CRP consensus matrix was built by including both orientations of known
CRP sites 11432829-35 \hich excluded all sites analysed here. In the CRP consensus binding sequence, the most commonly found base is given and the
upper-case letters represent the most highly conserved base pairs which have been modelled to be in contact with the symmetric CRP protein dimer 53,

ND. not determined.

even though the CRP box spanning this Dam site has the lowest
match score among the four CRP-regulated operons. To investi-
gate the possible involvement of CRP, we examined this GATC
locus in an E. coli strain with a deletion in the crp gene which
inactivated CRP'® and found a significantly reduced level of
protection (50%; Fig. 2¢). The change could be due to strain or
environmental variations, or to an indirect effect of CRP on
other proteins or nearby DNA conformations, but probably
represents direct CRP binding.

The car operon encodes carbamoyl phosphate synthetase, a
common element of the arginine and pyrimidine biosynthetic
pathways. Pyrimidines and arginine repress the transcription of
car, although the locations of protein-binding sites were uncer-
tain'®, We found an in vivo-protected GATC locus in the car
regulatory region (Fig. 3a and b; 18% protection). Evidence
that DNA-protein binding around this locus regulates car
expression was obtained by examining in vivo protection as a
function of E. coli growth conditions which differed in
pyrimidine and arginine availability. As shown in Fig. 3¢, there
is no protection at this car GATC locus without pyrimidines,
3% protection with pyrimidines alone, and 15% when both
nutrients are present. Our finding indicates that in vivo protec-
tion at this car upstream regulatory sequences is probably due
to the binding of pyrimidine repressor(s). The arginine repressor
acts (argR; Fig. 3a) synergistically with pyrimidines in down-
regulating car expression.

The degree of methylation protection can be correlated with
that of protein-binding through kinetic modelling because pro-
tein factors need to bind to DNA targets persistently (o prevent
methylation, whereas methylases need only a brief contact with
targets to succeed in methylation. If one assumes that the methyl-
ase acts on target sequences in a genome at random, then the
fraction of targets methylated per unit time is constant and the
kinetic interaction between methylases and protecting factors is
characterized by Poisson first-order decay: U =271('-PG¢/T1
where P is the fraction of a cell generation with protein factors
that bind to the target sequence, U the unmethylated fraction
of the target site at stcady state, T the half-life of methylase
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action'™'®, and G the cell generation time. For the in vivo-
protected gut GATC locus, U =0.95,s0 P =0.99, that is, protein
factors bind to this DNA sequence for 99% of the cell cycle.
For the GATC site in the car operon, U =0.18, and hence
P =78%.

Our method of studying in vive DNA-protein interactions
has several advantages over previous in vitro and in vivo foot-
printing techniques. In vitro experiments allow fractionation
and modification of the interacting components but reflect
artefactual deviations from intracellular states. In vivo footprint-
ing techniques'® * typically require chemistry hazardous to cells
and hence may alter chromatin structure. Our enzymatic method
is less perturbing to cell integrity. Furthermore, it avoids assump-
tions about protein-binding sites and so is applicable for
genome-scale analysis. Such methods can be applied'®?* to the
study of regulation of individual genes, as well as to overall
changes in pattern in the genome and in chromosomal structures.
Extension to other organisms and target sequences is dependent
on the efficiency of expression of transfected methylase genes
and on the compatibility of the methylation with cellular phy-
siology. In some cases tolerance of exogenous methylases®® can
be enchanced by mutations in rcpair genes such as Saccharo-
myces cerevisiae rad2, or restriction genes such as E. coli mcr
and mrr. We have tested five E. coli strains transfected with
different foreign methylase genes. Application to eukaryotic
genomes would seem to be feasible because methylase genes
have been transfected into yeast and mammalian cells, where
high levels of in vivo methylation of host DNA have been
achieved without phenotypic consequences’®?*, With the
approaching completion of several genome sequences, whole
genome approaches like ours will become increasingly important
and more efficient in defining biologically functional domains
in the genome. (]
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