J. Mol. Biol. (1994) 236, 1011-1021

The Domains of a Type I DNA Methyltransferase
Interactions and Role in Recognition of DNA Methylation
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The DNA methyltransferases of type I restriction-modification systems are trimeric
enzymes composed of one DNA specificity (S) subunit and two modification (M) subunits.
The S subunit contains two large regions, each of which recognizes one part of the split,
asymmetrical DNA target sequence. Each M subunit contains an amino acid motif for
binding the methyl group donor and cofactor, S-adenosyl methionine. The EcoKI
methyltransferase has a strong preference for methylating a hemimethylated DNA target
rather than an unmodified target. We have used partial proteolytic digestion of KcoKI
methyltransferase to generate polypeptide domains that we have identified by amino acid
sequencing. The S subunit was cut into two large, folded domains each containing one DNA
binding region. Binding of DNA partially protected the S subunit from digestion. The M
subunit was also cut into two large domains joined together by a short flexible loop, and a
C-terminal tail region. The short loop contained part of the S-adenosyl methionine binding
motif, and cofactor binding protected the loop and the two large domains from proteolysis.
The C-terminal domain of M remained associated with the N-terminal domain of the S
subunit even after the rest of the protein had been digested. The conformation of the tail
region of the M subunit was sensitive to the methylation state of DNA in ternary complexes
also containing S-adenosyl methionine, and could differentiate between unmethylated and
hemimethylated DNA substrates.

Keywords: methyltransferase; S-adenosylmethionine; limited proteolysis;
DNA methylation

1. Introduction

The type I restriction and modification (R/Mf)
systems combine the functions of site-specific DNA
methylation and cutting in one large, oligomeric
enzyme (Yuan, 1981; Wilson & Murray, 1991;
Bickle & Kruger, 1993; Heitman, 1993). In most
other R/M systems these functions are found in
separate enzymes. The particular activity mani-
fested by a type I system largely depends on the
presence or absence of N6 methylated adenine
nucleotide bases in the asymmetrical, bipartite
DNA target sequence. Type I enzymes have been
divided into three families, IA, IB and IC, by a
variety of empirical tests (Murray et al., 1982) but

t Author to whom all correspondence should be
addressed.

1 Abbreviations used: R, restriction; M, modification;
S, specificity; AdoHey, S-adenosyl homocysteine;
AdoMet, S-adenosyl methionine; Mes, 2-[ N-morpholino|
ethanesulphonic acid; mtase, methyltransferase; PVDF,
polyvinylidene difluoride.
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they are all formed from the same three types of
subunit, each of which has a specific function. The
S, M and R subunits are responsible for DNA target
specificity (S), DNA methylation (M) and DNA
cutting (R), and are the products of the ksd S, M
and R genes.

The S subunits include two large regions of 150 to
180 amino acid residues, each of which binds specifi-
cally to one part of the DNA target sequence. Short
sequences close to the DNA recognition regions are
believed to have a structural role in both subunit
assembly and in determining the length of the non-
specific DNA spacer between the two parts of the
DNA target (Figure 1(a): Gough & Murray, 1983;
Argos, 1985; Fuller-Pace & Murray, 1986; Gann et
al., 1987; Cowan ef al., 1989; Kannan ef al., 1989;
Price et al., 1989; Gubler & Bickle, 1991; Gubler et
al., 1992). The DNA recognition regions of different
type T systems have very little sequence similarity
unless they recognize a common target, but the
smaller structural regions are highly conserved
within a type I family.

© 1994 Academic Press Limited
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Figure 1. (a) A map of the S subunit (463 amino acid
residues) showing the variable regions from amino acid
residues 2 to 158 and 202 to 377, which recognize the
DNA target, and the central and carboxyl conserved
regions (shaded) from residues 159 to 201 and 378 to 464.
Conserved regions are similar in all type TA enzymes and
are thought to play a structural role. Below the S subunit
are aligned all the sequenced proteolytic fragments of S
subunit described in this work. (b) A map of the M
subunit (529 amino acid residues) showing the m* region
from residues 48 to 153, region I from 173 to 179 and
region II from 262 to 269 as shaded blocks. Regions I and
II play a role in AdoMet binding and catalysis. Region IT
contains the sequence NPPF from residues 266 to 269 and
comprises the D/N PP Y/F consensus sequence found in
all N(6) adenine mtases. Below the M subunit are aligned
all the sequenced fragments of the M subunit.

The M subunits contain two conserved amino acid
elements believed to be involved in binding of the
cofactor and methyl group donor, S-adenosyl meth-
ionine, and the catalysis of DNA methylation
(Figure 1(b): Hattman et al., 1985; Vershon et al.,
1985; Loenen et al., 1987, Chandrasegaran &
Smith, 1988; Klimasauskas et al., 1989; Sharp et al.,
1992; Guyot et al., 1993; Kossykh et al., 1993). A
series of single amino acid changes in the m* region
of the M subunit of the Escherichia coli K12 type IA
system that abolish the normally strong preference

of this system for methylating hemimethylated
substrates are found (Kelleher et al., 1991).

The R subunits all contain amino acid sequences
characteristic of ATP binding sites and DNA heli-
cases, consistent with the possible role of this sub-
unit in ATP dependent DNA translocation and
cutting (Gorbalenya & Koonin, 1991; Murray et al.,
1993).

An active DNA methyltransferase can be formed
from the M and S subunits that displays the same
methylation properties as the complete R/M
enzyme. Several of these mtases have been
characterized biochemically (Suri & Bickle, 1985;
Patel et al., 1992; Taylor et al., 1992, 1993; Dryden et
al., 1993; Powell et al., 1993). In particular, the
EcoKI mtase of the E. coli K12 type TA system, has
been purified to homogeneity (Dryden et al., 1993).
It is a trimeric enzyme of molecular mass 169 kDa
containing two M and one S subunits. The M sub-
units each bind one molecule of AdoMet with a
dissociation constant of 3-6(+0-4)uM. Binding
causes a conformational change enhancing mtase
affinity for the DNA target sequence, AAC (N)g
GTGC (Powell et al., 1993). The mtase, as observed
for the complete R/M enzyme, methylates a hemi-
methylated sequence at least 20-fold faster than an
unmodified target. There is one methylatable
adenine base on each strand of DNA in the target
sequence at the underlined positions.

We have used limited proteolysis of the EcoKI
mtase in the presence of its substrates to delineate
the domain structure of the enzyme and to observe
the effects of substrates on the protein conforma-
tion. In general, limited proteolysis preferentially
cuts solvent-exposed loops and domain-linking
regions to yield protein domains that have the same
structure as in the intact protein and which may
retain some of the function. Some examples are lac
repressor (Geisler & Weber, 1977), 4 repressor (Pabo
et al., 1979), thermolysin (Fontana et al., 1986; Vita
et al., 1989) and EcoRI mtase (Reich et al., 1991).

We have located the sites of proteolytic attack on
the EcoKI mtase by sequencing the fragments.
These sites and the resulting domains show a sensi-
tivity to the methylation state of the DNA and are
affected differently by AdoMet and inhibitor ana-
logues, strongly suggesting their involvement in
substrate recognition and conformational flex-
ibility. Analytical gel filtration chromatography of
partially digested mtase shows that some domains
remain specifically associated with each other,
suggesting that they form part of the intersubunit
contacts in the mtase.

2. Materials and Methods

The buffer used in all proteolytic digestions was 20 mM
Tris, 20 mM Mes, 200 mM NaCl, 10 mM MgCl,, 7 mM
p-mercaptoethanol, 0-1 mM EDTA adjusted to pH 80
with NaOH. The mtase was prepared as described
previously (Dryden et al., 1993) and was transferred into
the proteolysis buffer using a PD10 desalting column
(Pharmacia) and used at a concentration of 6 um. Recent
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preparations of the mtase substituted a Superdex 200
(Pharmacia) gel filtration step for the published Sephacryl
8300 gel filtration step. This improved the purity of the
preparation by removing the small amount of free M
subunit present in earlier samples, but had no observable
affect on the proteolysis results. AdoMet, AdoHey and
sinefungin were from Sigma and used at a concentration
of 100 uM. DNA oligonucleotide duplexes of the
sequence: 5-TGTCTAGATATCGGCCTAACCACGTGGT-
GCGTACGAGCTCAGGCG-3'; (OSWEL DNA synthesis,
The University of Edinburgh) and its complementary
strand were used at a duplex concentration of 9 uM,
conditions that should bind all of the mtase in a 1:1
protein to DNA complex (Powell et al., 1993). The hemi-
methylated substrate was methylated at the underlined
adenine base. The concentration of the proteases
(Boehringer) used was 0-2 uM, except in some gels where
the concentration was 2 yM and digestion proceeded for
shorter periods as indicated. The concentrations of stock
solutions of the reaction components were obtained by
measurements of UV absorption using absorbance coeffi-
cients (Powell et al., 1993; Carrey, 1989). The reactions
(150 pl total volume) were performed at 37°C with elas-
tase and 25°C for trypsin and chymotrypsin. Trypsin
reactions were carried out in glass tubes, and elastase and
chymotrypsin reactions in plastic tubes. Portions (15 ul)
were removed at various times, mixed with 15 ul of SDS
sample buffer, boiled immediately and loaded onto
SDS/129, polyacrylamide gels for electrophoresis
according to the method of Laemmli (1970). The gels were
developed using formaldehyde fixing and Coomassie blue
staining (Steck et al., 1980) and scanned with a Shimadzu
CS-930 densitometer to give relative band intensities.
Some gels were electroblotted onto Immobilon P PVDF
membranes (Millipore), stained with Amido black and the
N termini of selected bands sequenced (Matsudaira, 1989).

The true molecular weights and mean residue weights
of the M and S subunits are 59,300, 112-1 and 51,300,
11075, respectively, but on electrophoresis the M subunit
molecular weight appeared too large by 1900, which corre-
sponds to about 17 amino acid residues, and the S subunit
appeared too small by 4400, corresponding to 40 amino
acid residues. The molecular weights of the proteolysis
fragments obtained from the gel measurements were
corrected for this discrepancy, taking into account their
molecular weight relative to the M or S subunit. In this
way a minimum size for M subunit fragments and a
maximum size for S subunit fragments could be obtained.
Also calculated directly from the gel molecular weights
was a maximum and minimum size for the M and S
subunits, respectively, to give a conservative estimate of
the fragment size. The proteolytic fragments were noted
in the form XabY, where X was E, C or T for elastase,
chymotrypsin or trypsin, ab was the approximate
molecular weight of the fragment and Y was M or S,
denoting the subunit origin.

Analytical gel filtration of proteolytic digests was per-
formed by passing the reaction mixture through a
Pharmacia FPLC Superose 6 gel filtration column. The
column separated the small protease from the larger
mtase digestion fragments almost immediately, hence
stopping the digestion. Fractions collected were analysed
on SDS/129, polyacrylamide gels with silver staining
according to the procedure of Ansorge (1985).
Glutaraldehyde crosslinking of FPLC gel filtration frac-
tions was performed according to the procedure of
Jaenicke & Rudolph (1989). The FPLC gel filtration
column was calibrated using 16 proteins of known
molecular weight ranging from 12,5600 to 670,000;

however, the assignment of molecular weight was compli-
cated by the anomalous behaviour of the mtase and its
subunits on gel filtration. The mtase (M,S;), an inactive
M,S; form and the M subunit eluted at volumes corre-
sponding to molecular weights of 210,000, 140,000 and
85,000 instead of at 169,000, 110,000 and 59,000. This
behaviour may lead to an overestimate of the molecular
weights of proteolytic fragments by this method.

3. Results

The proteases degraded the M and S subunits into
many discrete large fragments (Figures 2 to 4). The
relative amount of these fragments changed with
time. While several fragments accumulated in con-
siderable quantities and represented stable folded
protein fragments or domains, the faintest bands on
the gels are likely to be relatively unstable frag-
ments that were easily degraded further. In some
instances the formation of fragments could be at
least partially blocked by the presence of substrates.
Some of the proteolysis sites that generated the
observed fragments may have become accessible
only after certain other sites had been cleaved.
Therefore, not all of the observed cleavage sites
need to be on the surface of the protein. The frag-
ments most likely to represent protein domains
would be those that were stable or influenced by
substrate binding.

(a) Identification of fragments

The amino acid regions of a type IA S subunit are
shown in Figure 1(a). The short conserved regions
are highly conserved sequences throughout the
family while the two larger regions that recognize
DNA are not conserved and are referred to as vari-
able regions. The important amino acid regions of
the M subunit are shown in Figure 1(b).

The N-terminal amino acid residues of the four
most stable fragments, E55M, E48M, T34M and
C34M, and some of the less abundant fragments
were identified (Table 1 and Figure 1). The E27
polypeptide visible in Figure 2(d) and (e) gave an
N-terminal sequence not present in the mtase but
that was identified as the N terminus of elastase
(Hartley & Shotton, 1971: and see Table 1).

The S subunit was cut by all three proteases to
give essentially two groups of fragments consisting
either of the N-terminal variable region plus the
central conserved region and about 259, of the
carboxyl variable region, fragments T28S, T24S,
C26S and E258, or the central conserved region plus
the carboxyl variable and conserved regions, frag-
ments E29S and E35Sb (Figure 1(a)). The T28S
fragment and the T20S fragment were probably the
result of proteolysis at the same site, arginine 269.

Figure 1(b) and Table 1 show that the M subunit
could be cut by trypsin and chymotrypsin just after
amino acid region IIto give T34M and C34M repre-
senting a stable C-terminal domain. Elastase cut the
M subunit just at the start of region II to give
fragments E34Ma and E34Mb. These C-terminal
fragments of M were however not resistant to
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Figure 2. The time-course of digestion of mtase by
elastase. Lanes 1 to 9 correspond to time-points of 0, 5,
10, 15, 20, 25, 30, 45 and 60 min, except for gels 2d and
2e, where the time-points are 0, 0-5, 1-0, 1-5, 2-0, 2-5, 3-0,
4'5 and 6-0 min and 10 times as much elastase was used.
The molecular mass markers (—) had masses of 97-4 kDa,
66 kDa, 45 kDa, 29 kDa and 24 kDa decreasing in mass
from the top of the gel. Sequenced fragments of the mtase
are indicated by « decreasing in mass from the top of the
gel. (a) Mtase in the absence of substrates showing frag-
ments E55M, E34M and E29S. (b) Mtase in the presence
of 100 uM AdoMet showing fragment E55M. (c) Mtase
plus AdoHcy and unmodified DNA substrate showing
fragments E55M and E34M. (d) Mtase plus AdoMet and
unmodified DNA substrate showing fragments E55M,
E48M, E37M, E35MS, E34M, E29S and E27. (e) Mtase
plus AdoMet and hemimethylated DNA substrate
showing fragments E55M, E48M, E37M, E35MS, E34M,
E29S, E27 and E25S.

further digestion by elastase. Trypsin and elastase
digestion also gave rise to fragments T31Ma, E35Ma
and E37M, which represented the entire N-terminal
half of the M subunit up to the area around region
II. These fragments may be produced by proteolysis
at the same sites that produce T34M and E34Ma, b.
The fragments E55M and E48M represented the M
subunit minus approximately 40 and 100 amino
acid residues, respectively, from the C terminus.
These fragments were very resistant to further
digestion only when AdoMet, AdoHcy or sinefungin
were present and reveal that the M subunit has a
proteolytically sensitive tail. In Figures 3 and 4, a
slightly truncated form of the M subunit produced
by trypsin and chymotrypsin digestion can be
observed. These fragments were not identified but
may be similar to E55M.

Potential proteolysis sites existed in the appro-
priate amino acid region to produce the fragments
for which a C terminus was not determined. Our
attempts to determine the exact molecular weights
of the proteolytic fragments by laser desorption
mass spectrometry and thereby identify their C
termini were unsuccessful.

(b) Stable polypeptide fragments

The degradation of the mtase produced four large
stable fragments depending on the protease used



Function of EcoKI DNA Methyltransferase Domains

1015

Table 1
Fragments of the M and S subunit

Subunit Estimated mol. weight]
Fragment N-terminal sequencet origin (x1073) Putative polypeptide§
E55M MNNND M 53-3-558 M1-A476 to S498
E48M MNNND M 450-485 MI1-H410 to E433
E37TM MNNND M 35-8-370 MI1-G319 to D330
E35Ma MNNND M 33:9-350 M1-P302 to D312
E358b (A)SFDLI S 35:0-380 S151-8464
E34Ma (V)ATNPP M 31-9-330 A264-E529
E34Mb (A)TNPPF M 31-9-33-0 T265-E529
T34M (RYTFVHP M 32:3-34:2 T2880-E529
C34M (F)VHPTS M 33:0-34:6 V282-E529
T31Ma MNNND M 30-0-31-0 M1-P267 to N276
T31Mb (R)AAVVYV M 30-0-31-0 A306-E529
T31Mc (RYEVVQD M 30-0-31-0 E169-K436 to S445
E298 (I)NIPIP S 317-31-9 N156-A442 to L444
T288 SAGKL S 28-3-30-7 S2-8256 to E277
E27 VVGGT — 27-0 Elastase
268 SAGKL S 257-27-9 S2-T233 to L253
E258 SAGKL S 24-6-269 S2-F223 to K242
T248 SAGKL S 23-0-250 S2-K208 to N227
T208 (R)FLE_S S 19-8-21'5 F270-A449 to 8464

+ The amino acid code letters in parentheses are the amino acid residues preceding the cleavage point.
1 The molecular weights have been estimated, as described in Materials and Methods, to give the broadest and most conservative

estimate of the fragment’s size.

§ Some of the molecular weights of fragments are larger than is feasible given the sequences of the M and S subunits.

and the substrates present. Figure 2(a) to (c) show
the formation of a truncated form of the M subunit
when elastase was used. This fragment, E55M, was
rapidly degraded if AdoMet or its analogues were
absent but was very stable when they were present.
Fragments of M subunit slightly larger than E55M
were also produced by trypsin or chymotrypsin
digestion though it was not determined if they were
similar to E55M. When DNA and AdoMet were
both present the E55M fragment was further
degraded to a fragment E48M (Figure 2(d) to (e)).
E48M was stable when DNA and AdoMet were
present but it was formed from E55M more rapidly
with unmodified DNA + AdoMet than with hemi-
methylated DNA 4 AdoMet. This implied that
E55M was less stable with unmodified DNA and
AdoMet than with hemimethylated DNA and
AdoMet. E48M was not visible and may have been
formed only transiently, if at all, when AdoHcy was
substituted for AdoMet (Figure 2(c)).

Two fragments, C34M and T34M, were formed
under very similar conditions when the mtase alone
or mtase plus DNA were degraded by trypsin or
chymotrypsin (Figures 3 and 4). They appeared at
the same rate as the M subunit was degraded and
were stable for over an hour. When AdoMet,
AdoHcy or sinefungin were present these fragments
were formed in only small amounts as the now
protected M subunit was more slowly degraded.

(c) Assembly of fragments

The possibility that some of the larger proteolytic
fragments of M and S subunits remained assembled
in a multimeric structure maintaining subunit—
subunit contacts as found in the intact mtase was

investigated by passing the products of a proteolysis
reaction through an analytical gel filtration column.
The digestion of the mtase by trypsin and of the
mtase plus AdoMet by elastase were examined to
determine if the T34M and E55M fragments were
constituents of larger complexes. Figure 5 shows the
pure mtase eluting as a single peak after 1525 ml,
corresponding to a molecular weight of 210,000.

The E55M fragment eluted after 17-0ml as a
single peak with an apparent molecular weight of
68,000 (Figure 5). Its monomeric nature was
confirmed by glutaraldehyde crosslinking of this
fraction, which showed a single species of molecular
weight 55,000 on SDS-PAGE (data not shown).
Small amounts of other degradation products and of
intact mtase were observed in other fractions as
determined by silver staining of SDS-containing gels
of the fractions (not shown).

The digestion of the mtase by trypsin produced a
complex elution pattern showing a broad inhomo-
geneous band eluting between approximately 15
and 17 ml and a single peak at 17-7 ml (Figure 5).
This implied that the broad band was composed of
several protein species with molecular weights
between 200,000 and 68,000 whose relative propor-
tions changed with the length of digestion. The
single peak at 17-7 ml corresponded to species of
approximately 30,000 molecular weight. A silver-
stained gel of the fractions (Figure 6) showed that
the broad, large molecular weight band was a
heterogeneous mixture of species including the M
subunit, a truncated M subunit, the S subunit and
fragments T34M and T248. The major components
of this band were T34M and T24S, which appeared
in approximately equal amounts. This strongly
implied that T34M and T248 were associated speci-
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Figure 3. Mtase digestion by trypsin with the same
time-points for lanes 1 to 9 and molecular mass markers
as in Figure 2(a) to (c). (a) Mtase alone showing fragment
T34M, T31M, T28S, T24S and T20S. (b) Mtase plus
100 UM AdoMet showing the same fragments as Figure
2(a). (c¢) Mtase plus AdoMet and unmodified DNA
showing the same fragments as Figure 2(a).

fically with each other in a 1:1 ratio. The other
species observed in the large molecular weight band
presumably formed intact or slightly digested
mtase. There was insufficient material in the frac-
tions to show association of the fragments by
glutaraldehyde crosslinking. In the absence of T248S,
the T34M fragment was still stable and eluted from
the column as a monomeric species at 17-7 ml.
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Figure 4. Mtase digestion by chymotrypsin with the
same time-points for lanes 1 to 9 as in Figure 2(a) to (c).
The molecular mass markers are the same except for the
addition of a 184 kDa marker at the bottom of the gel.
(a) Mtase alone showing fragments C34M and C268S.
(b) Mtase plus 100 uM AdoMet showing fragments C34M
and C268. (c) Mtase plus AdoMet and unmodified DNA
showing fragment C34M.

We did not examine chymotrypsin-digested
products because we expected that the C34M frag-
ments produced by chymotrypsin digestion would
behave in the same way as T34M. Complexes of the
mtase with DNA were not examined since the
complex dissociated on the column.
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Figure 6. A silver-stained SDS/polyacrylamide gel of
025 fractions eluting from a Superose 6 FPLC gel filtration
column; 200 ul of a 5 min tryptic digestion of the mtase in
the absence of any substrates was applied directly to the
S e column giving the elution profile shown in Figure 5. Each
0 1 "3 ,,_T ;2 ': é ,|<_'; s lane shows consecutive 04 ml fractions starting once
154 ml of buffer had passed through the column after
Elution Volume (mI) sample application. The molecular weight ranges of the

Figure 5. Normalized elution profiles of proteolytic
digestions of the mtase from a FPLC Superose 6 gel
filtration column. The profiles correspond to pure
undigested mtase (— ——); mtase plus 100 uM AdoMet
after 30 min digestion by elastase (- - * *); mtase after 5 min
digestion by trypsin (—); and mtase after 15 min diges-
tion by trypsin (—-—). The flow-rate was 25 ml/h, the
column volume 25 ml and absorption at 280 nm was
monitored.

(d) Rate of degradation of M and S subunits

The time dependence of the amounts of fragments
present was fairly complex as they initially accumu-
lated and then degraded, but the degradation of the
M and S subunits followed a simple first-order rate
equation with rates that were influenced by
substrates (see Table 2). The absolute rates of
proteolysis of M or S subunits varied with the
protease used but the changes in relative rates due

assembled protein complexes as represented in each frac-
tion are approximately 185,000 to 152,000, 152,000 to
127,000, 127,000 to 97,000, 97,000 to 60,000, 60,000 to
38,000, 38,000 to 30,000 and 30,000 to 27,500 in fractions
1 to 7 respectively, as estimated from the calibration
curve for the column. The arrows (—) indicate, from top
to bottom, the M subunit, the S subunit, fragment T34M
and fragment T24S.

to substrate binding were found to be the same.
The complexes with AdoMet and hemimethylated
DNA at pH 8 were active methylation complexes
and some fully modified DNA-AdoHcy-mtase
complexes would have been formed. The formation
of these active complexes was reduced by using one-
tenth of the incubation time and ten times more
protease. In these cases the rate constants for mtase
degradation shown in Table 2 were multiplied by
ten to match the other proteolysis conditions.

The rate of degradation of the M subunit with

Table 2

Degradation of the M and S subunits
Protease Elastase Chymotrypsin Trypsin
Subunit M S M S M S
Ligand Rate (min—!)t
None 0252 +0-022 0-366 +0-033 0059 £ 0021 0-069 +£0-010 0-208 £ 0-029 0211 +0-024
AdoMet 0075+ 0016 0-382 +0-049 0-016 +0-006 0-149 +0-036 0073 £0-017 0-114 +£0-052
AdoHey 0-097 +£0-028 0-333 £0-047 0025+ 0005 0-182 +£0-020 0-106 +£0-011 0-148 +0:034
Sinefungin 0167+ 0010 0654 +0-151 001510012 0-099 +0-009 0093 +£0-022 0243 +£0-025
Unmod DNA 028740018 0284 +£0-034 0-043+0019 0076 +£0-012 ND§ ND
Hemi DNA 0-198 +£0-018 0-133+ 0040 0010 +0-004 0014+ 0-009 ND ND
AdoHey + Unmod 0076+ 0-018 0-088 +0-021 0-013 +0-008 0-058 +£0-019 ND ND
AdoHcy + Hemi 0-068 +0-018 0141 +£0-022 ND ND 0-125+0-032 0-089 +£0-011
AdoMet + Unmod 0049 £ 0011 0-088 + 0024 0011+0019 0-024 £ 0-007 0052 £0-022 0-037 £0-006
AdoMet + Unmod} 0058 +0-014 0-187 +0-069 ND ND ND ND
AdoMet + Hemif 0021 £ 0-007 0122+ 0-026 ND ND ND ND

+ The degradation rates (min~') were determined by fitting a st order rate equation to the protein band areas determined by
densitometry of the gel normalized to time 0.

1 Ten times as much elastase was used in these experiments to allow proteolysis to proceed much faster than DNA methylation. The
rates were then multiplied by 10 to match the rest of the Table.

§ ND, Not done.
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each of the three proteases was two- to threefold
slower when either AdoMet, or it analogues AdoHcy
or sinefungin, were present. The addition of un-
modified DNA alone had no effect on the rate of
degradation but hemimethylated DNA had some
effect. AdoHey and DNA together protected the M
subunit between two- and fourfold in a virtually
identical manner to AdoHcy alone, but
AdoMet+DNA appeared to give a fourfold or
higher degree of protection particularly if the DNA
was hemimethylated. DNA therefore had a slight
protective effect on the M subunit when AdoMet
and possibly when AdoHcy were present.

The S subunit was virtually unaffected by the
addition of AdoMet, AdoHcy, sinefungin or even
unmodified DNA. Hemimethylated DNA by itself
protected the S subunit two- to threefold and the
combination of either type of DNA and either
AdoMet or AdoHcy gave a two- to fivefold protec-
tion of the subunit.

4. Discussion
(a) S subunait structure

Proteases cut the S subunit into two groups of
fragments consisting of either the N-terminal vari-
able region plus the central conserved region and
the start of the C-terminal variable region, or the
central conserved region plus the C-terminal vari-
able and conserved regions. This suggests that the S
subunit forms two large folded domains held
together by the two conserved regions or some
portion of these conserved regions. The binding of
DNA slows the digestion of the S subunit by either
directly covering proteolysis sites or changing the
subunit conformation. Binding of AdoMet has no
effect on digestion of S subunit even though its
binding causes a conformational change in the
mtase (Powell et al., 1993).

These results are consistent with the S subunit
structure, based on extensive nucleotide and amino
acid sequence comparisons of S subunits from all
three type I families, of two large DNA binding
domains formed by the variable regions with the
smaller conserved regions separating the DNA
binding domains (Gough & Murray, 1983;
Fuller-Pace & Murray, 1986; Kannan ef al., 1989;
Abadjieva et al., 1993).

The N-terminal fragments, C26S, E25S and T248S,
are approximately equal in size, which suggests that
there may exist a small region sensitive to all three
proteases. Although we have not identified the C
termini of these fragments and there exist many
possible proteolysis sites, we note that the sequences
KRFR and VFKK starting at amino acid residues
194 and 222, respectively (Gough & Murray, 1983),
both give adjacent sites for all three proteases. The
VFKK sequence is predicted to form a secondary
structure turn (Argos, 1985) and may be the target
most likely to give fragments of these sizes. Turns
are usually found on protein surfaces (Branden &
Tooze, 1991).

The C-terminal fragments, E358 and E29S, are

due to cleavage very close to the junction between
the N-terminal variable region and the central
conserved region, indicating that this junction is
exposed to solvent. A sequence motif at this junc-
tion also occurs at the junction between the
C-terminal variable and conserved regions and the
motif is predicted to form a turn in the secondary
structure (Argos, 1985).

(b) M subunit structure

Proteolysis of the M subunit shows that it
comprises an N-terminal domain containing the m*
region, which influences the enzyme specifity for
hemimethylated DNA (Kelleher et al., 1991) and
region I of the AdoMet binding motif, a short
solvent-exposed polypeptide loop containing region
IT of the AdoMet binding motif, a C-terminal
domain involved in subunit-subunit contacts
(section (d), below) and lastly a tail region involved
in protein—DNA interactions (section (c), below).

The whole M subunit, except the tail region, is
substantially stabilized by the binding of AdoMet or
its analogues, all of which prevent proteolysis of the
loop joining the N and C-terminal domains.
Cofactor binding must change the conformation of
the loop by making it rigid or less solvent-exposed,
possibly by inducing it to close around the cofactor.
Once the loop is cut, the N-terminal domain is
rapidly digested but the C-terminal domain is
digested only slowly by trypsin and chymotrypsin.
Region II found within this loop is found in all
adenine mtases (Chandrasegaran & Smith, 1988;
Klimasauskas et al., 1989) and has recently been
shown to be important for binding AdoMet and
catalysis. Site-directed mutagenesis of this region in
the EcoKI mtase results in dramatic changes in
activity with no changes in binding affinity or strue-
ture (D. Willcock, unpublished results). Changes in
binding affinity and catalysis have been found in
similar experiments on the Dam mtases (Guyot et
al., 1993; Kossykh et al., 1993). In the T'agl adenine
mtase structure, region II is also found on a surface
loop (Anderson, 1993).

(c) Proteitn—DN A interactions

The unexpected increase in the susceptibility to
proteolysis of fragment E55M of the M subunit in
ternary complexes resulting in fragment K48M,
indicates that the tail region of M changes con-
formation in these complexes. This change is trig-
gered by DNA and AdoMet binding and is sensitive
to the pattern of methylation on the DNA, but is
not triggered if AdoHcy is substituted for AdoMet.
The behaviour of the tail region suggests that it
may contact the DNA substrate possibly via the
DNA binding motif in this region postulated by
amino acid sequence comparisons (Loenen et al.,
1987). Alternatively the sensitivity of the tail region
to DNA may be a secondary effect caused by a
conformational change elsewhere in the mtase. We
have not been able to detect any affinity for DNA
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binding by purified M
results).

Whatever role the tail region fulfils, it clearly
helps the mtase to differentiate between an active,
efficient methylation complex, an active, inefficient
methylation complex that would restrict DNA in
the presence of the R subunit, and an inactive,
inhibited complex (Burckhardt et al., 1981). DNA
binding studied by gel retardation of ternary
complexes containing various methylated DNA
substrates and AdoMet or AdoHcy also shows that
the mtase can distinguish between different ternary
complexes (Powell et al., 1993).

subunits (unpublished

(d) Subunit—subunit contacts

The DNA target of a type I enzyme consists of
two “half sites” each of which contains a methyla-
table adenine base. The conformational differences
in the enzyme that distinguish hemimethylated
DNA from unmethylated DNA imply that the
enzyme adopts a different structure around a
methylated half site than around an unmethylated
half site. They also imply that there is communi-
cation between the structures around each half site
to ensure that fully unmodified substrates do not
get methylated. If the structures around each half
site acted independently, then the specificity for
hemimethylated DNA could not be achieved. This
situation may arise for type IA enzymes in the
presence of the phage A Ral protein (Leonen &
Murray, 1986), in the m* mutants of the EcoKI
mtase (Kelleher et al., 1991) or in the type IB
systems exemplified by EcoAl (Suri & Bickle, 1985),
where in each case methylation of unmodified
sequences is efficient. Co-operative interactions
between half sites are most likely to involve changes
in the interfaces of the domains of the S and M
subunits (Yuan, 1981; Taylor et al., 1993).

Part of the interface between the M and S sub-
units occurs between the C-terminal half of M (frag-
ment T34M) and the N-terminal half of S (fragment
T248) since they associate to form a large molecular
weight complex as determined by gel filtration
(Figures 5 and 6).

The extent of the interface on the M subunit can
be further confined to a region smaller than T34M
since the M subunit remains bound to the S subunit
in ternary complexes even when elastase has
cleaved off the tail region to form fragment E48M.
Therefore the region of the M subunit that forms an
interface with the S subunit is contained within the
C-terminal domain of the M subunit and does not
have to include the tail region of the M subunit.

The T248S fragment of the S subunit contacts the
M subunit but the proteolysis results do not define
the interface more precisely. However, it is possible
to conclude that only the central conserved region
of S within fragment T24S is involved in contacts
with the C-terminal domain of the M subunit. It has
been proposed that the central and carboxyl
conserved regions of the S subunit are involved in
interfaces with the M subunit (Gough & Murray,

1983; Gann et al., 1987; Kannan et al., 1989) and
strong evidence for this has recently been found.
Gann (1988) constructed a truncated version of the
S subunit of the type IA system of Salmonella
enterica serovar potsdam that lacked the N-terminal
variable region. The S subunit in this bacterium is
virtually identical in size and definition of the amino
acid regions with the S subunit shown in Figure
1(a). He found that the presence of this truncated
subunit, equivalent to our E35S fragment, lowered
the restriction and modification efficiency of the
normal system ¢n vivo, presumably by competing
with the normal S subunits for binding the M sub-
units. This result suggests that the interface
between fragment T24S and T34M does not require
the N-terminal variable region of T24S. This
reduces the interface on T248 to the central
conserved region and the start of the C-terminal
variable region. More recently, it has been found
that the N-terminal variable and central conserved
region of two type IC S subunits are sufficient to
bind M subunits and support DNA methylation
(Abadjieva et al., 1993; Meister et al., 1993).
Furthermore, Meister et al. (1993) found that the
last ten amino acid residues of the central conserved
region were not required for function. Hence only
part of the central conserved region is required to
contact the M subunit.

It is probable that the interface between the S
subunit and the second M subunit in the mtase
involves the carboxyl conserved region of S. All S
subunits of type I systems contain a central
conserved region and either an amino or carboxyl
conserved region (Kannan et al., 1989; Abadjieva et
al., 1993). Parts of these conserved regions are
amino acid repeats that are present in all three type
1 families while the rest of these regions are
conserved within a family (Argos, 1985; Kannan et
al., 1989). The same repeats occur in both conserved
regions suggesting that these regions of type I S
subunits all have the same functions of binding the
two M subunits and defining the length of the non-
specific spacer in the DNA target. The truncated S
subunits of the type IC S subunits appear to form
dimers that recognize a bipartite symmetrical DNA
target and which bind two M subunits (Abadjieva et
al., 1993; Meister et al., 1993). This indicates that
the central conserved region of the type IC S sub-
units can successfully fulfil the role of the carboxyl
conserved region and supports the conclusion
reached by sequence comparisons that the two
regions have the same function.

The recent determination of the type II Hhal
cytosine mtase structure (Cheng ef al., 1993) shows
that it contains two distinct folded domains, one for
DNA target sequence recognition, the other for
catalysis. The preliminary crystal structure data on
the T'agl adenine mtase (Anderson, 1993) and the
limited proteolysis of the EcoRI type II mtase
(Reich et al., 1991) suggest that they also have a
two-domain structure with perhaps the same
separation of DNA recognition and catalysis as in
Hhal mtase. Our type I mtase, EcoKI, contains two
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DNA recognition domains and two catalytic
domains, hence one might suggest that its structure
would be like that of two type II mtases, one
stacked upon the other around a 2-fold rotational
axis (Abadjieva et al., 1993; Meister et al., 1993).
Instead of each DNA binding domain being on the
same polypeptide as a catalytic domain, they are
joined together to form the S subunit, and the cata-
lytic domains are joined to other domains to form
the two M subunits. The extra domains and tail of
the M subunit hold the complex together and
communicate the methylation state of one DNA
target half site to the other.

Further subunit—subunit and subunit-DNA
contacts remain to be elucidated as do the mechan-
ism of action of the m* region (Kelleher et al., 1989)
and the tail region of the M subunit defined in this
paper, both of which appear to have a role in
recognizing DNA methylation. Our results comple-
ment those obtained by construction of deletion
mutants (Gann, 1988; Abadjieva et al., 1993; Meister
et al., 1993) and suggest further targets for muta-
genesis and deletion experiments. Furthermore, the
structure formed by the T34M and T24S fragments,
being much smaller than the mtase, may be a suit-
able subject for X-ray crystallography.
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