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ABSTRACT

The type | restriction and modification (R—-M) enzyme
from Salmonella enterica serovar kaduna (StySKIl)
recognises the DNA sequence 5 '-CGAT(N);GTTA, an
unusual target for a type | R—M system in that it
comprises two tetranucleotide components. The
amino target recognition domain (TRD) of StySKI
recognises 5 '-CGAT and shows 36% amino acid
identity with the carboxy TRD of  EcoR1241 which
recognises the complementary, but degenerate,
sequence 5'-RTCG. Current models predict that the
amino and carboxy TRDs of the specificity subunit are

in inverted orientations within a structure with 2-fold
rotational symmetry. The complementary target
sequences recognised by the amino TRD of  StySKI
and the carboxy TRD of EcoR124l are consistent with
the predicted inverted positions of the TRDs. Amino
TRDs of similar amino acid sequence have been
shown to recognise the same nucleotide sequence.
The similarity reported here, the first example of one
between amino and carboxy TRDs, while consistent
with a conserved mechanism of target recognition,
offers additional flexibility in the evolution of sequence
specificity by increasing the potential diversity of DNA
targets for a given number of TRDs.  StySKI identifies
the first member of the IB familyin ~ Salmonella species.

INTRODUCTION

the complete R-M systeml-{). These enzymes bind to
characteristic bipartite DNA target sequences, typically a 3 bp
component separated from a 4-5 bp component by a hon-specific
spacer of 6-8 bd£5). The MTase transfers a methyl group from
Sadenosyl methionine (AdoMet), the methyl donor and co-factor,
to the N6 position of a specific adenine residue on each strand of
the DNA target. DNA methylation by the type Il MtaseHWal

has been shown to involve a base-flipping mecharti¥nTke
similarities seen between the predicted secondary structure of the
AdoMet-binding domain dEcdKl (10) and those of MHhal (9)

and other type Il Mtased1,12) suggest that base-flipping is a
prerequisite to DNA methylation bycdkl. Upon binding to
unmethylated DNA targets, the R—-M enzyme initiates the
complex restriction reaction which involves ATP-dependent
DNA translocation followed by double strand cleavage at a
non-specific site distant from the enzyme-bound target sequence
(13-17).

Unlike type Il systems, which have separate MTases and
endonucleases, the multi-subunit complexes of type | systems are
endowed with both activities. One subunit, HsdS, determines the
DNA specificity of the system and consequently changes within
thehsdSgene that confer a new specificity concomitantly affect
both restriction and modification. In contrast, an alteration in the
specificity of a type Il R—M system requires changes in both the
endonuclease and the MTase. The known type | systems of enteric
bacteria have been divided into four families (IA, IB, IC and ID)
on the basis of a number of characteristics, most notably high
sequence conservation within but not between familig§sThe
hsdgenes for members of the IA, IB and ID families are closely
linked to theserBlocus, at 98.5 minutes on the chromosome of

The type | restriction and modification (R—M) systems of enteriEscherichia coliK-12, and they behave as alleles in tests
bacteria, the first restriction systems to be characterised, comprippendent on genetic recombinatid®,£0). The IA and ID
a diverse group of complex enzymes that possess both enflmilies have members from bdixoli andSalmonellathe 1B
nuclease and methyltransferase (MTase) activities (for revieamily has a member fror@itrobacter freundiiin addition to

seel-7). The importance of these enzyniesvivo as a host

those fronE.coli(18,21,22). The majority of the type IC systems

barrier to phage infection is highlighted by the variety otharacterised to date are encoded by plasmids that are known to
phage-encoded anti-restriction systems specific to type | enzymmsstransferred readily betweErcoli andSalmonella(2).

(3), but DNA breakage may also promote homology-dependentWhilst the DNA and amino acid sequenceshsd systems
recombination between the incoming DNA and the bacterialithin a family are highly conserved, thedSgenes contain two

chromosomeq,8).

The type | R—-M systems are encoded by three gbsdR

large regions of sequence460 bp) which are usually quite
different even in members of the same family of type | systems

hsdMandhsdS the HsdS and HsdM subunits together form arf22-25), and new combinations of these so-called variable
active MTase which with the addition of the HsdR subunit formsequences within thesdSgene generate different DNA specificities
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(24-27). Each variable sequence encodes a domain that ghages by propagation in NM720, &sd\ mutD6 strain

responsible for recognising half of the DNA targé) (and these harbouring Fkan The hsé F strain NM522 23) was used as a

domains are referred to as target recognition domains (TRDs}andard strain for M13, and ED86%4&)(for A phages. NM782

The domain boundaries predicted from sequence comparisaas derivative of NM522 in which thresdregion ofE.coli K-12

are reinforced by analyses of the products of limited proteolysims been replaced with that encodimpAl, and NM789 is a

of both EcaKl (29) andEcdr1241 (30) Mtases. As new type | derivative of NM782 in whicthsdShas been inactivated by a

systems have been discovered and their DNA specificityeletion.

determined, it has become clear that the amino acid sequences @he library of DNA fragments was made in thevector

TRDs may show significant similarity if an identical target iISEMBL3cos (36). The Sal fragment encoding the modification

recognised. Two members of the IA family share a commotomponent ofEcoAl was transferred from théhsd phage

trinucleotide component in their specific recognition sequencegscribed by Fuller-Paa al. (37) to a derivative of EMBL3

EcdKl recognises BAAC(N)gGTGC andStySPI recognises (NM1249) in which thecl~ allele has been replaced &g57.

5'-AAC(N)gGTRC. The amino TRDs which are responsible foiThis enabled lysogens to be made &tf8Rowing integration of

the recognition of the BAAC share 90% identity3(). Also, two  Ahsdphages by homology-dependent recombination. A deriva-

members of the IB familzcoAl andEccEl share a trinucleotide tive of theAhsdMSphage was made in whictBanH| fragment

target sequence wigtyL Tl of the IA family. These three amino containing the Bhalf of thehsdSgene was replaced with the 5

TRDs, which all recognise the sequent&BG, have 40% half of thehsdSgene conferring th&tySKI specificity. The

amino acid identity, identifying possible regions within the TRChybrid hsdSgene was transferred to the chromosome of strain

that are involved in DNA recognitio2). NM789 following the homology-dependent integration and
Only a small number of amino acids within each TRD igxcision of the genome of thtsdd857 phage. The specificity

expected to be critical for determining the DNA specificity of af the resulting strain (NM821) is determined by the chimaeric

target half-site. The remaining amino acids may serve a structuHgdS polypeptide comprising the amino TRBH6KI and the

role for which some changes may be tolerated. Analyses of TRBarboxy TRD ofEcAl.

that recognise similar or identical DNA targets, and consequentlyThe plasmid pAB3 used as a probe specific for a sequence close

have amino acid identities, should reveal regions of importante thehsdgenes o08.entericaserovakadunancludes DNA from

for specific interactions with DNA. This expectation hasmmediately downstream of thesdSgene of serovatyphi-

stimulated the search for new type | R—M systems. Thirty-sevenuriumLT2 (20).

of the ECOR collection of wild-tyge.coli strains 82) have been Restriction was estimated from the reduced efficiency of plating

screened using probes specific for members of the 1A, IB or I[2.0.p.) of unmodified phages on a restricting strain relative to that

families, and 17 of them were positivi8). There has been no on a nonrestricting strain; modified phages plated with equal

comparable screen &almonellaspecies for type | systems, efficiency on both strains. Modification was assessed by the

although sequence analysis of the characterised 1A and IB fampyotection against the relevant restriction system &K

hsd genes implies horizontal transfer of type I R—-M genefLB4023),EccAl (NM782) or the hybrid derivative (NM821).

betweenE.coli and Salmonella(33). Bullas et al. (19) have Deletion derivatives ok phages were selected on BBL agar

screened many strains &almonellafor the restriction of supplemented with 0.2 mM EDTARY). Deletion and substitution

bacteriophages, and they identified $almonellastrains with  derivatives ofA used to locate targets for eitl&nSKI or the

previously unknown restriction specificities. Theglgenes identi- hybrid system included deletions in th@ region (e.gAb527,

fied were found to be linked to tkerBlocus and included those Ab538 and\b221) and deletions or substitutions in the immunity

from Salmonella entericaerovarkaduna(S.entericaserkadund  region Aimnf34 Aimm?l andAclAKH54). The coordinates for

encoding th&stySKI R—M system. these deletions and substitutions are given in Appendix | of
We have cloned the genes encoding the MTase componentiainbda Il 88).

StySKI, and the nucleotide sequences offtbégenes identify

Sty5KI as a member of the IB family. The amino TRD of the HSdS’lutagenesis of target sequences

subunit of StysKI shows 36% identity with a carboxy TRD .

sequence from an IC family membEGoR1241, implying that Lysates ofA and M13 were made on asd\ strain (themutD

these two target recognition domains might recognise the sagfain NM720 forA and NM789 for M13), and then transferred

DNA target. The target sequences determined by these two TR®s the appropriate restricting strain, either LBAO2Rafr

are not identical, but rather one is a degenerate complement of §0dingStySKI, or NM821 specifying the hybrid R-M system.

other. The complementarity is consistent with the suggestion tH{er five cycles of enrichment in which phages were grown on

these two TRDs orient inversely on their DNA targets. an hsd\ strain and then challenged by transfer to a restricting
strain, phages were isolated that were resistant to restriction.

MATERIALS AND METHODS . .
Enzymes, reagents and DNA manipulations
Bacterial strains, phages, plasmids and microbial

techniques These were as described in refereBgeThe —40 primer was

supplied with the Amersham Sequéhdit, other oligonucleo-
LB4023 (19), anE.coli K-12 derivative in which thbsdregion tides, purchased from Oswell DNA Service (University of
of the chromosome has been replaced with th&.a@fiterica Southampton), were as follows:GACTGACCGGAACGCCAA
serovakadunawas used as the source ofkdunaspecifichsd  (T3941) and 5GCCAGAATATCCCTGCCA (T3942) were
genes and as &sensitive strain proficient ikadunaspecific  used to amplify and sequence the regioktofthe right of gene
restriction. A derivative sensitive phage to M13 was made by tlevhich contains a target f6tysKI. 5-GGCGAGCCTGGCTA-
acquisition of Fkanfrom EH55 84). Mutations were induced in ACCG (T5482) and 'SGTAAGCGCATTGGCCCGC (T5483)
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were used to amplify and sequence the regiok iaf geneO R 1xb
including a second target f8tySKI. 5-AATTGTCGANCTGC- —— -
TCCGTTAGGC (T6731) and its complementary olignucleotide
5'-AATTGCCTAACGGAGCAGNTCGAC (T6732) were used
to generate a putative target sequenceStBKI with a single
degeneracy at position 4 of the target sequehé& T GACCK- N
ATACTGAGAGTTACGC (T10012) and its complementary oligo- 47 ™
nucleotide 5AATTGCGTAACTCTCAGTATMGGTC (T10013) 427 mod” se—
generated a putative target sequenc8ti@KI, but with a single 419 mod  ——
degeneracy at position 2. Both pairs of complementary oligo-

nucleotides have Bxtensions that base pair with vector cut with Figure 1.0nly the fragment of bacterial DNA within therector is shown, the
EcRlI thick grey bar indicates the region (t&al fragments) that was sequenced. The

. . ositions of the ORFs correspondinght@MandhsdSare shown above the
Nucleotide sequence of M13 single-stranded DNA Wa%rey bar. Five deletion derivatives are identified. The extent of each deletion is

obtained using the di-deoxy chain termination sequencingdicated by a gap, tt&4SKI modification phenotype is listed in the left-hand
method 89) with 5-[a-3°S]thiotriphosphate4() using reagents  column.

and methods as recommended in the Amersham Sedtenase

sequencing kit. The nucleotide sequence of PCR products were

obtained using the Amersham PCR product sequencing kit; the

PCR products were treated with alkaline phophatase arde nucleotide sequence of th.entericaserkaduna
exonuclease Il to remove dNTPs and primers respectively. Thed genes

enzymes were inactivated by incubation at@before the . ooq 6nce obtained (EMBL database accession no. Y11005)
sequencing reactions were carried out. The sequence comp&[

AlS mod* ——

: Cludes three ORFs. The amino acid sequences predicted from
sons and alignments used the GAP and PILEUP programs of Bse ORFs are consistent with the identification distddand

Wisconsin Package, Version 8 of the Genetics Computer GrOLf’Pstgenes preceded by 660 bp of thersd ofhsdR ThehsdM

WI, USA. gene and the &nd ofhsdRshare 70—-95% identity with thedM
and hsdR genes encodingcoAl and EccEl, consistent with
S.entericaserkadunahaving a type IB R—M system. ThedS
RESULTS gene includes the conserved regions characteristic of the type IB
_ _ _ family, whilst two regions predicted to encode the two TRDs are
Cloning the hsdregion of S.entericaserkaduna not conserved, as expected if they are responsible for the

recognition of different DNA targets. Thedgenes of members

A derivative ofE.coli K-12 (LB4023) in which the residensd  of the same family have always been sufficiently similar to be
genes encodindg=caKl have been replaced by those fromidentified with family-specific DNA probes, this is so for the
S.entericaserkaduna(19) was used as the source of bacteriatloned StySKI hsd genes (data not shown), despite poor
DNA, and as a-sensitive strain restricting with the specificity of hybridisation of DNA in chromosomal digests,
StySKI. A library of large DNA fragments, generated by The predicted amino acid sequences of the subur@is&KI
digesting the DNA of LB4023 witlsawBA, was made in &  are compared with those of other type | R—M enzymes in Table
replacement vector. Probes specific for either type IA or IBhe high levels of sequence identity found in comparisons between
systems had failed to identifysd genes in digests of DNA each of two members of the IB family contrasts with the low levels
isolated from LB40234(1), therefore a DNA fragment from of identity with members of each of the three other families of type
immediately downstream of thHesdSgene ofS.entericaser | R—M enzymes. The figures are consistent with those of previous
typhimuriumwas used as a probe to identifglones with inserts  comparisons within and between familias, ¢2).
from the homologous region of the chromosome of LB42@3 (

Three independent clones were isolated and the genome of one
of the three X4023) was found to be resistant to restriction byrapie 1.comparisons of the predicted amino acid sequences, shown as per
LB4023, consistent with the modification of its target sequencegnt identity
for StySKI. A4023 was predicted to include the genes encoding

the modification component 8ftySKI, and was the basis of all Enzymes Family HsdR HsdM HsdS
subsequent analyses.
. oy . . EcaAl IB 90 97 55
Deletion derivatives of\4023 were selected by isolating ¢
plaques on medium containing the chelating agent EDTA. Th&CE! 1B 72 o1 50
modification phenotypes of the deletion derivatives were deterecx| IA 23 30 21
mined. Some derivatives were sensitive to restriction by LB4023:. 124 Ic 21 24 30

as would be expected liisdM or hsdSwere inactivated by a
deletion. DNA preparations from the parental phage and deletiop*>BL!
derivatives were analysed by restriction digests. The deleti
mUtamS.’ localisesdMandSto the I.eﬂ_hand part of the restriction the nucleotide sequences and aligned with those for other Hsd polypeptides
map (Fig.1). Each of the two adjace8l fragments (2.3 and iyq pILEUP. The BESTFIT program (43) was used to determine per cent
2.6 kb) located in this region was transferred to M13mp18 anﬂientity. HsdM and HsdS were assumed to begin at the first methionine; the
mpl19 and the nucleotide sequence of the bacterial DNA Wagnments for HsdR are based on only the 220 amino acids at the carboxy terminus
determined. of the predicted sequence BSKI.

ID 14 28 17

cme amino acid sequences of the Hsd subuni&ty8KI were predicted from
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An unexpected similarity was detected between the predicte mutations identified in targets within the A genome
HsdS sequences8fSKI andEcaR124I (an IC family member).
The amino TRD sequence®tSKI shows 36% identity with the Target 1 5'cCgCGATtgcagatGTTAtC
carboxy TRD sequence BitdR124l. This is the first report of v
extensive similarity between an amino TRD sequence and a
carboxy TRD sequence. Similarity of TRD sequences is not usual
unless they recognise the same sequence. The level of identity of 1, get 2  5'cacearggaacagerTaac
these TRDs is comparable to the 40% detected for two amino {
TRD sequences responsible for the recognition'ab/G; ve l

le N
T c

EcaAl of the IB family andStLTlII of the 1A family. ! ¢
DNA specificity of S.entericaserkaduna b) Target sequences Source
In order to determine whether the identity betweektaR124| 1 5' cgCGATtgcagatGTTAtc A bp. 20932 - 50
carboxy TRD and thestySKI amino TRD is functionally 2 5' caCGATggaacagGTTAac X bp. 39821 - 39
significant it was essential to determine the target sequence _

3 5' acCGATactgagaGTTAcg oligos T10012/3

recognised bytySKI. Deletions and substitutions were used to
identify and localise the targets 855Kl in the genome of phage 4  5' gtCGATctgctccGTTAgy — oligos T6731/2
A. Unmodified phages were tested for their sensitivity to

restriction by LB4023. Wild-typa has an e.o.p. on LB4023 of

[110-3- Some deletions in tHe region of}, includingb538 and )  non-target sequences

b527, had no effect on the e.o.p.; others in which the deletion

. . . 1 5! CtATact GTTA oligos T10012/3
extended closer to gedgeincludingb189 andh221, resulted in aeTEaTactaRganTIRey g
an increased e.o.p. (o 107?). Similarly, substitutingmnf34 2 5' gtCGAgctgetccGITAgg  oligos T6731/2
for imm\ had no effect, but amn?! substitution increased the 3 5' gtCGAcctgctccGTTAgg —oligos T6731/2

e.0.p. (101to 109. These results are consistent with 8tySKI

target in theb2 region close to th& gene and a second in the
immunity region. In subsequent genetic crosses it was found that
not a|||mrr121 phages had an increased e.0.p.,, a f|nd|ng eXpIainadgure 2. The target sequence recognisedStySKI. (@) The two target
by the final location of the second target close to, rather thasequences in phageand the mutations that lead to loss of the targeEdur

within, the immunity region. sequences that make M13mp18 sensitivBtysKI. (c) Sequences differing

: . ; m those in (b) by one degeneracy within theefranucleotide. These
More precise positions of the predicted target sequences Wefs@quences all fail to elicit restriction.

identified by mutations within th&b527 genome which con-
ferred resistance to attack 8SKI. Mutations were induced by
growth of the phage inmutD strain (NM720), to increase the
chance that restriction targets were lost as the result of baterivatives ofAb527 identified two additional base changes
substitutions rather than deletioidd527 was chosen as the (Target 1 in Fig. 2a). A putative target sequence of
starting phage since it lacks a normal attachment site andS9sCGAT(N);GTTA was deduced as the only sequence to occur
therefore less likely thak* to yield deletions as the result of twice inA that is compatible with the three mutations identified
Int-mediated recombination. Mutant phages were isolated fak the first target sequence; the other occurrence of
lowing multiple cycles of enrichment for phages with increasef-CGAT(N);GTTA is close to the immunity region in geDéop

e.0.p. on LB4023 (see Materials and Methods). Two classes 39823—-39837). Tha&3glll-Sma fragment that includes this
mutants were isolated: those that had an increased e.o.p.segond putative target sequence (Target 2 in Zj.was
LB4023 when compared with the original phage (e.o.p. of 10transferred from a restriction-resistant derivative\io627 to

to 10-2rather than 1), and those that were completely resistanM13mp18. The nucleotide sequence indicated a single change
to restriction by5tySKI, as indicated by an e.o.p. of 1 on LB4023 within the predicted target sequence. Oligonucleotide primers
Mutants that had lost their sensitivity to LB4023 restriction werere chosen to amplify the regiorhaflentified by this mutation,
presumed to have lost their targets &i§6KI. The simple and the sequences of products derived from five restriction-resis-
interpretation of the results is theib527 has two targets for tant derivatives ofAb527 were determined. Three different
StySKI; phages with an e.o.p. of f@o 10-2retain one target and mutations were detected (F2g). The predicted target sequence,
those with an e.o.p. of 1 have lost both. A 1.8ki—EcaRI  CGAT(N);GTTA, was changed in all the restriction-resistant
fragment from the left-hand end of th2 region of aAb527  derivatives ofAb527. Degeneracies at all but the second and
derivative resistant to restriction HytySKI was cloned in fourth positions within the bipartite, octameric sequence require
M13mp19 and the nucleotide sequence of the insert determinetbre than two targets in the genome. The target sequence

A single base change of adenine to guanine was detectedcaimpatible with the data iS-EKAB(N)7GTTA, where K is
position 20936 in the nucleotide sequence Aof(37,39; eitherGorTandBis T, Cor G.

GenEMBL sequence data base accession no. J202495). In order to determine whether there are degeneracies in the
Oligonucleotide primers were used to amplify, by the polymetarget sequence, two pairs of complementary oligonucleotides
ase chain reaction (PCR), a segment of tienome that includes were made, and the annealed products cloned in M13mp18 to
the base-pair identified by mutation. The nucleotide sequencesmwbduce phage with putative target sequences. The phages were

the amplified DNA from each of five restriction-resistantchecked for their sensitivity to restriction by a strain encoding

5' gtCGAactgctccGTTAgg oligos T6731/2
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Sty5KI (LB4023 Fkan), and the nucleotide sequence of eaclthe orientation of the components of the target sequence for
insert was determined. One oligonucleotide pair (T10012 argtySKI. Concomitantly, conversion of the target sequence to
T10013) has a degeneracy at the second position. The test sho®'e@GAT(N);GTTA creates a new target sequenc&tBKI. As

that a G (Fig2b, line 4), butnota T (Figc, line 1), at the second expected, the mutant phage has acquired sensitivity to restriction
position resulted in an active target sequence. The secaogStySKI.

oligonucleotide pair (T6731 and T6732) introduced degeneracies

at position four. Only a T at this position produced a restrictionpscussION

sensitive phage (Figb, line 4, and c, lines 3 and 4). The bases

immediately flanking the two components of the target sequenc8fSKI hsdgenes

(1-4 in Fig.2b) are completely degenerate, as are four of t . ' .
seven bases in the spacer. The data iderHBGAT(N),GTTA hfhe.lstisﬁl Wge lt"?_dM' rSSy sltem |s”thg f|trr?tErepIr_esednSta}|ve of Itlhe B
or its complementary sequence as the targ&teKI. amily 1o be identilied irsaimoneliabotne. collandsaimonetia
are now shown to have members in each of the three families of
allelic hsdgenes. HybrithsdSgenes have been isolated for both
Does the amino TRD ofStySKI specify 3-CGAT? the IA (25,27) and IC @4) families of enzymes and have been
shown to confer the predicted new specifici®$26). Hybrid
Each natural type | R—M system studied pri@6KI recognizes  hsdSgenes generated from members of the IB family have not
a target sequence that includes a trinucleotide component specifig@n described previously; the one reported in this paper
by the amino TRD of the HsdS subunit, and by convention thenctions with the anticipated specificity.
target sequence is written beginning with the component specified
by the. amino TRD. The target site $RSKI differs in that it DNdA‘ specificity of StySKI
comprises two tetranucleotide components and the data presente
do not orient the TRDs with respect to the two components of tidge amino TRD sequences of oAl and Sty Tl share only
target sequence. Formally, the target sequen&iy&il could be  40% amino acid identity whilst they both recognise the same
either 5CGAT(N);GTTA or 5-TAAC(N)7ATCG. The compo- DNA target (5GAG), implying that many amino acids within
nent of the target sequence specified by the amino TRE8KI  the TRD are not directly involved in determining DNA specific-
must be established. This was done by the analysis of a hybitid On the assumption that both domains recognise their DNA
system. target by the same mechanism, the residues critical for specific
A chimaeric HsdS subunit was made in which the amino TRDNA recognition will be amongst the conserved residues. An
of theEcoAl system was replaced with that of 8ig5KI system.  analysis of point mutations within thé&riable region of the
This was achieved in #hsd phage encoding the modification EcaKl hsdSgene has shown that many changes have no effect on
component oEcAAl, by replacing th&arHI fragment encoding EcdKl activity; currently those that abolish the restriction and
the amino TRD oEcaAl with that encoding the amino TRD of modification activity are confined to a short segment of the TRD
Sty5KI. The resulting phage no longer encoded the modificatiofM.O’Neill, personal communication). It is possible that the
system oEcaAl, but conferred a new specificity. Lysogens of thisTRDs impart nucleotide specificity in a similar way to the type Il
phage in a strain (NM789) that retahsslRandhsdMof EcoAl,  endonucleases and MTase344-47). For these enzymes,
but has a deletion withihsdS were restriction-proficient. A structural studies demonstrate that short loops of the polypeptide
lysogen was cured of its prophage and a strain (NM821) that hextend into the DNA helix to make base-specific contacts.
replaced théasd with a hybridhsdSgene was used to deduce The amino TRD sequence 865Kl is 36% identical to the
the target recognised by the hybrid R—M system. carboxy TRD ofEcdRr124l (Fig.3), implying that these two
If the amino TRD of the new system recognizes the sequent®&Ds are related despite their different positions within the HsdS
5'-CGAT and the spacing of N=7 is retained, the predictedubunit and their presence in enzymes from different families.
specificity of the chimaeric subunit iS-6GAT(N)yGTCA, The level of identity is similar to that found for the amino TRDs
where GTCA is the component specified by the carboxy TRD aff EcoAl and StL.TIII but is considerably greater than the 20%
EcoAl. identity between the carboxy TRD sequence€aiKI and
This target sequence occurs once within the sequence $i§SPI, which also recognise a similar but degenerate target
M13mp18 or -19 and twice within that of phagevhere one of sequence. Although 20% identity seems a low figure for two
the two targets is within the immunity region in DNA deleted byl RDs with a similar target sequence, the carboxy TRBEsa|
the mutationcl AKH54. Consistent with the predictions, bothandStySPIwere the most similar of the 10 comparisons that could
wild-type A and M13mp18 were restricted by the hybrid systenbe made at that time7).
Furthermore, the e.o.p. of wild-typevas less than that for either It has been postulatetiq48-52) that an HsdS subunit has a
AClAKH54 or Aimnf*34, as expected if one target is within thesymmetrical structure within which the two TRDs are separated
immunity region. This distribution of targetsirand M13mp18 by two spacer regions. This symmetrical structure is predicted to
is inconsistent with a spacing of N=6 rather than N=7, and withe common to all members of the known families of Type |
the alternative combinations of target sequences. Neverthelesenaymes (Figd). If the HsdS subunit is functionally symmetrical
derivative of M13mpl8 was selected that was resistant tben amino and carboxy TRDs, as well as the spacer regions,
restriction by the hybrid system, and the sequence of this mutafiould be interchangeable within each family. Experiments in
M13 was checked in the region of the predicted target sequenadiich the 3 half of anhsdSgene was deleted have shown that
The three restriction-resistant derivatives of M13mp18 tested hachino TRDs can function as carboxy TRB&%1); in such cases
a mutation in the'omponent of the target sequenc¢eG5CA  the dimerized TRDs recognise symmetrical rather than asym-
was changed to & TTA. This mutation confirms the predicted metrical target sequences. Similar experiments have recently
target sequence for the hybrid system and consequently defitegn reported in which thé Balf of anhsdSgene has been
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o U At amino TRD sequence (Fig), whilst lysine residue 326 within
= : ;
R SNEa GRS RGN LIENE RENNE theEccR1241 carboxy TRD is neither conserved nor protected
196 from modification by DNA. Hence, residues which are conserved
Soxkk tx xt wr ok ke ok ke xk FRxox b x e in these two TRDs have been implicated in the interaction of
SKI SEDkVTs1AI edglTKvsPg .SI1fVaRS i I i i i
R124I SEDyITiseeAV ThgsTK‘l,iPZ nSIaiV‘aIRSEsZ iﬁiéii‘s’il fi@;ggggg EccR1241 with its target §§quenqe. The data are CQHSIStent with
246 these two TRDs recognising their DNA targets using the same
ogts = ar . FUUGRN . mechanism, despite their predicted inverted orientation within
SKT LKvlsPflse isyYIrlMmn gf .&aFi i
R wienen. Liwiyiwig Sroviiiees drvevens sty 1154 (Fig4).
296
148 s Evolution of new DNA specificities
SKI .fmIPpgaEQ
H2ar g DVrninme The chromosomally encodeusd genes can be transferred

between strains by conjugation and by transduction. The type |
Figure 3. An alignment of the amino TRD &tySKI (SKI) and the carboxy R_M.I SyStenf]S also have plasmlc_i—IIOErne members which are
TRD of EcaR1241 (R1241). *, amino acid identities; +, amino acid similarities re_adl y trans e”eP', between baCte.”a osts. Type | .R_M. systems
(similar amino acids are grouped as follows: [isoleucine and valine], With new specificities can arise spontaneougty vivo
[phenylalanine, leucine, tyrosine, methionine and tryptophan] and [glutamic(19,24,54-56). Experiments have shown that the sequences
acid and aspartic acid]). All similar or identical amino acids are shown in capita ncoding TRDs can be switched betvvleMgenes of the same
letters. The numbers indicate the residues from the start of the relevant Hs - P
sequence; the two sequences are 36% identical. mily to create new conj.blln.atmns of TRDs, and consequently

enzymes with new specificitie@4-27 and the data presented

here for the IB family). Homology-dependent recombination can

51 CGAT 51 GAA generate new combinations of TRDs within a family of enzymes,
but it seems less likely that a sequence encoding a TRD can be
e T ? transferred between different familieshsid genes in this way,
StySKI EcoR1241

since there is little DNA sequence identity. Similar TRD
sequences in different families of enzymes may reflect their
existence prior to divergence of thed genes into separate
families. Alternatively short conserved sequences that flank the
variable regions in sonesdSgenes may identify the remnants of
sites associated with the homology-dependent recombination a
considerable time ago, or illegitimate recombination events could
be involved in the transfer of segments of DNA coding for TRDs.

If the variable regions encoding TRDs can be transferred not only
betweerhsdSgenes in different families, but also from théos

K
Amino TRD

*
Carboxy TRD

3 end of a gene and vice versa, clearly the scope for varying
‘ specificity is increased.
' ' ' Repeated nucleotide sequences, particularly withirnsd&
5' GTTA 5" RTCG 3 . .
3' YAGC 5 genes of the IB and IC families, support the idea that plesé®t

genes have been derived by a gene duplication ezat(52),

_ _ ' in which case the carboxy TRD sequendeaaR1241 may result
Figure 4. Thi_ FLSI;S ShUb%J'rI;ItDS ﬁtﬁKL andE%]Rl%! alog%;yvgglthedmr\]m from the duplication of an ancestt@dSgene common to the
targets specified by the s are shown. The amino and the i _
carboxy TRD ofEcdr124l, indicated with an asterisk, have 36% amino acid typel l.B and I(|: f.amllrl:.as of F\; M fsyStemS' Fiegardless. OC];' the
identity. The DNA targets recognised by these domains are indicated. Th&VO Ut'OnarY re at'on_s Ip, our data from ne}tura enzymesin '_Cate
complement of th&caR1241 carboxy TRD target (underlined) a degenerate that the variable regions have the potential to encode functional
version of thestySKI amino TRD target (also underlined). The predicted 2-fold TRDs irrespective of their orientation within the subunit. Such an
rotational symmetry of the HsdS subunit is emphasised in this diagram. adaptable DNA binding domain extends the repertoire of new

specificities that can be generated from the available TRDs.

deleted for a member of the IC family and the target sequence in

this case comprises two symmetrically arranged tetranucleoti@@KNOWLEDGEMENTS
sequences flanking the spacB®)( If the amino and carboxy
TRD have opposing orientations within a symmetrically org
nised subunit (Figd) the target sequence of the amino TRD o
StySKl is predicted to be the complement of that of the carbo
TRD of Ecdr124l. Our data meet this predictior{BSAT is the
complement of 5ATCG.

Recently, Tayloret al. (53) chemically modified the surface
lysine residues in the Mtase componerE@iR124l in both the
presence and absence of DNA. Lysine residues 261, 297 and &EFERENCES
within the carboxy TRD ofEccR1241 were protected flom  yyuoon 6 6. and Murray,N.E. (199apnu. Rev. Gene®s, 585-627.
modification by the binding of a DNA target sequence. Interest; Redaschi,N. and Bickle, T.A. (1996) In Neidhardt,F.C. (Edgherichia
ingly, these three lysine residues align with lysines iiSt&KI coli and SalmonellaEdition 2. ASM Press. Washington, DC. pp. 773-781.
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