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ABSTRACT Transcription regulation in bacterial restriction—modification (R—M) systems is an important proc-
ess, which provides coordinated expression levels of tandem enzymes, DNA methyltransferase (MTase) and
restriction endonuclease (RE) protecting cells against penetration of alien DNA. The present study focuses
on (cytosine-5)-DNA methyltransferase Ecl18kI (M.Ecl18kI), which is almost identical to DNA methyltrans-
ferase Ssoll (M.Ssoll) in terms of its structure and properties. Each of these enzymes inhibits expression of the
intrinsic gene and activates expression of the corresponding RE gene via binding to the regulatory site in the
promoter region of these genes. In the present work, complex formation of M.Ecl18kI and RNA polymerase from
Escherichia coli with the promoter regions of the MTase and RE genes is studied. The mechanism of regulation
of gene expression in the Ecl18kI R—M system is thoroughly investigated. M.Ecl18kI and RNA polymerase are
shown to compete for binding to the promoter region. However, no direct contacts between M.Ecl18kI and RNA
polymerase are detected. The properties of M.Ecl18kI and M.Ssoll mutants are studied. Amino acid substitu-
tions in the N-terminal region of M.Ecl18KkI, which performs the regulatory function, are shown to influence
not only ML.Ecl18KI capability to interact with the regulatory site and to act as a transcription factor, but also its
ability to bind and methylate the substrate DNA. The loss of methylation activity does not prevent MTase from
performing its regulatory function and even increases its affinity to the regulatory site. However, the presence
of the domain responsible for methylation in the M.Ecl18kI molecule is necessary for M.Ecl18kI to perform its
regulatory function.

KEYWORDS restriction—modification systems; (cytosine-5)-DNA methyltransferase; DNA—protein interactions;
transcriptional regulation.

ABBREVIATIONS MTase — DNA methyltransferase; PAGE — polyacrylamide gel electrophoresis; RNAP — RNA
polymerase; R—M system — restriction—modification system; RE — restriction endonuclease; AdoMet — S-ad-
enosyl-L-methionine; M.Ecl18kI — DNA methyltransferase Ecl18kI; M.Ssoll — DNA methyltransferase Ssoll;
R.Ecl18KI — restriction endonuclease Ecl18KI. Prefix “d” for designating deoxyribonucleosides, oligodeoxyribo-
nucleotides, and DNA duplexes is omitted.

INTRODUCTION

Restriction—modification (R—M) systems are abundant
in bacterial cells; they contain genes that encode re-
striction endonucleases (RE) and DNA methyltrans-
ferases (MTases). RE hydrolyzes a certain sequence in
a double-stranded DNA (dsDNA), while MTase meth-
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ylates the same sequence at a strictly determined po-
sition, thus preventing its cleavage by RE. The R—M
functions as a primitive immune system that protects
a host bacterium from penetration by alien DNA: RE
hydrolyses the intruding DNA that is not methylated
by the corresponding MTase [1]. The activity levels of
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the RE and the MTase in the cell are to be strictly co-
ordinated. An extremely low level of the MTase gene
expression as compared with the RE gene may cause
cell death via hydrolysis of cellular DNA, whereas its
excessively high level cannot protect the cell against
penetration by an alien DNA.

Although there is no doubt that gene expression in
the R—M systems is regulated, the mechanisms under-
lying this process are poorly studied. It has been dem-
onstrated by recent research that coordinated gene
expression in R—M systems is presumably determined
by regulation at the transcriptional level. Three major
types of regulation can be distinguished: via C-proteins,
via methylation of the promoter region of the R—M sys-
tem by the MTase, and via the interaction between the
MTase and the regulatory sites in DNA, which differ
from the methylation site [2]. This study focuses on the
latter type of regulation, which is typical of (cytosine-
5)-DNA MTases (enzymes that methylate the cytosine
residue at position 5) belonging to the type II R—M sys-
tems. Over 300 (cytosine-5)-DNA MTases have been
recently characterized; however, the existence of the
regulatory function has been experimentally confirmed
only for six of them (M.MspIl, M.EcoRII, M.ScrFIA,
M1.LlaJI, M.Ssoll, and M.Ecl18KI) [2].

The type II R—M system Ssoll has been most thor-
oughly studied. The genes of this system are located in
natural plasmid P4 (4250 bp) from the Shigella sonnei
47 strain; they are divergently oriented; the intergenic
region consists of 109 bp [3]. The other four Ssoll-like
R—M systems isolated from various bacterial strains
have been described; their MTases are either identi-
cal to M.Ssoll in terms of the amino acid sequence
(M.Kpn2kI from Klebsiella pneumoniae 2k) or differ in-
significantly. Thus, MTases Ecl18kI from Enterobacter
cloacae 18k and StyD4I from Salmonella typhi D4 carry
Met instead of Ile at position 56, while MTase SenPI
from Salmonella enteritidis P1 contains Ile56 and, in
addition, Gly instead of Glu at position 11 [4—=7]. The
nucleotide sequences of the corresponding genes share
99-100% identity; those of the intergenic regions are
absolutely identical. Hence, the data on the function-
ing of the enzymes from one of these systems can be
extrapolated to the other systems as well.

All SsolI-like R—M systems recognize sequence
5’-CCNGG-3’/3’-GGNCC-5" (N =A,G,CorT)in
dsDNA and methylate the inner C residue in this se-
quence in the presence of the cofactor S-adenosyl-L-
methionine (AdoMet) forming 5-methyl-2’-deoxycyti-
dine [4]. The promoter elements of the genes encoding
the RE and MTase of the Ssoll-like R—M systems
have been determined using the Ecl18kI system as
an example; the in vitro transcriptional regulation of
these genes by M.Ecl18kI has been also shown. In or-

der to regulate transcription, M.Ecl18kI binds to the
so-called regulatory site, the 15-mer inverted repeat
5’-GGACAAATTGTCCT-3"/3’-CCTGTTTAACAG-
GA-5’, which is localized inside the promoter region
of the genes of the Ecl18kI R—M system [9]. The nu-
cleotides that participate in the formation of specific
DNA—protein contacts with the MTase are located in-
side the regulatory site (Fig. 1) [10, 11]. All SsollI-like
MTases are two-domain proteins whose N-terminal
region (residues 1—71) provides transcriptional regu-
lation, while the region of 72—379 residues is respon-
sible for DNA methylation. The N-terminal region of
M.SsolII has been shown to have a strongly pronounced
secondary structure [12] in which the “helix—turn—
helix” (HTH) motif is predicted with a high probabil-
ity. Two M.Ssoll molecules (which are monomeric in
the apo-form) interact with the regulatory site [12].
The data [13] regarding the putative contacts in the
complex between the M.SsolIl N-terminal region and
the regulatory site are summarized in Fig. 1.

In order to refine the mechanism of gene transcrip-
tion regulation in the Ssoll-like R—M systems, the ef-
ficiency of complex formation of M.Ecl18kI and E. coli
RNA polymerase (RNAP) with DNA fragments con-
taining the regulatory elements of the genes of the
Ecl18kI R—M system is assessed in this study. All known
Ssoll-like R—M systems have been isolated from vari-
ous enterobacterial strains (E. coli belonging to them
as well); thus, the use of E. coli RNAP is reasonable.
The role of residues Lys21, Lys31, Lys46, and Lys53 in
the M.Ecl18kI N-terminal region for the binding of this
protein to the regulatory site, as well as their effect on

Fig. 1. Scheme of the contacts between the amino acid
residues in the N-terminal domain of M.Ssoll dimer and the
regulatory site in DNA. Heterocyclic bases and phosphate
groups which interact with M.Ssoll (identified by footprint-
ing technique) are shown in red. Amino acid residues of
the second M.Ssoll subunit are marked with asterisks
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the MTase ability to act as a transcription factor and on
the interaction between the enzyme and the methyla-
tion site are being studied for the first time.

METHODS

Protein purification

MTase Ecl18kI and its mutant forms were purified
by affinity chromatography on Ni-NTA agarose [4].
E. coli RNA polymerase was sequentially purified by
Ni-NTA-agarose and heparin-sepharose affinity chro-
matography, followed by DEAE cellulose ion-exchange
chromatography [14].

Synthesis of DNA fragments I-1I1

Fragments I-1III were synthesized by polymerase chain
reaction (PCR) on an Eppendorf Mastercycler person-
al thermal cycler (Eppendorf North America, USA).
The DNA fragment I was obtained using the prim-
ers 5’-TTGAGTCATATGAAGTCTTTCTC-3 and
5'-AGCAAATGGCGTAATAAAATGC-3’; the DNA
fragment II, using 5’-TCATGCATGTCTACCAGAA-3’
and 5'-CATAAAAAATAACCTTTTATACT-3’;
the DNA fragment III, using 5’-TTGAGTCATAT-
GAAGTC-3’ and 5’-CCAACACTTAATTCTGG-3".
Hybridization (annealing) temperature for each pair
of primers was 62, 54, and 46°C, respectively. The PCR
cycle (90°C — 60 s, primers annealing — 60 s, 72°C — 40 s)
was repeated 25 times. After the PCR, DNA was pre-
cipitated with ethanol (2.5 vol.) in the presence of 1 M
NaCl The target DNA was isolated from agarose gel
using microcentrifuge tubes Spin-X Centrifuge Tube
Filters (Costar, USA).

Equilibrium binding of the proteins

to the DNA ligands

The 5’-ends of the oligonucleotides were radioactive-
ly labeled using T4 polynucleotide kinase (10 units,
Fermentas, Lithuania) and [y-**P]ATP. The complex
formation between the M.Ecl18kl and DNA frag-
ments I-II, as well as between the RNAP and DNA
fragments I-III, was conducted in 10 pl of the bind-
ing buffer (50 mM Tris-HCI (pH 7.6), 150 mM NaCl,
5 mM (-mercaptoethanol) in the presence of heparin
(equimolar amount to the protein) for 40 min at 37°C.
In the case of M.Ecl18KI, the reaction mixture con-
tained 1 mM AdoMet. The DNA—-protein complex
and the unbound DNA duplex were separated by gel
electrophoresis in 1% agarose gel. After the electro-
phoresis, the agarose gels were dried on a supporting
plate at 90°C in a hot air flow. The dissociation con-
stants (K,) of the DNA—protein complexes were deter-
mined by the Scatchard technique [15]. The concen-
trations of M.Ecl18kl and RNAP were 60 and 30 nM,
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respectively. The concentrations of the DNA duplex
II were varied within a range from 5 to 120 nM. The
complex formation of the mutants M.Ecl18kI(K46A),
M.Ecl18kI(K53A), and M.Ecl18kI(K21A) with the
DNA fragments IV and V was conducted in 20 pl of
the binding buffer (50 mM Tris-HCI (pH 7.6), 150 mM
NaCl, 5 mM DTT, 50 ng/ul poly(dI-dC)) for 20 min at
37°C. The concentrations of the DNA duplexes IV and
V were varied within a range from 20 to 100 nM. The
concentrations of M.Ecl18kI(K46A), M.Ecl18kI(K53A),
and M.Ecl18kI(K21A) were equal to 560, 400, and 400
nM, respectively, when binding to the DNA fragment
IV and were equal to 200, 1600, and 5600 nM, respec-
tively, when binding to the DNA fragment V.

Determination of the initial rate of

the substrate DNA methylation

The initial rate of the substrate DNA methylation by
MTases Ecl18KI, Ssoll, and their mutant forms was de-
termined as previously described [9], on the basis of the
degree of the duplex V “protection” against hydrolysis
by RE Ecl18KkI (R.Ecl18KkI). For this purpose, 350 nM of
the radiolabeled DNA duplex V was incubated with
MTase in the binding buffer containing 1 mM AdoMet
for 0.5—60 min at 37°C. The reaction mixture was then
kept at 65°C for 10 min to inactivate the enzyme, and
cooled to 25°C. Next, MgCl, (up to 10 mM) and R.Ecl18kI
(up to 240 nM) were added and the reaction mixture
was incubated at 37°C for 1 h. The initial active con-
centrations of the MTases were identical (14 nM). The
degree of hydrolysis of the unmethylated DNA duplex
V by R.Ecl18kI was taken as 100%. The degree of meth-
ylation of the DNA duplex V by the MTases was calcu-
lated with respect to this value, and the kinetic curves
were plotted. The initial methylation rate (v ) of the
DNA duplex V by MTase was calculated as an angular
coefficient (slope ratio) of the initial linear region on the
kinetic curve.

In vitro transcription

The purified DNA fragment I (0.25 pg) was incubat-
ed with RNAP (3 pmol) in the transcription buffer (40
mM Tris-HCI (pH 7.9), 6 mM MgCl,, 10 mM DTT, 10
mM NaCl, 2 mM spermidine) in 8 pl for 10 min at 37°C.
Next, the mixture was supplemented with 2 pl of an
aqueous heparin solution (0.25 pg/ul) and incubated at
37°C for an additional 10 min. 10 pl of a ribonucleoside
triphosphates mixture (UTP (12 uM), ATP, GTP, and
CTP (500 uM each)) containing 0.5 uCi [a-**P]UTP and
24 units of the RNase inhibitor RiboLock (Fermentas,
Lithuania) were then added. After incubation at 37°C
for 1 h, the reaction mixture was mixed with 10 pl of
RNA Loading Dye (Fermentas, Lithuania) and loaded
onto a polyacrylamide gel.



RESEARCH ARTICLES

Res
A -12  -10 Y B
/5" ~PTGAGTCATA TGAAGTCTTT CTCTTTTTTC TTTGATTGTT GCTGCGATAT TATCAGTCAT! GCATGTCTAC CAJAATTAAG
\ ecl18kIM |
“\.3’ -AACTCAGTAT ACTTCAGAAA GAGAAAAAAG AAACTAACAA CGACGCTATA ATAGTCAGTA! CGTACAGATG GTIETTARTTE

GTTGGTTTT AGGACAATIT GICCIGTITTT GATTCCAATT A"

CGTGC ATGAAAAAAC TTTCAAGTAG ATATAAAAGG

AA| TACTTGCACG TACTTTTTTG AAAGTTCATC TATATTTTCC

=35

TTATTTTTT{. ICCAAAGATT AAGTCCTGGT GAATTTAAAA CTCTAATTTC TAAAGAGAGA AAGTCGCATT TTATTACGCC ATTTGCT-3/

ecl18kIR

AATAAAAAAT ACGTTTCTAA TTCAGGACCA CTTAAATTTT GAGATTAAAG ATTTCTCTCT TTCAGCGTAA AATAATGCGG TAAACGA—S”,/

Fig. 2. Genetic arrangement of the Ecl18kl restriction—modification system promoter region, the DNA fragment I. The
directions of the MTase and the RE genes are shown with yellow and green arrows, respectively. The start codons are
also marked with the corresponding colors (yellow or green). The region protected by MTase against DNase hydrolysis
is shown in grey. The regulatory site of M.Ecl8kl (inverted repeat) is marked with red letters and red arrows. The tran-
scription initiation points and the promoter elements are shown in pink and blue, respectively

Characterization of the regulatory

activity of the methyltransferases

The regulatory activity of the mutant forms of
M.Ecl18kI and M.Ssoll was assessed via in vitro tran-
scription from the DNA fragment I in the presence of
the corresponding proteins. The wild-type M.Ecl18kI
or M.Ssoll were used in the control experiments. The
reaction mixtures were analyzed by 5% polyacryla-
mide gel electrophoresis (PAGE; the gel contained 7 M
urea) at a field intensity of 5 V/cm in TBE buffer. Only
the resulting RNA transcripts contained the radiola-
bel. In the presence of the Ssoll-like MTases capable
of acting as regulatory proteins, the following changes
were observed: an increase in the radioactivity of the
region corresponding to the RNA transcript from the
RE gene promoter and a decrease in the radioactivity
of the region corresponding to the RNA transcript from
the MTase gene promoter. The fraction (%) of the RE
gene transcript in the total radioactivity of the result-
ing transcripts (taken as 100%) at various MTase con-
centrations was determined. Identical active concen-
trations of the MTases were used to ensure a correct

comparison of the yields of the transcription products
in the reaction. They were obtained from the Scatchard
plots used to determine the K, values for the complex-
es between the proteins and the duplex IV containing
the regulatory site [15]. The fraction of the transcript
from the RE gene promoter was plotted as a function
of the MTase active concentration. The relative yield of
this transcript per unit of the MTase active concentra-
tion was then determined. For this purpose, the ratio
between the angular coefficients (slope ratios) of the
initial linear region on the curves of the mutant MTase
and the wild-type M.Ecl18KkI (or M.SsoIl) was calcu-
lated.

RESULTS AND DISCUSSION

Complex formation of RNA polymerase and
M.Ecl18kI with the DNA fragments containing

the intergenic region of the Ecl18kI R—M system
Figure 2 shows the genetic arrangement of the Ecl18kI
R—M system (based on the data [8, 11]) by the example
of the 247-bp DNA fragment I. The MTase gene pro-
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moter is localized directly before the regulatory site
and partially overlaps the region which is protected
by M.Ecl18kI from DN Ase I cleavage. We had assumed
that the mechanism of negative regulation of the
MTase gene expression may consist in physical block-
ing of the RNAP access to the MTase gene promoter as
M.Ecl18KI binds to the regulatory site.

To verify this hypothesis, complex formation of both
proteins with the 116-bp DNA fragment II contain-
ing the intergenic sequence of the Ecl18kI R—M sys-
tem (the regulatory site, the transcription initiation
point, and the promoter elements of the MTase gene
ecl18kIM) but lacking the promoter elements of the RE
gene ecl18kIR was studied (Fig. 3A). After RNAP was
added to the MTase—DNA mixture, no other complexes
but MTase—DNA and RNAP—DNA emerged in the re-
action mixture. This fact eliminates the possibility of
direct contact between M.Ecl18kI and RNAP. More-
over, the 5-fold excess of M.Ecl18kI (with respect to
RNAP) resulted in virtually complete disappearance
of the RNAP—DNA complex. Therefore, MTase bind-
ing to the regulatory site does impede the interaction
between RNAP and the promoter region of the Ssoll
R—M system genes (Fig. 3B).

The efficiency of RNAP and M.Ecl18kI binding to
the MTase promoter and to the regulatory site was
assessed by determining the K values of the DNA—
protein complexes. K, = 12 = 1 nM for the M.Ecl18kI
complex with the DNA fragment II, while K, = 25 =
1 nM for the RNAP complex with the same fragment.
Thus, the control over the MTase expression level can
be attributed to the competition between RNAP and
M.Ecl18KkI for the binding site. The insignificant (2-
fold) difference in the MTase and RNAP affinity to this
DNA region allows preventing premature inhibition of
M.Ecl18kI synthesis, i.e. controlling the expression level
of the MTase gene more accurately. Thus, the level of
M.Ecl18kI synthesis does not fall below the minimal
value that ensures maintenance of the specific meth-
ylation of cellular DNA.

Since the MTase is localized near the transcription
initiation point of the RE gene (Fig. 2), it seems quite
possible that M.Ecl18kI has a negative effect on the ecl-
18kIR gene transcription. However, an opposite effect
is observed. We had assumed that RNAP and M.Ecl18kI
could be bound simultaneously to the same DNA frag-
ment, RNAP interacting with the RE gene promoter,
while the MTase interacts with its regulatory site. This
assumption is verified experimentally (Fig. 3C,D): se-
quential addition of RNAP and M.Ecl18KkI to the 247-
bp DNA fragment I leads to a ternary complex forma-
tion (supposedly RNAP—M.Ecl18kI-DNA) which has
a lower electrophoretic mobility as compared with the
RNAP-DNA and M.Ecl18kI-DNA complexes. Since
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two M.Ssoll molecules bind to a single regulatory site
[12], it is highly probable that each complex (RNAP—M.
Ecl18kI-DNA and M.Ecl18kI-DNA) contains two
M.Ecl18kI molecules.

Complex formation between RNAP and the two dif-
ferent promoters shows that the degree of RNAP bind-
ing to the DNA fragment III (Fig. 3E,F), which contains
the transcription initiation point and the promoter re-
gions of the ecl18kIR gene only, is 4-fold lower than
the degree of RNAP binding to the DNA fragment II,
which contains the transcription initiation point and
promoter regions of the ecl18kIM gene only. Thus, the
ecl18kIM gene promoter is stronger than the ecl18kIR
gene promoter, and transcription primarily occurs from
the MTase gene promoter in the absence of M.Ecl18kI.
This phenomenon can also be stipulated by the “sitting
duck” mechanism of transcriptional interference [16]
when the rates of the open RNAP complex transition
into the elongation form for two closely spaced promot-
ers differ considerably and the activity of the weaker
promoter is suppressed due to the intensive transcrip-
tion of the stronger one.

Analysis of the ability of the M.Ecl18kI N-terminal
region to regulate gene transcription in the
restriction—modification system in vitro

The experiments with deletion mutants have demon-
strated that the M.Ssoll ability to act as a transcription
factor can be attributed to the N-terminal region of this
protein, which consists of 71 residues [3]. The amino
acid sequences of the N-terminal regions of M.Ecl18kI
and M.Ssoll significantly resemble C-proteins. When
comparing the M.Ssoll regulatory site with the ideal-
ized sequence of C-boxes (5’-GACT..AGTC-3’) [17], 6
out of 8 nucleotides coincide. Considering the signifi-
cant variability among the sequences of the C-boxes,
the regulatory site recognized by M.Ecl18kI can also be
classified as a C-box. The deletion mutant A(72—379)
M.Ecl18KI, which is the N-terminal region of M.Ecl18KkI,
retains its strongly pronounced secondary structure
and is capable of specific binding to the DNA contain-
ing the regulatory site; however, the efficiency of such
binding is an order of magnitude lower than that of the
full-length protein [12].

The effect of A(72—379)M.Ecl18kI on the in vitro tran-
scription of the ecl18kIR and ecl18kIM genes has been
studied. The full-length M.Ecl18kI was used in the con-
trol experiment (Fig. 4). Transcription from the 247-bp
DNA fragment I resulted in two products correspond-
ing to the transcripts from the RE gene promoter (~190
nucleotides) and from the MTase gene promoter (~110
nucleotides). When the reaction mixture was titrated
with increasing amounts of M.Ecl18kI, the fraction of
the MTase gene transcript decreased considerably,
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Fig. 3. Complex formation of M.Ecl18kl and RNA polymerase with the DNA fragments that contain different elements of
the intergenic region of the Ecl18kl restriction—modification system. A, C, E — schematic representations of the DNA—
protein complexes formation. The directions of the MTase and the RE genes are shown with yellow and green arrows,
respectively. P , P, — transcription initiation points of the RE and MTase genes, respectively (also marked with thin
arrows). The promoter elements are shown in blue, the regulatory site is shown in red. B, D — complex formation of RNA
polymerase (30 nM) with the DNA fragments ll or I, respectively (15 nM) in the presence or absence of M.Ecl18kl ex-
cess (150 nM) under specific binding conditions (with 300 nM heparin). F — complex formation between RNA polymer-
ase (190 nM) and the DNA fragments lll or Il (30 nM). Radioautographs of 1% agarose gels
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M.Ecl18kI

—100

Fig. 4. Analysis of the transcripts from the DNA fragment
I by electrophoresis in 5% polyacrylamide gel under de-
naturing conditions. Radioautography: 1 — the transcripts
in the absence of M.Ecl18kl, 2 — the transcripts in the
presence of M.Ecl18kl 4-fold excess (considering active
concentrations of the enzymes). The positions of RNA
length markers are shown on the right side.

tR — the franscript from the ec/18kIR gene promoter;

tM — the transcript from the ecl/18kIM gene promoter;

nt — nucleotides

while that of the RE gene transcript increased (Figs. 4,5).
Meanwhile, the addition of A(72—379)M.Ecl18KI to the
reaction mixture caused no changes in the ratio be-
tween the yields of the two transcripts; i.e., this dele-
tion mutant could not function as a transcription factor
(Fig. 5). This fact is probably due to the low affinity of
A(72—379)M.Ecl18kI to the DNA carrying the regula-
tory site [12]: such a protein cannot efficiently compete
with RNAP for binding to the promoter region. It is also
possible that the deletion mutant covers a considerably
smaller DNA fragment as compared with the full-length
M.Ecl18KkI and therefore is not a steric impediment
for RNAP. Thus, the region responsible for methyla-
tion is necessary to maintain the regulatory function of
M.Ecl18KI. This result agrees with the recently proposed
structural model of the complex between the Ssoll-like
MTases and the regulatory site within the intergenic re-
gion of the R—M system: the N-terminal regions of both
MTase molecules specifically interact with the regula-
tory site, while the regions responsible for methylation
are nonspecifically bound to the DNA flanking the regu-
latory site [18].
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Fig. 5. Dependence of the transcript yield from the ecl-
18kIR gene promoter on the concentration of M.Ecl18kl or
its deletion mutant A(72—-379)M.Ecl18kl

Model of gene transcription regulation in the
Ecl18KI restriction—modification system
After the R—M system penetrates into a cell, the MTase
is actively synthesized from the stronger promoter,
which is required to protect cellular DNA against the
hydrolysis by RE. A certain amount of MTase, which
can efficiently protect the cell against bacteriophage
infection, is produced with time. Then, two MTase mol-
ecules bind to the regulatory site and block the RNAP
access to the promoter of the MTase gene (Fig. 6). No
complex formation between MTase and RNAP occurs
in this case; i.e., the mechanism of transcription sup-
pression of the MTase gene is based exclusively on the
competition between the MTase and RNAP for bind-
ing to the intergenic region of the Ecl18kl R—M system.
The close K, values attest to the fact that even small
changes in the MTase concentration are expected to af-
fect the efficiency of the MTase gene transcription.
The interaction between the M.Ssoll regions respon-
sible for methylation with the DNA flanking the regu-
latory site described in [18] seems to confer additional
strength to the DNA—protein complex. This circum-
stance allows Ssoll-like MTase to successfully compete
with RNAP for binding to the promoter region, result-
ing in the suppression of the MTase gene transcription
and stabilization of the MTase concentration in the cell.
It can be assumed that binding of the enzyme region
responsible for methylation to the DNA flanking the
regulatory site is a compensatory mechanism which is
required to make the effect on transcription of a MTase
dimer bound to the regulatory site as efficient as that
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1. Penetration into the cell. Intensive synthesis of MTase
to protect host cell DNA
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2. Accumulation of MTase. Interaction between MTase
and the regulatory site
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.
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3. Stage of cell protection against the infection by bac-
teriophage. Inhibition of MTase synthesis. Activation of
transcription of the RE gene

4. Transcription elongation — dissociation of MTase from
its complex with DNA

Fig. 6. The supposed mechanism of regulation of gene
transcription in Ssoll-like restriction—modification systems.
The designations are similar to those given in the legends
to Figs. 2 and 3

of two C-protein dimers bound to two palindromic sites
in DNA. The fact that a deletion mutant, which is the
N-terminal region of M.Ecl18KkI, does not have this “ad-
ditional” interaction explains the low stability of its com-
plex with the DNA and its inability to control transcrip-
tion in the Ecl18kI R—M system.

Binding between M.Ecl18kI and the regulatory site
results in indirect activation of the RE gene promoter
by preventing RNAP from binding to the MTase gene
promoter. During transcription from the RE gene pro-
moter, RNAP runs against the MTase region, which
is responsible for methylation and nonspecifically in-
teracts with the DNA region flanking the regulatory
site [18]. These nonspecific DNA—protein contacts
can be relatively easily destroyed by RNAP, which

melts DNA in the elongation complex. It is possible
that both MTase subunits are pushed away from the
DNA, which can be caused by the reduced affinity of
the enzyme to the DNA melted during the elongation
process.

Effect of single amino acid substitutions
on the regulatory activity of the Ssoll-
like methyltransferases

The mutant form of M.Ssoll containing Cys142 sub-
stitution in the region responsible for methylation.
Cysl42 in the M.Ecl18kI (M.SsolI) molecule plays
the key role in catalyzing the methyl group transfer
from the reaction cofactor AdoMet to the substrate
DNA [19]. Replacement of Cys142 by Ala results in
loss of M.Ssoll enzymatic activity. The efficiency of
the mutant protein binding to the methylation site
decreases; however, the mutant has a considerably
higher affinity to the regulatory site (Table) [9]. The
M.SsoII(C142A) ability to regulate in vitro transcrip-
tion of the genes in the Ecl18kI R—M system was test-
ed in this study.

The yields of the transcripts of the ecl18kIR gene in
the presence of M.SsolI, M.Ecl18KkI, or the mutant pro-
tein M.SsoII(C142A) are almost identical (Fig. 7, Table).
Hence, loss of the methylation function does not affect
MTase’s ability to function as a transcription factor.

The mutant forms of M.Ecl18kI containing substitu-
tions in the region responsible for the regulatory func-
tion. Based on the model of the complex between the
M.SsolI N-terminal region and the regulatory site [13],
a hypothesis has been proposed that residues Lys21,
Lys31, Arg35, Arg38, Arg39, and Arg42 interact with
DNA (Fig. 1). We studied the regulatory properties
of the M.Ecl18kIl mutants, where one of the above-
mentioned residues was replaced by Ala (Table). The
M.Ecl18kI mutants with one of the residues (Argl5,
Lys46, or Lys53) replaced by Ala were used as a con-
trol. The regulatory activity of all the M.Ecl18kI mutant
forms was tested by conducting in vitro transcription
in the presence of these proteins. Wild-type M.Ecl18kI
was used in the control experiment.

It is shown for the first time that the amino acid sub-
stitutions in the N-terminal region affect the MTase
ability to regulate transcription in the R—M system
(Table). An interesting and unexpected result of the
study is the dynamics of the yield changes of the tran-
scripts from the RE gene promoter, which differed
among different M.Ecl18kI mutants at the same active
concentrations. The mutants exhibiting high affinity
to the regulatory site had been expected to regulate
transcription more efficiently, whereas the regulation
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Characterization of the DNA-binding, regulatory, and methylating activities of the MTases Ecl18kl, Ssoll, and their mu-
tant forms'

' Data for M.Ecl18kl, M.Ssoll, M.Ssoll(C142A), M.Ecl18kI(R15A), M.Ecl18kI(R35A), M.Ecl18kI(R38A),
M.Ecl18kI(R39A), and M.Ecl18kI(R42A) have been published earlier [9].

2 The complex formation was studied using the 31-bp DNA duplex IV containing the regulatory site:

5’ -TTGGTTTTAGGACAATTTGTCCTGTTTTGAT-3"

3’-AACCAAAATCCTGTTAAACAGGACAAAACGA-5' (DNA duplex IV).

3 The complex formation and methylation activity were studied using the 30-bp DNA duplex V containing the methyla-
tion site:

5’ -GATGCTGCCAACCTGGCTCTAGGTTCATAC-3"’

3’ -CTACGACGGTTGGACCGAGATCGAAGTATG-5" (DNA duplex V).
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of transcription by the MTases exhibiting lower affin-
ity had been expected to weaken. Indeed, in the pres-
ence of M.Ecl18kI(R35A) and M.Ecl18kI(R38A), which
poorly interact with the regulatory site (Table, [9]), the
result is identical to that observed in the absence of the
protein: the RNA transcript from the MTase gene pro-
moter is predominant in the reaction mixture. Evident-
ly, these mutants cannot regulate gene transcription in
the Ecl18kI R—M system.

In the presence of the rest of the M.Ecl18kI mutants,
which could bind efficiently to the regulatory site,
changes in the amount of the RNA transcript from the
RE gene promoter were observed (Fig. 7, Table). How-
ever, a certain correlation between the MTase affinity
to the regulatory site and the transcript yield per unit
of the MTase active concentration was detected only
for three mutants: M.Ecl18kI(K21A), M.Ecl18kI(K31A),
and M.Ecl18kI(R42A) (in addition to the aforemen-
tioned M.Ecl18kI(R35A) and M.Ecl18kI(R38A)). In the
case of M.Ecl18kI(K21A) and M.Ecl18kI(R42A), the
affinity to the regulatory site and the efficiency of
transcriptional regulation per unit of the MTase active
concentration is higher than that in the case of wild-
type ML.Ecl18KkI. The affinity of M.Ecl18kI(K31A) to the
regulatory site and the yield of the RNA transcript per
unit of the MTase active concentration is comparable to
the same values for the wild-type M.Ecl18KkI

Meanwhile, the mutants M.Ecl18kI(R39A) and
M.Ecl18kI(R15A), which are characterized by a higher
affinity to the regulatory site as compared with that of
wild-type M.Ecl18KkI (2.5- and 4-fold, respectively), reg-
ulate transcription in the Ecl18kI R—M system less effi-
ciently. The RNA transcript yield per unit of active con-
centration for M.Ecl18kI(K46A) and M.Ecl18kI(K53A)
is 13- and 1.8-fold higher than that for the wild-type
M.Ecl18KI, respectively, despite the fact that the disso-
ciation constants of their complexes with the 31-bp du-
plex IV containing the regulatory site are comparable.

The absence of a correlation between the affinity to
the regulatory site and the RNA transcripts yield can
be attributed to the fact that the K, value shows the
thermodynamic stability of the MTase—DNA complex,
while the relative yield of the transcription product per
unit of the MTase active concentration characterizes
the rate of the MTase—DNA complex formation indi-
rectly.

Methylation of the substrate DNA

We have studied the impact onto the M.Ecl18kI meth-
ylation function caused by the replacement of residues
Lys21, Lys31, Lys46, or Lys53 in the M.Ecl18kI N-ter-
minal region by Ala. For this purpose, the K values of
the complexes between the MTase mutants and the 30-
bp duplex V containing the methylated site, together

with the methylation rate of this substrate, were de-
termined (Table). The mutants M.Ecl18kI(K21A) and
M.Ecl18KkI(K31A) efficiently bind to the substrate
duplex V. The rate of DNA methylation by these
proteins is 30- to 40-fold higher as compared to that
of the wild-type enzyme. Contrariwise, the mutants
M.Ecl18kI(K46A) and M.Ecl18KkI(K53A) are character-
ized by low affinity to the duplex V and cannot methyl-
ateit.

Similar studies were conducted for the mutant pro-
teins where one of the Arg residues (R15, R35, R38, R39,
or R42) located in the M.Ecl18kI N-terminal region was
replaced by Ala (Table) [9]. The following conclusions
can be drawn when comparing the results. The affinity
of M.Ecl18kI mutants to the substrate DNA V generally
decreases when the amino acid substitution approach-
es the M.Ecl18KI region responsible for methylation
(Tabdle). Thus, the K values of the M.Ecl18kI(R15A),
M.Ecl18kI(K21A), and M.Ecl18kI(R38A) complexes
with the duplex V coincide within the experimen-
tal error with those for the wild-type M.Ecl18kI. The
M.Ecl18kI(K31A) affinity to the DNA duplex V is even
3-fold higher. In M.Ecl18kI(R35A), the affinity to the
methylation region is 1.6-fold lower than in the wild-
type MTase; in M.Ecl18kI(R39A) and M.Ecl18kI(R42A),
it is 3-fold lower; whereas M.Ecl18kI(K46A) and
M.Ecl18kI(K53A) virtually do not bind to the duplex
V.

M.Ecl18kI(K21A), M.Ecl18kI(K31A), and
M.Ecl18KkI(R39A) methylate the substrate duplex V
very efficiently; however, no correlation in the affinity
to the methylation site or in the transcription regula-
tion capacity is observed among these mutant forms
(Table). A higher degree of the duplex V methylation
(as compared with that of M.Ecl18kI) was also observed
for M.Ecl18kI(R38A) with the regulatory function
turned off. The efficiency of M.Ecl18kI(R35A) meth-
ylation remains virtually unchanged, although its af-
finity to the methylation site decreases 1.6-fold when
the regulatory function is turned off. The replacement
of Arglb and Arg42 by Ala results in a 2.5- to 3-fold
decrease in the enzyme’s methylation ability. The mu-
tants M.Ecl18kI(K46A) and M.Ecl18kI(K53A) cannot
methylate the duplex V because of their extremely low
affinity.

Thus, our results demonstrate that amino acid sub-
stitutions in the M.Ecl18KkI region responsible for reg-
ulation affect the ability of this protein to bind to the
substrate DNA and methylate it, although no clear pat-
tern is observed among the mutant forms.

CONCLUSIONS

The modification enzyme (cytosine-5)-DNA MTase
Ecl18kI in vitro regulates transcription of the genes in
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the Ecl18KI restriction—modification system. The in-
hibition of the MTase gene transcription is caused by
competition between RNAP and the modification en-
zyme for the binding site near the MTase gene promot-
er. Transcription of the restriction endonuclease Ecl18kI
gene is activated due to the attenuation of transcrip-
tional interference resulting from the modification en-
zyme binding to the regulatory site. It is demonstrated
for the first time that the presence of the MTase region
responsible for methylation is required for this enzyme
to function as a transcription factor. The point muta-
tion turning off the MTase catalytic function increases
the mutant affinity to the regulatory sequence and
does not affect its ability to act as a transcription factor.
On the other hand, the mutants M.Ecl18kI(K46A) and
M.Ecl18kI(K53A), which efficiently regulate transcrip-

tion in the Ecl18kI R—M system, do not modify the sub-
strate DNA because of the extremely low affinity to the
methylation site. The replacement of Arg35 or Arg38 in
MTase Ecl18kI by Ala not only impairs protein binding
to the regulatory site, but also impedes its performing
of the regulatory function; however, the efficiency of
DNA methylation is considerably enhanced in this case.
Evidently, there is a relationship between the function-
ing of the two DNA recognition centers in the SsolI-like
MTases. ®
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