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SUMMARY
Type I DNA methyltransferases are complex muitisubunit enzymes which methylate a specific base in
each half of an asymmetric bipartite DNA recognition sequence. The specificity (S) subunit contains
two corresponding DNA sequence recognition domains, plus a number of conserved regions which
interact with two modification (M) subunits to form a trimeric enzyme of the form M2S. The way in
which the subunits interact with DNA in a pseudo-symmetric fashion has long been unclear. Analysis of
internal sequence repeats in the S-subunit shows the occurence of significant homologies between the
central conserved domain and sequences near the N- and C-termini. On the basis of this “split repeat”, a
"circular" organisation of the domains of this subunit is proposed that provides the required symmetry
for interacting with the M-subunits and with the target DNA sequence. In the proposed model, one M-
subunit interacts with the N- and C-terminal conserved regions of the S-subunit, which are thereby
brought into close proximity. The sccond\M—subunit makes equivalent contacts with repeated sequences
in the central conserved domain. The model suggests a more general scheme for the imposition of
pseudo-dyad symmetry on protein subunits that have internal repeats by making equivalent contacts with

additional subunits.
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Type I DNA methyltransferases are complex multisubunit enzymes which methylate a specific base in
each half of an asymmetric bipartite DNA recognition sequence [Bickle and Kruger , 1993, Wilson and
Murray, 1991]. The specificity (S) subunit contains two corresponding DNA sequence recognition
domains, plus a number of conserved regions which are believed to interact with two modification (M)
subunits to form a trimeric enzyme of the form M3S [Taylor et al., 1992; Dryden et al., 1993]. An
additional subunit (R) is required to form the endonuclease but the precise stoichiometry of this enzyme
has never been firmly established. The specificity (S) subunit of type I restriction-modification systems
has been a the focus of considerable interest, since it is responsible for the complex DNA recognition
properties of these enzymes. Three related families of type I systems have been identified to date and a
number of sequences within the S-genes are highly conserved within each family [ Gough, and Murray,
1983;Kannan et al., 1989; Tyndall et al., 1994]. Itis believed that at least some of these conserved
domains play a role in maintaining contacts with the M-subunit, the sequences of which are also

strongly conserved within a family [Sharp et al., 1992].

The S-polypeptides of all type I systems possess a central conserved sequence separating the two
(variable) DNA recognition domains, plus at least one additional conserved domain near the N- or C-
terminus (Fig.1). The central conserved domain has been proposed to act as a spacer between the two
variable domains, and thus to determine the length of the non-specific base sequence that separates the
two half-recognition sites in the target DNA sequence [Price et al., 1987]. The precise role of the
additional conserved domains is not known, but there is evidence that they also interact with the M-

subunit [Cooper and Dryden, 1994).

Domain swapping experiments have clearly shown that the two variable domains of the S-subunit are
responsible for determining specificity [Fuller-Pace and Murray , 1986; Gubler et al., 1992], each
being responsible for the recognition of one half of the DNA target site located approximately one
helical turn apart. The M-subunits of the methyltransferase must be positioned close to each of the DNA
recognition sites, matching the pseudo-dyad symmetry of the DNA backbone, but cannot make base-
specific contacts (except, perhaps, for the adenine that is always methylated). The precise location of the
M-subunits on the DNA sequence must therefore be determined indirectly by interactions with the S-

subunit.

The detailed organisation of the conserved domains has been difficult to visualise, given the

stoichiometry (M2S) of the multisubunit methylase [Taylor et al., 1992; Dryden et al., 1993], and the
likely requirements for partial dyad symmetry of the system. Furthermore, the insertion of various amino
acids into the "spacer” region of the S-subunit of EcoR124I gives recognition‘ properties that vary in a
non-predictable way [Gubler and Bickle, 1991], suggesﬁng that this domain cannot be a simple alpha
helical linker between the DNA recognition domains as previously thought . It has been suggested that
the required symmetry could result from interactions between the two M-subunits [Abadjieva et al.,
1993]. However, extensive interactions between M-subunits seems unlikely since they do not dimerise

in the absence of the S-subunit {Taylor, 1992]. Thus the required symmetry is most likely to be

provided by the S-subunit, even though it is present in only one copy in the methyltransferase.

It was first shown for type IA systems that two regions of the S-subunit (ca. 60 amino acids long) are
related by approximate translational symmetry, one in the central conserved domain and one within the
C-terminal conserved domain [Argos, 1985]. A similar repeating structure is apparent in type IB
systems, but here the major repeat is nea:‘r.he N-terminus, although there is also a smaller repeat (ca. 20
amino acids) close to the C-terminus [Kannan et al., 1989]. In type IC systems, the main repeat is near
the C-terminus [Tyndall et al., 1994). However, further investigation of internal sequence hornologies in
type IC systems shows that there is an additional small repeat within the N-terminal conserved region of
the sequence (Fig. 2a). This N-terminal sequence (D') corresponds to a region of the central conserved
domain (D) which is lacking from the C-terminal conserved domain , thus forming a "split repeat” (Fig.

2b).

This "split repeat” suggests that if the C-terminus were linked to the N-terminus, the components of
the repeating sequences would then be effectively continuous; moreover, the conceptual "circularisation”
of the sequence means that the conserved domains are then related by approximate dyad symmetry (Fig.
3). What might this mean in structural terms? Fig. 4(a) shows how the conserved regions of the S-
subunit can now make pseudo-symmetrical contacts with each of the M-subunits. There need be no
direct interaction between the N- and C-terminal repeats of the S-subunit; they are held in proximity by
specific interactions made with the M-subunit, equivalent to those made by the central conserved
domains with the second M-subunit. Presumably the extra few amino acid residues that are present at

the N- and C- termini of S do not contact M and thus do not interfere with this interaction.

Superficially, the situation resembles the circular organisation of secondary structure elements found in
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certain proteins [ Luger et al., 1989]. However, the “circular” structure proposed by Luger et al. is
maintained by interactions between adjacent secondary structure elements within a single domain; in the
model proposed for the S-subunit, it is the domains themselves that are arranged in a circular fashion.
Moreover, the circular organisation proposed for the S-domains is created by their interaction with other
components (i.e. the M-subunits), thus converting translational symmetry (direct repeats) into rotational

symmetry (a pseudo-dyad).

One region of the central domain (B) shows conservation between related enzymes, but there is little
homology to the equivalent region in the C-terminal domain (B). The lack of symmetry suggests that
this linker region does not make any specific contacts with M, and can be envisaged as an "elbow" joint
within the two conserved "arms”. Since extra amino acids (of various types) can be inserted at this site
which can affect the length of the non-specific spacer in the target sequence [Gubler and Bickle, 1991]
and in some cases lead to "promiscuous” recognition (i.e.variation in the length of the non-specific
spacer of the DNA recognition sequence), this "elbow" joint must have a certain degree of flexibility.
There must be a matching flexibility in the M-subunit that allows some tolerance in the precise
positioning of the contact regions. That no equivalent insertion is required in the homologous domain
(B") reflects the fact that there is additional flexibility built in here, since in this arm the C’ and D’
domains are not covalently linked. It has been noted that promiscuous recognition with respect to spacer
length in the DNA recognition sequence is more pronounced for methylation activity than for restriction
activity, and thus that the R subunit (only found in the endonuclease) may interact with the “elbow”

[Gubler and Bickle, 1991].

The proposed model fits in well with the observation that mutants of the S-subunit which are
terminated shortly after the central conserved domain are able to dimerise to recognise a DNA target
sequence with dyad symmetry, as recently found for both EcoDXXI and EcoR124I [Meister et al., 1993;
Abadjieva et al., 1993]. The pseudo-dyad symmetry proposed for the conserved domains of S leadsto a
simple rationalisation of the phenomenon, without the need to invoke interactions between the two M-
subunits (Fig. 4b). It would seem that the additional region of the sequence (D’) at the N-terminus of S
does not interfere with the interaction, and does not appear to increase the distance between the two
variable domains, as the distance between the two methylated adenines remains the same in both cases.
Indeed, it was shown that limited deletions could be made into the central conserved region of the HsdS

gene of EcoDXXT without loss of function [Meister et al., 1993]. Deletion mapping showed that

function is retained even if the polypeptide is truncated at Trp203. Thus it can be concluded that at least
the last four amino acids in the D domain are not essential in the truncated mutant. However, deletions
as far as Arg190 (well into the C domain) are non-functional. For these muténts, the D domain should
be redundant , since its role can be performed by the rcpéated D’ domain at the N-terminus of the
symmetry-related subunit. On the basis of the proposed model (Fig. 4b), one would predict that the
entire D domain (or indeed the equivalent D’ domain) would be dispensible, but that deletion of both

these domains would not be tolerated.

The repeat previously identified in type IB sequences [Kannan et al., 1989] can also be regarded as a
split repeat, although the major component is now found at the N-terminus. The conserved domains can
therefore be arranged in an analogous way, except that the "break” in the second conserved domain
would now be at a different position (shortly after the second variable domain). There is no clear N-
terminal conserved domain in the S-subunits of the type IA family. Nevertheless, there is a sequence
close to the N-terminus in EcoKI which, :ﬂthough not conserved within the IA family, shows some
internal homology to a sequence at the C-terminal side of the central conserved region (see Fig. 2¢).
There is a stronger sequence homology in EcoBI, which is further from the N-terminus but is the
correct distance away from its repeated sequence. Thus the same considerations of symmetry would

suggest that the general features of the model may apply for all type I systems.

One component of the conserved regions, the A-repeat, appears to be conserved between all type I
systems [Kannan et al., 1985; Tyndall et al., 1994 ], even though their M-subunits are very different
[Sharp et al., 1992]. The function of this sequence could therefore be to interact with features common
to all M-subunits, such as the S-adenosyl methionine binding site. It should be noted that the A domain
is invariably positioned adjacent to each of the DNA recognition domains and would be in a suitable

position to perform such a role.
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Figure Capli

Fig. 1 The arrangement of conserved and variable domains in the S-subunits of type IC R-M systems.
The figure shows the domains of the type IC system EcoR124I, together with its cognate DNA
recognition sequence. Types IA and IB have a similar structure, but type IA’s have no clear conserved
domain at the N-terminus, whilst type IB’s have a longer N-terminal domain and only a small C-

terminal domain.

Fig. 2 (a) Dot matrix plot showing internal sequence homologies in the amino acid sequence of the S-
subunit of EcoR124l, using an 8 residue window and a threshold of 5 identical matches. The off-
diagonal regions indicating direct repeats are labelled A, C and D; (B corresponds to the sequence
linking A and C domains, which is conserved between all type IC’s but shows weak homology
internally). (b) The amino acid residues making up the sequence repeats are shown for the type IC
enzyme EcoDXXI. The repeating structure of EcoR1241 is similar but the A repeat is shorter. (c) “Split
repeat” sequences for type IC (EcoDXXI, EcoR1241 ) and type IA(EcoKl, EcoBI) enzymes, showing
homology between N- terminal and central conserved sequences. Amino acid identities are denoted «
and homologous residues +. The sequence R190-W203 defines a critical region of the central conserved

sequence in EcoDXXI mutants, as defined by deletion mapping (Meister et al.,1993).

Fig. 3 (a) Organisation of the repeating sequences in the S-subunits of type IC enzymes. The domains
indicated correspond to those in Fig. 2. (b) A “circular” model for the organisation of the conserved

domains in the S-subunit, locating the N- and C-terminal domains in close proximity.

Fig. 4 (a) Schematic model for the methyltransferase, showing how the two identical M-subunits can
impose pseudo-dyad symmetry on the S-subunit by interacting with the conserved (repeated) domains
which link the two variable DNA recognition domains, V1 and V2. (b) Two copies of a truncated S-
subunit can make equivalent contacts with two M-subunits (not shown) to form a perfectly symmetrical

enzyme which will recognise a palindromic DNA sequence.
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