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A global methylation-based technique was used to identify, display, and quantitate the in vivo occu-
pancy of numerous protein-binding sites within the Escherichia coli genome. The protein occupancy pro-
files of these sites showed variation across different growth conditions and genetic backgrounds. Of the
25 sites identified in this study, 24 occurred within 5’ noncoding regions. Protein occupancy at 13 of these
sites was supported by independent biochemical and genetic evidence. Most of the remaining 12 sites
fell upstream of genes with no previously known function. A multivariate statistical analysis was utilized
to group such uncharacterized genes with well-characterized ones, providing insights into their function
based on a common pattern of transcriptional regulation.
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Of central importance to cellular physiology are interactions
between transcriptional regulatory proteins and their DNA bind-
ing sites. It is becoming increasingly evident that genetic regulatory
networks, linked through DNA-protein interactions, establish and
maintain patterns of gene expression crucial to processes such as
adaptation and cellular differentiation. Novel experimental
approaches that allow the simultaneous in vivo quantitation of
many DNA-protein interactions are crucial for understanding the
global architecture and dynamics of gene regulatory networks.

Interactions between DNA and proteins have been extensively
studied and many systems have been developed for their detailed
analysis. Although these methods provide detailed information,
they require a priori knowledge of the DNA sequence and/or
DNA-binding protein(s) involved and are generally limited to
analysis of interactions at single loci. Furthermore, many of these
techniques such as traditional in vivo footprinting’ perturb the
physiologic state of DNA-protein interactions, as the requisite
agents such as dimethyl sufate (DMS) and ultraviolet irradiation
are lethal to cells.

We have developed a methylation-based method to display and
quantitate the in vivo occupancy of DNA sites. OQur approach
relies on the efficient methylation of the Escherichia coli chromo-
some by DNA methyltransferases in vivo. Wild-type E. coli strains
express Dam, a DNA methyltransferase that methylates the N6
posttion of adenine in GATC sequences. This methylase does not
have a cognate endonuclease in E. coli, but serves important func-
tions in mismatch repair and chromosomal replication’, We and
others have observed that 0.1-0.2% of the roughly 20,000 E. coli
adenine methyltransferase (Dam methylase) targets are found to
be undermethylated’”. These undermethylated GATCs are only
found at specific chromosomal sites where DNA-bound proteins
protect the DNA from enzymatic methylation by sterically inhibit-
ing the access of DNA methyltransferase. These protected sites are
therefore footprints for in vivo bound DNA-binding proteins and
can be identified through the use of methylation-sensitive
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endonucleases that cleave such sequences. We originally cloned
seven of these sites and showed that they fall within the 5" noncod-
ing regions of E. coli genes".

The whole-genome screening method allows us to display,
identify, and quantitate a large number of these sites simultane-
ously. In addition to corroborating independent biochemical and
genetic evidence for protein binding at 13 of these sites, we identi-
fied 10 new protein-binding sequences upstream of previously
uncharacterized genes. The quantitative nature of this approach
indicates the growth conditions in which such genes are switched
on or off, thereby providing insights into their potential role in
cellular physiology.

Results

In a typical experiment (Fig. 1A), E. coli strains expressing native
and/or foreign DNA methyltransferases were grown under a given
condition. Genomic DNA was then isolated, purified, and digested
with a methylation-sensitive endonuclease, yielding fragments
whose ends were protected from methylation in vivo. A radioac-
tively labeled oligonucleotide linker was then ligated to the cohe-
sive ends of the genomic fragments. To resolve these fragmentson a
gel, the linker-ligated fragments were then cut with a second
enzyme, chosen to cut frequently and give fragments in the range
of 100 to 1000 bp. The resulting fragments were electrophoresed
through a 6% nondenaturing polyacrylamide gel and the pattern of
methylase protection was then visualized on x-ray film or
Phosphorimager scan. The intensity of a given band reflected the
strength of in vivo protection and correlated with the extent of pro-
tein occupancy at that site. In this fashion, it was possible to obtain
a protection profile revealing the extent of protein occupancy at
numerous sites simultaneously.

Once the protection pattern was visualized, a specific protected
site could be identified by excision of the corresponding band from
the polyacrylamide gel, ligation of a second linker, followed by PCR
and sequencing (Fig. 1B). An excision template was generated
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using the autoradiogram. Fragments of interest were cut out of the
gel and crushed, and the DNA was eluted into a high-salt buffer. A
Y-shaped, partially double-stranded linker was then ligated to the
fragments. The resulting fragments constituted two major popula-
tions: (1) the methylase-protected subset that has the primary link-
er at the 5” end and the secondary linker at the 3’ end, and (2) a sub-
set, resulting from digestion with the second endonuclease, that
has the secondary linker at both ends. The Y-shaped linker allowed
for specific amplification of the methylase-protected fragments®.
This linker had a 3" overhang used to ligate to fragments generated
by the second endonuclease, an 11 bp middle region of comple-
mentarity, and a 5" end that contains a 16 bp region of noncomple-
mentarity, giving rise to its schematized Y-shape. These fragments
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Figure 1. Protocol for displaying and identifying in vivo protected
sites. {A) After the genomic DNA is purified and digested with a
methylation-sensitive endonuclease, a radioactive linker is ligated to
the ends of genomic fragments. The fragments are digested with a
second nonmethylation-sensitive enzyme and separated through a
6% polyacrylamide gel. The pattern of methylase protection is then
visualized on x-ray film or Phosphoarimager scan. (B) Fragments of
interest are excised from the gel, and the DNA is eluted into a high-
salt buffer. A Y-shaped, partially double-stranded linker is then
ligated to the ends of fragments. PCR amplification of the ligation
product using primers P1 and P2 only amplifies the methylase-
protected subset of fragments (the ones that contain the primary
linker at one end and the Y-shaped linker at the other). The PCR
product is then cycle sequenced.
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were then used as templates for PCR. The four potential templates
were labeled 1-4 in figure 1B. In the first round, the 5" primer (P1)
annealed to the 3’ end of template 2 and extended DNA synthesis
through the fragment, into the secondary linker, synthesizing com-
plementary sequence, to which the 3’ primer (P2) can anneal to.
Template 2 became exponentially amplified in subsequent rounds.
Because templates 1, 3, and 4 have no sites for primer annealing,
they were not amplified. The PCR product was then gel-purified
and cycle-sequenced.

Dam methylase protection. We performed a methylase-protec-
tion experiment using the native E. coli methylase Dam (Fig. 2).
Two strains of E. coli were used: CA 8000 and CA 8445-1 (ref. 7).
CA 8445-1 contains a null crp allele (crp-) and is otherwise isogenic
with CA 8000 (crp+). The crp gene encodes the cAMP receptor
protein (Crp, also known as catabolite activator protein). This
global regulator binds cAMP and regulates the expression of many
genes by either activating or repressing transcription’. Genomic
DNA was harvested from crp- and crp+ strains grown in batch cul-
ture to either log phase {optical density [OD],, of 0.57 for crp- and
0.60 for crp+) or stationary phase (OD,,, of 1.4 for ¢rp- and 1.5 for
crp+). The methylation-sensitive endonuclease Dpnll (cuts at non-
methylated GATCs) was used to identify the in vivo protected sites.
Ethidium bromide—stained agarose gels of DpnlII digested genomic
DNA showed indistinguishable overall methylation levels for the
four growth phase/strain combinations. The specific pattern of
methylase protection differed both with respect to growth phase
and strain (Fig. 2). A number of these protected sites was identified
and each was labeled with the downstream gene/open reading
frame (ORF) that it presumably regulates. All labeled sites were
sequenced in all four conditions. The most striking differences
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Figure 2. Methylase-pratection display of isogenic crp- and crp+
strains of E. coli grown in batch culture to mid log, and stationary
phase. A subset of these protected fragments was identified and
labeled according to downstream gene/ORF name.
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were seen among Crp-dependent
methylase protections. For example,

Table 1. Characterization of protected sites.

protections upstream of mtlA were seen Gene  Map Sequence context g;:zs‘ Evidence  Reference
only in the crp+ strains in both log and
stationary phase. Nonetheless, variation ~cardB 1 CarP g/ D %ﬂ
of growth phase also altered protection gggZT ? o Crp s
profiles. For instance, protection fep 13 AACAT Fur P/S 23
upstream of carAB and b1112 was only g;soge ;g E’;; Es; m:z ::ﬂ:g
transiently present during log phase. gy772 55
The pattern of protection across the pspA 29 AATCAGATCTTTA IHF S/D 29
majority of sites seems to be a more Ls#‘gs ig ,’I‘,CTCC STTTCGATCTTT
complicated function of genetic back-  #hp 42 : AACACTICAS  Crp P/S 25
ground and'growth phase. For example, ;gfg ‘512 *g:?fgﬁfa g:g g" S/D %ﬁis study
the protection upstream of rspA was gut &1 Ta Crp P/S 27
present equally in crp- and crp+ cells  yjdG gg CAAICIGATCIACCCATTTGTCOOT IéirF ng/D '{gis study
durlng log- phase, but was ol?se“’ed ;:ﬁ:ﬁ 78 TTCOATCETTEGTCTGATGATCTGOT-ATTTTCT ’
exclusively in the crp+ strain during sta-  mA 81  ATATCTTGIGATTCAGATCACAAATATTCAR AL  Crp P/S/D 17
tionary phase. yiak 81 +TG: 3

All 23 of the identified Dam-protect- fg;-r gg Enr s This study
ed sites fell within the 5" noncoding yihU/v* 88
region of E. coli genes and putative PP 93 oy o RS 8

ORFs (Table 1). Their downstream
genes/ORFs, the corresponding map
position, and the 15 bases flanking the
protected sequences have been deter-
mined. Several independent lines of evi-
dence support protein binding at these protected sites including
regulation by the DNA-binding protein on physiologic basis, pro-
tein binding on the basis of DNA-binding consensus sequence, and
DNase I footprinting. The DNA-binding proteins belong to diverse
families of transcriptional regulatory proteins with distinct
sequence specificities and modes of regulation (Table 1). In the case
of the Crp, the overrepresentation is a result of the partial overlap
between the methylation target sequence (GATC) and Crp half-site
binding consensus (TCACA).

SssI methylase protection. We also carried out an initial study
to see whether sites protected from methylation by the Sssl DNA
methyltransferase (M.SssI) fall within known or suspected protein-
binding sequences. M.Sssl, isolated from Spiroplasma sp. strain
MQLI (ref. 9}, methylates the cytosine in 5CG, increasing the num-
ber of methylation targets by 16-fold over Dam (CG versus GATC).
By using methylation-sensitive endonucleases that contain 5CG
within their recognition sequence (i.e., Aci I, Hinp I, Hpall, and
Maell), one can, in theory, assay the methylation status of a sub-
stantially greater number of sites than with Dam alone.

Expression of M.Sssl in E. coli increases the rate of C to T muta-
tions, but has no other obvious deleterious effects”. We were able to
get almost complete methylation of the E. coli chromosomal DNA
by expressing M.SssI from pMSI, a high copy plasmid with a colE1
origin of replication. We used E. coli strain ER1821 as host because
it lacks McrA, McrBC, and Mirr activity that restricts DNA modi-
fied by the SssI DNA methyltransferase”. After purifying and
digesting the in vivo methylated DNA with Hpall (Hpall recog-
nizes 5’CCGG and cuts if the internal cytosine is unmethylated),
the fragments were displayed and identified as in the Dam methyl-
ane protection experiment, except that Sau3A I was used as the sec-
ond endonuclease. Of the 10 most prominent bands, the majority
of the sequences (8/10) were found to match sequences on the
high-copy expression plasmid pMSI. This was expected because
compared with the single copy chromosome, the plasmids spend
more time in the hemi- and unmethylated state throughout a gen-
eration time. Of the two sequences that matched E. coli chromoso-
mal DNA, one fell within the putative promoter of the cryptic
ascFB operon where the repressor ascG is thought to bind” (Fig. 3).
The second chromosomal site fell 17 bp downstream of the start
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Evidence for protein binding was based on: physiological data (P), DNA-binding consensus sequence (S), and
Dnase | footrpinting (D). Established consensus binding motifs are underlined. *In the case of yihU/V, the pro-
tected site fell within the intergenic region between the divergent coding regions yiht/ and yitV and therefore
could not be assigned to either gene.

codon for galE, the first gene of the galETK operon. The protected
cytosine that we identified within galE is I bp away from a known
operator element within the structural gene”.

Quantitative analysis of protection patterns. This approach
allows for a quantitative comparison of protection profiles across
various growth conditions via densitometric measurements of
band intensities from Phosphorimager exposures of polyacry-
lamide gels. We used the percent-protection from methylation for
one of these sites, mtlA (determined by Mbol digestion and
Southern blot analysis) as an internal calibration for determining
the percent-protection of other sites. We quantitated the extent of
methylase-protection (Fig. 4) for the sites identified in the compar-
ison of crp- and crp+ strains grown in log and stationary phase
(Fig. 2).

This parallel nature of the approach allowed us to inquire about
the more global organization of protection mechanisms. To this
end, we applied a mathematical approach to cluster protected sites
into protection groups. The members of such protection groups
likely interact with the same DNA-binding protein. This approach
provides insights into the function of novel genes by grouping
them with genes of known function based on a common pattern of
transcriptional regulation. A similar approach was used to group
together cancer chemotherapy drugs and their targets based on
activity and expression patterns®.

We used a multivariate statistical approach to construct a
matrix of correlations between protected sites®. Our dataset con-
sisted of observation vectors, whose elements were the protection
values of each upstream region in a particular experimental condi-
tion. In the Dam methylase-protection experiment (Fig. 2), the
four observation vectors form the columns of a 4 X 15 observation
matrix (15 protected sites in the four different growth/strain com-
binations).

The dynamic range of percent-protection under the four differ-
ent conditions was highly variable for the 15 genes (Fig. 4). The
percent protection of yjdG ranged from 0-3%, and for b1776 it
ranged from 16-32%. This variability most likely reflects differ-
ences in binding affinity for the different DNA-binding proteins
and their targets. To make the analysis insensitive to the absolute
level of protection, and sensitive to the degree of change, we trans-
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Figure 4. Densitometric measurements of percent methylation-protection. The level of
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Figure 3. M.Sssl protected site identified within the cryptic ascFB
operon. The protected CG fell within the promoter of ascFB where
the ascG repressor is thought to bind™. Normally, the product of the
divergently transcribed ascG represses trasncription from the ascFB
promoter. Upon the insertion of an IS element within the promoter of
ascG@, this gene is inactivated. In the abscence of the ascG repressor,
the transcription of the ascFB operon proceeds leading to the
utilization of sugars such as cellobiose.

formed the observation matrix such that each site’s
protection had the same variance across the four
different conditions. The transformation was
achieved by subtracting the protection level of each
site from the mean protection level of that site and
dividing by the square root of the variance. Thus,
the elements of the transformed observation
matrix have unit variance and zero mean. If X is an
element of the original n x m observation matrix X,
the transformed matrix Y, has elements Y
X —

E
[ig(xﬁ - (Xi>)2]
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Y

hrsa S
p1776 S .

The next step was to use the unit-variance observa-
tion matrix Y to construct a correlation matrix C:

methylase-protection is quantitated for the sites identified in the isogenic crp- and crp+

strains of E. coli grown to log or stationary phase.
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Figure 5. Correlogram. Color-coded, clustered correlation matrix
obtained for the protected sites identified in the experiment shown in
figure 2. Red: positive correlations; blue; negative correlations. The
saturation of each color represents the strength of the correlation.
The clustered blocks of red (A through E) form protection groups
whose members are protected in the same manner across the
different conditions. The off-diagonal blue elements represent
protections that are anticorrelated with respect to each other. The
dark elements are correlations that are small in absolute value.
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C= lY.YT
n

Y' is the transpose of matrix Y. The elements C; of C, an mX m
matrix, give a measure of correlation of protection between the ith
and jth protected sites. The correlation coefficient C; can range
from -1 to +1, where positive values denote correlated and negative
values anticorrelated protections. If C, is a large positive value, then
protections of the sites corresponding to i and j tend to correlate
with each other across the conditions that were used to construct
the correlation matrix. Conversely, if C; is a large negative value
then the protections of these sites tend to be anticorrelated with
respect to each other. For example, protected sites that bind the
same regulatory protein are expected to have a large positive C;.

We constructed a color-coded correlation matrix (correlogram)
for the protection data (Fig. 5) showing positive and negative cor-
relations. By using a hierarchical clustering algorithm®, we per-
muted the rows of the observation matrix in order to group togeth-
er highly correlated protections into clusters. In this way, “protec-
tion groups” emerged as square blocks of highly correlated protect-
ed sites along the diagonal of the matrix, surrounded by anticorre-
lated or slightly correlated sites away from the diagonal. The diago-
nal of the matrix consists of bright red elements because, by defini-
tion, each protection is fully correlated with itself.

The protected sites cluster into five groups. These groups repre-
sent protections that change in the same manner across the four
different condition/strain combinations (Fig. 5). For example, the
members of a group consisting of b1112, YiaK, carAB, and b0327
are only protected during the log phase of growth (Fig. 2). The
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members of a group, consisting of ppiA, b1036, mtIA5', and mtIA3
form a cluster as their protection is dependent on Crp. This is con-
sistent with the role of Crp in the regulation of ppiA" and mtlA”
and the strong match of the protected site upstream of b1036 to the
Crp binding consensus (Table 1). To further determine the role of
Crp in the protection upstream of this group of genes, we com-
pared the protection patterns of crp+ cells grown with and without
glucose in Luria-Bertani medium. Through catabolite repression®,
the protection should decrease in cells grown in the presence of
glucose. Indeed, comparison of otherwise identical cultures of crp+
cells showed that the protection was only observed in cells that
were grown without supplemental glucose. The protection of ppiA
and b1036 are presumably the most strongly correlated within their
group because they require stationary phase in addition to Crp for
protection. This may reflect the interaction of a stationary-phase
specific element with Crp as a requirement for optimal binding to
the sites upstream of ppiA and b1036.

Discussion

Uncovering the mechanisms by which cells establish and maintain
specific patterns of gene expression is central to understanding
fundamental processes such as cellular differentiation and adapta-
tion. The global monitoring of DNA-protein interactions allows a
systems level approach to understanding the connectivity and
dynamics of gene regulatory networks that underlie the diverse
repertoire of gene expression patterns.

We described a whole-genome, in vivo approach for identify-
ing, displaying, and quantitating many DNA-protein interactions
simultaneously. This approach identifies in vivo DNA-protein
interactions with minimal perturbations to physiology; the screen-
ing methodology obviates a priori knowledge of binding sites
and/or DNA-binding proteins; and the technique allows the simul-
taneous comparison of protein occupancy at numerous loci simul-
taneously. Of the 25 protected sites studied, 24 were found within
5’ noncoding regions, and in the case of galE, the only exception,
the M.SssI methylase protected site lies 1 bp outside of a previously
identified operator element, which was the first such motif
described within the coding region of a gene”. The small percent-
age of noncoding sequences in E. coli® (11%), and the skewed
abundance of GATCs within coding regions” makes the probability
of observing this distribution of protected sites less than one in 10”.

The protected sites show even more specific bias within non-
coding regions. Five of the protected sites (carAB, pspA, cdd, ppiA,
and mtlA) were found to lie within independently determined pro-
tein binding sites by DNasel footprinting'*”***. Another eight of
the sites (fep, gcd, fIhD, yffE, gut, proP, ascFB, and galE) agree with
independent evidence for protein binding on the basis of genetic
and sequence data'***, The remaining 12 sites, most of which fall
upstream of ORFs of unknown function, have not been previousty
studied and should provide interesting subjects for subsequent
studies of DNA-protein interactions and transcriptional regula-
tion. In the case of the protected sites upstream of b1036, b0327,
yjdG, b1112, yiaK, and rpsA, our dataset suggests possible physio-
logic roles for these genes. For example, protections upstream of
b0327, yjdG, b1112, and yiaK are observed exclusively during loga-
rithmic growth phase and are probably involved in the activation
or repression of these genes during log phase growth.

The protection upstream of pspA and the unknown gene yjdG
are highly correlated (Fig. 5). The pspA gene codes for the phage-
shock protein A, which is synthesized in response to a variety of
stressful conditions such as heat-shock, osmotic shock, and
ethanol treatment”. Dnase I footprinting has shown that the inte-
gration host factor (IHF) binds to the sequence we found protected
upstream of pspA”. Furthermore, the protected sequence upstream
of pspA closely matches the IHF DNA-binding consensus®. It is
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tempting to postulate that the high level of protection-correlation
between pspA and yjdG indicates regulation of yjdG by IHF.
Indeed, the protected site upstream of yjdG also matches the THF
DNA-binding consensus (Table 1).

The increased target resolution possible with foreign methyl-
transferases, together with novel approaches to display protected
sites such as probing high-density DNA arrays (DNA-chips) will
allow the identification and quantitation of many hundreds of
DNA-protein interactions simultaneously. The mathematical/visu-
alization approaches presented here can also be applied to the mas-
sive amounts of raw data stemming from other genome-wide tech-
niques such as whole-genome transcriptional profiling™”. The
methylase-protection approach should also be applicable to study-
ing chromatin structure in eukaryotic genomes. The level of
methylation at specific loci of Saccharomyces cerevisiae depends on
the transcriptional state and chromosomal location of the gene, as
telomeric and transcriptionally repressed loci seem to be refractory
to Dam modification®. The recent development of S. cerevisiae
gene expression oligonucleotide arrays” together with available
strains of S. cerevisiae expressing the Dam and SssI methyltrans-
ferases should allow the global, high-resolution study of chromatin
structure and its influence on the expression of all the genes in a
eukaryotic organism.

Experimental protocol

Enzymes, buffers, and media. All restriction enzymes, T4 DNA ligase, and T4
polynucleotide kinase and their corresponding buffers were purchased from
the New England Biolabs (NEB; Beverly, MA). AMV Reverse Transcriptase
and Taq DNA polymerase were purchased from Boehringer Mannheim
(Indianapolis, IN). LB medium is 1% bactotryptone, 0.5% yeast extract, and
1% NaCl.

Bacterial strains and plasmids. Three strains of E. coli were used: crp+ (CA
8000/CGSC#6026: thi-1, rel Al, spo T1, \-) and crp- (CA 8445-
1/CGSC#7043: thi-1, rel Al, spo T1, \-, rpsL 136, Acrp-45) were kindly pro-
vided by B. Bachmann of the Yale University (New Haven, CT) E. coli Genetic
Stock Center. ER 1821 [F- el4- (McrA-) endAl supE44 thi-1 relA1? rfbD12
spoT1? A(merC-mrr)114::1S10], a derivative of MM294 was obtained from
NEB. Plasmids pUC19 and pCAL7 (harboring the M.SssI gene) were also
obtained from NEB.

Display of in vivo protected sites. Genomic DNA was extracted from E.
coli cells expressing native or foreign DNA methyltransferases grown in batch
cultures™, This DNA was isolated, purified, and digested with the appropriate
methylation-sensitive endonuclease (5 pg genomic DNA, 20 units of Dpnllin
a final volume of 20 pl for 2 h) leaving a 5" overhang,. A radioactively labeled
linker with a cohesive end was then constructed by annealing two partially
complementary oligos (DPNL: 5-CTTTTTTTTTTTTCGTTCGAGCT-
CACGTAGATGTC and DPNS: 5 P-GATCGACATCTACGTGAGCTC-
GAACG) and primer-extending with [a”P] dATP’s using AMV Reverse
Transcriptase. The poly-T tail of DPNL acts as template for polymerization of
[@”P] dATP by AMV Reverse Transcriptase (3 pmol of each oligonucleotide;
3 pl of 5X AMV Reverse Transcriptase buffer; 5 pl of [a”P] dATP [6000
Ci/mmoles]; 1 ul of AMV Reverse Transcriptase [25 U/ul] in a volume of 15
ul was incubated at 37°C for 20 min). The reaction was then chased with 1 pl
of cold 100 mM dATP for 10 min at 37°C and subsequently inactivated by
incubation at 70°C for 15 min. The resuiting labeled linker contains multiple
*P-labeled nucleotides at one end, a middle 21 nucleotide region used as a
primer site for subsequent PCR amplification, and a 5 overhang at the other
end used for specific ligation to fragments generated by the methylation-sen-
sitive endonuclease. The labeled linkers are ligated to the ends of the genomic
fragments. One microgram of DpnlI digested E. coli chromosomal DNA, 1 ul
(0.2 pmol) of the radioactive linker, 1.5 ul of 10X ligase buffer, and 0.3 pl of
T4 DNA ligase (2000 U/ul) in a total volume of 15 pl were incubated for 2 h at
16°C and subsequently heat inactivated at 65°C for 20 min. To be able to
resolve these fragments on a gel, the linker-ligated fragments were then cut
with a four-base recognition endonuclease (0.5 ul of NEB #2 buffer, 0.5 pl of
Mspl endonuclease [100 U/pl], and 5 pl of dH,O added to the ligation mix-
ture above and incubated at 37°C for 1.5 h). After heat-inactivation of the
digestion product at 65°C for 20 min and addition of 5 pl of 6X loading dye,
12 pl were loaded onto a 6% nondenaturing polyacrylamide gel (360 X 260 X
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1 mm). The samples were electrophoresed at 4.4 V/cm for 12-14 h. The gel
was then used to expose a Phosphorimager screen for 5 h and then scanned to
quantitate the intensity of protection bands. These intensities were quantified
using a Molecular Dynamics (Sunnyvale, CA) Phosphorimager scanner and
ImageQuant version 1.1 software (Molecular Dynamics). The gel was also
used to expose an x-ray film for 24 h. This was done to create a template for
excising fragments of interest from the gel.

Identifying protected sites of interest. Once the protection pattern was
visualized, a specific protected site was identified by excision of the corre-
sponding band from the polyacrylamide gel using the x-ray autoradiogram
template. Fragments of interest are cut out of the gel, crushed, and the DNA is
eluted into a high-salt buffer (0.5 M ammonium acetate, 1 mM EDTA pH
8.0). The DNA is ethanol-precipitated and resuspended in 15 pl of dH,0. A Y-
shaped, partially double-stranded linker (MSPY) is constructed by annealing
two oligos (MSPY5: 5-ACTACGCACCGGACGAGACGTAGCGTC, and
MSPY3: 5 P-CGGACGCTACGTCCGTGTTGTCGGTCCTG). The Y-shaped
linker allows for specific amplification of the methylase protected fragments’.
At one end, the linker has a 5°CG overhang complementary to the overhang
generated by the second endonuclease, an 11 bp double-stranded middle
region and a 16 bp region of noncomplementarity at the other end, giving
rise to its schematized Y-shape. This linker was ligated to the cohesive ends
generated by the Mspl endonuclease (2 pmol of the MSPY linker, 5 ul [10 ng]
of the gel-isolated DNA, 1 pl of 10X T4 DNA ligase buffer, 0.2 ul T4 DNA lig-
ase (2000 U/pl] in a volume of 10 pl incubated at 16°C for 12 h). The ligation
mixture was heat-inactivated and 1 pl was used as template in a PCR reaction
containing primers P1 (5-CGTTCGAGCTCACGTAGATGTC) and P2 (5'-
ACTACGCACCGGACGAGACGT) using Taq polymerase. The PCR reac-
tions reproducibly generated fragments of the expected size, which were
agarose gel-purified and cycle-sequenced using primers P1 and P2 on an ABI
automated sequencer. For the majority of sites, only one of the two endonu-
clease-generated fragments was identified. This was largely due to the small
predicted size of the second digestion fragment, which in most cases would
be obscured by the high-intensity signal from the radioactively labeled linker-
dimers at the bottom of the gel. In one notable case (mtlA), the 3’ generated
fragment migrated at appoximately 340 bp, which was different from that
expected from sequence data (260 bp). This may reflect decreased mobility of
the 3" fragment in the native polyacrylamide gel due to the predicted bend of
85.32 degrees across 70% of this fragment (GenBank: U15409/ECU15409).

Constructing the pMSI expression plasmid. Primers MS_5 (5'-
ACAAAAGCTGCTCGCCTGCAGGATGAGCAAAGTAGAAAATAAAACAAA)
and MS_3 (5-GCCCTATATACCGGTACCTTAACCTCCAATTTTATC-
TATAATCGCTTC), containing restriction sites for Pstl and Kpnl respective-
ly, were used to PCR amplify the M.Sssl gene from pCAL7. The PCR product
was digested with Pst]/Kpnl and ligated into the pUC19 (a plasmid with a
colE1 origin of replication) multiple cloning site, downstream of the Lac pro-
moter. E. coli strain ER1821 was transformed with the ligation mixture and
colonies expressing M.SssI were isolated by assaying the cytosine methylation
level of the chromosomal DNA using Hpall digestions. Plasmid pMSI, bear-
ing a functional M.Sss! gene was then isolated and vsed to transform ER1821
strains for subsequent methylation-protection experiments.
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