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We have identified the recognition sequence for the Citrobacter freundii restriction endo-
nuclease CfrA, a member of the A-family of type I R-M enzymes. This bipartite target
sequence differs in both its components from those of other type I enzymes. We determined
the nucleotide sequence of its specificity ‘gene (hsdS) and a ‘comparison of this with its
relative EcoA identifies two extensive variable regions, an organization analogous to that
found in the K-family of type I R-M enzymes. The specificity polypeptides of the A-family,
unlike those of K, have an N-terminal conserved region, and this includes a sequence
repeated within the central conserved region. A second repeat sequence, identified at the
amino acid level, coincides with the only sequence similarity common to all type I §
polypeptides. Sequences immediately downstream from the hsdS genes of EcoA, CfrA,
EcoK, B and D are almost identical, consistent with an allelic chromosomal location.

1. Introduction

Restriction and modification (R-M) systems have
been subdivided into a number of types each with
quite distinct characteristics (for a recent review,
see Bickle, 1987). Those classified as type I are the
most complex; they are made up of three subunits,
have three cofactor requirements and at least three
enzymic activities. Methylation occurs within the
asymmetric, bipartite target sequence, but DNA is
cut at unspecified sequences remote from the
unmodified target. The three genes encoding a
type I restriction enzyme are designated hsdR, M
and S, but only the polypeptides encoded by hsd M
and hsdS are essential for modification. Despite
their common characteristics, type I R-M systems
3'}0‘_‘/ considerable diversity. Currently, three
distinet groups, or families, of enzymes have been
fecognized in Escherichia coli and its close relatives.

EcoK and EcoB were the first type I R-M systems
o be identified, and complementation tests
€pending upon the interchange of subunits

tween these enzymes established their relatedness
Boyer & Roulland-Dussoix, 1969; Glover & Colson,

MT _P_resent address: Nuffield Department of Clinical
edicine, Oxford 0X3 9DU, U.K.

Present address: Department of Biochemistry and

eX'Jlar Biology, Harvard University, Cambridge MA,

Mo}
Us

9022-2836/89/190335-10 $03.00/0

1969). This was reinforced by molecular evidence,
including cross-hybridization between their genes
and cross-reactivity of antibodies raised against
EcoK with EcoB. These same tests showed EcoA to
be unrelated to EcoK (Murray et al., 1982) and led
to the subdivision of type I restriction enzymes into
families (Fuller-Pace et al., 1985; Suri & Bickle,
1985). The K-family now includes five members, the
A-family three, and a third family includes the
plasmid-encoded system EcoR124 and EcoDXXI.
To date, all well-characterized type I enzymes fit
discretely into one of these three families. Other
putative type I enzymes remain to be classified (e.g.
see Ryu et al., 1988); these may identify new fami-
lies, but some could bridge the divisions between
families.

The specificity polypeptide, S, confers sequence
specificity to both the restriction endonuclease and
its methyltransferase. A comparison of the nucleo-
tide sequences of the hsdS gene of EcoK with those
of its relatives identified two extensive variable
regions (Gough & Murray, 1983), each of which
correlates with the recognition of one of the two
parts of the target sequence (Fuller-Pace et al., 1984;
Nagaraja et al., 1985; Fuller-Pace & Murray, 1986;
Gann et al., 1987). Since all type I R-M systems,
irrespective of family, recognize bipartite target
sequences (EcoK, for example, recognizes
AAC(N4)GTGC) a common mechanism of target
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recognition would predict that the S polypeptides of
other families also include two recognition domains.

To test this prediction for a second family of
type I enzymes, we now compare the nucleotide
sequences of the specificity genes of two members of
the A-family whose target sequences are dissimilar
in both components. As expected, these differ in two
regions. We compare the predicted amino acid
sequences of the specificity genes of members of the
A-family with those of other families and identify a
limited similarity common to the three families.
Finally, although the K and A ksd genes appear
unrelated as judged by the criteria used to separate
the families, their location on the E. coli chromo-
some 1s consistent with allelism (see Daniel et al.,
1988). Further evidence for identity of location
emerges from the nucleotide sequences of the region
downstream from hsdS.

2. Materials and Methods
(@) Phage and bacterial strains

The Zhsd CfrA phages have been described by Daniel et
al. (1988). Fragments of their Asd DNA were subcloned in
M13mpl8 and mpl9 (Yanisch-Perron et al., 1985) for
nucleotide sequencing. Other derivatives of mpl8 were
used to deduce the recognition sequence for CfrA (Fig. 2).
These included some clones derived from other sequencing
projects (see the legend to Fig. 2), and derivatives made
by cloning restriction fragments of either phage 2 DNA or
pBR322. An MI13 sensitive strain of E. coli restricting
with the specificity of CfrA (NM653, see Table 1) was
made by introducing F'kan into a strain lysogenic for hsd
CfrA (a derivative of phage number 6 of Daniel et al.,
1988). All bacterial strains used are listed in Table 1.

(b) Enzymes and chemicals

DXNA polymerase (Klenow fragment), phage T4 DNA
ligase, restriction enzymes, deoxynucleoside triphosphates
(dNTPs) and dideoxynucleoside triphosphates (ddNTPs)
were purchased from Boehringer Mannheim; deoxyadeno-
sine 5'-[2-(3*S)thio]jtriphosphate (152 TBq nmol™') was
from Amersham International. Oligonucleotide primers
for sequencing were purchased either from New England
Biolabs or from Oswel DNA Service, University of
Edinburgh.

(¢) Media and microbial methods

Media, general methods (Murray et al., 1977) and tests
for estimating restriction and modification have been
described (Fuller-Pace et al., 1985).

(d) Preparation, manipulation and recovery of DN A

The methods were those described by Midgley &
Murray (1985).

(e) Mulagenesis of CfrA target sites

Lysates of M13 recombinants 232 and T8 were grown
first in NM648, a mutD strain which stimulates the
frequency of point mutations, and then on the CfrA
restricting strain NM653 to enrich for phage that had lost

Table 1
Bacterial strains
S—

Strain  Relevant genotype Reference
NM52  hsdA F’ Gough & Murray (1983)
RP526 mutD5 Cesareni (1981)
EH55 asn F'kan Hansen et al. (1984)
NM648  mutD5 F'kan This paper
NM649  hsdA (Ahsd CfrA imm??;

Aimm*3%) Daniel et al. (1988)
NM653 F'kan derivative of

NM649 This paper

a restriction target site. The cycle was repeated and single
plaques were isolated on NM653. These clones were growy
in NM522 so that the resulting phage were unmodified,
Mutants plating with an efficiency of 1 on NM522 versy,
NM653 were sequenced. Some were deletions, but two,
one of 132 and one of T8, had a single base-pair difference
from the wild-type sequence.

() DN A sequencing

The region containing the entire hsdS gene of CfrA was
sequenced on both strands using overlapping restriction
fragments (see Fig. 1). Synthetic oligonucleotides were
used as primers when needed. Single-stranded template
DNA was prepared and sequenced by the dideoxy chain
termination method using [x-**S]thio-dATP (Sanger ¢
al., 1980) and analysed on buffer gradient gels (Biggin ¢
al., 1983). Compressed sequences were resolved by the use
of dITP in place of dGTP. DNA sequences were assem-
bled using the programs of Staden (1982) and analysed
using UWGCG software (Devereux et al., 1984).

3. Results
(@) Recognition sequence of CfrA

A type I restriction system identified in Citro-
bacter freundii (CfrA) has been shown to be 8
member of the A-family (Daniel et al., 1988). We
have now determined the recognition sequence of
CfrA using an extension of a biological approach
previously described by Gann et al. (1987) and
Cowan et al. (1989). Phage containing an unmodified
target for a restriction system plate with a reduced
efficiency on a strain encoding that system (Arber &
Kiihnlein, 1967): in our experience a single target in
an M13 phage generally confers an efficiency 0
plating (e.0.p.T) of 107! and two targets an e.o.p. 0
10-2 (Gann et al., 1987). Identifying targets in this
way, rather than by in vitro methylation (e.g. ¢
Suri et al., 1984), obviates the need for enzyme
purification.

Phage M13 plates with equal efficiency on a Cf"A
restricting strain (NM653) and on NM522, which
carries no hsd system, indicating that M13 itsel
lacks a target for the CfrA enzyme. We screed
M13 recombinants which contained fragments ©
known sequence until we found two that showed ®
reduced e.o.p. (~10-!) on the CfrA restrictin

S

t Abbreviations used: e.o.p., efficiency of plating; bP»
base-pair(s); kb, 10 base-pairs.
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Figure 1. The hsd region of CfrA. The 2-2 kb fragment
sequenced, which contains the ksdS gene, is identified by
arrowheads.

strain, and so were presumed to contain one site
each. One of the recombinants (132) contains a
516 bp PstI-HindIII fragment from 4; the other
(T8) contains a 315bp 7Tagl fragment from
pBR322. We aimed to identify the target site by
introducing point mutations that destroy the recog-
nition sequence of each recombinant. Mutant phage
were selected which plated with an efficiency of one
on the CfrA restricting strain, and nucleotide
sequencing showed that each had a single base-pair
change (see Materials and Methods). All known
type I enzyme recognition sequences consist of a
trinucleotide separated from either a tetra- or
pentanucleotide by a non-specific spacer of six,
seven or eight nucleotides, e.g. AAC(N4)GTGC. As
the entire recognition sequence must therefore lie
within 16 bp of a given mutation, each such
mutation narrows down the region containing the
recognition sequence to about 30 bp (see Fig. 2(a)).
Only one sequence with the above properties,
GCA(N)GTGG, is common to 432 and T8. This
sequence, like other type I recognition sequences,
has adenine residues 10bp apart on opposite
strands; these are the potential targets for
methylation.

Some type 1 enzymes have degenerate recognition
sequences, where one position can be either purine,
or alternatively either pyrimidine. We have shown
that this is not the case for CfrA, as degeneracies of
this type were found in M13 recombinants that
showed no restriction by CfrA (see Fig. 2(b)). Two
other M13 recombinants sensitive to CfrA were
found in addition to 132 and T8. Sequence compari-
sons of these four recombinants show at least three
alternative nucleotides at the positions flanking the
Tecognition sequence, and in all positions of the
Spacer (see Fig. 2(b)), indicating that
(N)GCA(Ng)GTGG(N) is sufficient for recognition
by the CfrA enzyme.

(b) Nucleotide sequence of the CfrA specificity gene

We have determined the sequence of the hsdS
Bne of CfrA (Fig.3). A 2214bp contiguous
;equence containing an open reading frame from
'tip 234 to bp 1970 is predicted to encode a polypep-
" € of 578 amino acid residues. Seven base-pairs
8é’smﬁam from the initiation codon is a purine-rich

Quence TAAGGAGGT which could serve as a ribo-

T
*
5 T[GCAITGCTGGGTIGTGGGGAAGTCGTGAAAGA
%32 3 ACGTACGACCCACACCCCTTCAGCACTTTCT
™
A
A
*
5" GCCTGCAGGTCGATA[GTGGCTCCAAGTAGCG
t8 3I'CGGACGTCCAGCTATCACCGAGGTTCATCGC
*
T
(d)
Positives
1 T GCA TGCTGGGT GTGG [
2 T GCA GGTCGATA GTGG c
3 c GCA TCCGCCAG GTGG A
4 A GCA AAAAAATC GTGG c
Negatives
5 c ACA CCCGTCCT GTGG A
6 G GTA ATTTCTTT GTGG T
7 A GC6 CGGCGGGT GTGG T
8 A  GCA TCTTACGG ATGG c
s [ GCa GGACACCA GCGG c
10 A GCaA GCCCAGTA GTAG G
1 2 GCA ATTTAACT GTGA T
Consensus N GCA NNNNNNNN GTGG N

Figure 2. The recognition sequence of CfrA. (a) The
sequences surrounding the mutations in 432 and T8 are
shown double stranded with the mutations highlighted
(asterisks). The predicted recognition sequence, the only
sequence typical of type I restriction enzymes common to
both 432 and T8, is boxed. The site in T8 is created at the
Tagql junction of M13mpl8 and pBR322. (b) A list of
sequences within M13 recombinants that are sensitive to
CfrA restriction (positives) or resistant (negatives). For
clarity, the sequences are written with gaps separating the
flanking bases, the trimeric component, the spacer and
the tetrameric component: 1 and 2 are 432 and T8 as
described in the text; 3 and 4 are present in the Asd region
of EcoE (Cowan et al., 1989 and our unpublished results);
5, 8, 10 and 11 are in Tagl fragments of pBR322
(Sutcliffe, 1979); 6 and 9 are in the hsd region of EcoK
(Loenen et al., 1987); and 7 is in M13 (van Wezenbeck et
al., 1980).

some binding site (Shine & Dalgarno, 1974). A
sequence typical of rho-independent terminators, a
G +C-rich region including an inverted repeat of
5 bp followed by a A+ T-rich region, is situated
23 bp downstream from the termination codon. The
hsd8S gene of CfrA contains a direct repeat of 195 bp.
The first repeat starts 130 bp from the 5 end of the
gene and the second 961 bp from the 5’ end (Fig. 3).

The nucleotide sequence of the hsdS gene of CfrA
was compared with that of EcoA (Fig. 4). This
comparison identifies three regions of strong simi-
larity and two variable regions. The repeated
sequence shown in Figure 3 falls within conserved
regions, and consequently is also found in the hsdS
genes of EcoA and EcoE, the two other members of
this family (Cowan, 1988). These repeats are readily
detected in dot matrices comparing the nucleotide
sequences of these related hsdS genes (see, for

example, the comparison of CfrA, with EcoA in

Fig. 4).
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10 50 70 110
AGCYTCGCClGCCGCGYCGAGAACGAGCAGGCG'GGAAGGTCAGCATCGACGAGGTGAYYGCCCGCR‘C“'Y‘!AACCYCGATATCAAAAACCCGCACC‘AGGCGGAAACCGYCIAQC(‘:‘

130 150 170 190 210 230 k
AACCCGGATGAACTGCTGGCGCAATATGCCAAACAGCAGGAAGCGATCCAGACCCTGCOCCACCAGCTGCGCGAYATTCTCGGCGCGGCGCTCTCCGGTAAGOAGGTCAACTCAYc““
—

250 Sall 270 330 350
TGGAAAAACYGATTtTTGACCACATCGATACCTGGACCACGGCGCTGCAAACCCGCTCCACGGCAGGCCGCGGCAGCYCGCGCAAGATTGACCTGTACGGCATTAAGAAGCTGCG“‘q

390 B8amHL 410 430 450 470
TGATTCYYGAGCYGGCGGTGCGCGGCAAGCYGGT&CCGCACUXTCCGAACBATGAACCGGCGTCGGTGCTGCICAAACGCATTGCGGTGGAAAAGGCCOAGCYGG1GAAGCAQQGM‘“
—_—

490 530 550 570 S0
TTAA".AAACAC.AAGCCGCTGCCGGAGAYTAGCGAGGAAGATAAACCGTTYOAGCYGCCGGCUGGGTGOGAATGCGI&IGACTAGGGCAGGCAYY TTATATYGAAATGGLTCAMAGT((y,

-

610 630 670 6uo 710
CCTCACAATATTACAATCAAAGCGAAGAAGGGATYCCTTTTYTCCAGGGGAAAGCGGAT'TTGGGAAAAAG‘A’CC'ACCGCCAGAYATTGGTGC‘CAYCACCA‘CA“GCTAGCMIH

750 810 830
AAAATGATGTTTYACTYTCTGTTAGAGCACCAGTCGGTCCAACTAATTTAYCACCYTATCATTGTTGTATYGGTAOGGGATTGGCGGCAAYACGTYGTYYGAGTGAYGCACCAcAym"

850 ] 910 950
ATCTTTTGVACATACTCAAAGCATCCCAACGACGTCTTGAGGAATTAGCCACAGGTACAACCTTTGYTGCCGTATCTAAAACAGATATTGAGCCTTTGCTCATGCCCATTCCTCLGT

970 Sal/l 990 1010 1030 1050 1070
ATGAGCAAATACGTATTETCGACACTATAGATAGGCYTATGTCTCTCTGCGACCAACTAGAACAGCACTCCCTGACCAGTCTGGACGCCCATCAACAGCTGGTTGAAATCCTGETAA(E

1090 1110 1130 1150 1170 1190
CGCTAACCGACAGCCAGAACGCCGATGAACTGGCCAAAAACTGGGCGCOTATCAGCGAGCATTTCGACACGCTGTITTACCACCGAAGCCAGCATTGACGCCTTAAAACAGALCCATT TG

1210 1230 BamHi !

—

1270 1290 1310

] 250
AACTGGCGGTGATGGGCAAATTGGTGCCGCAGGATCCGAACGATGAACCGGCCTCTGAACTGCTCAAACGTATTGCTCAGGAAAAAGCGCAACTGGTGAAAGACGGGAAAATTAAAAML

1330 1350 1370

1410 1430

AAAAACCOTTGCCACCGATTAGCGATGAGGAAAAACCGTTTGAGCTGCCGGATGGGTGGGAATGGTGCTGTAYTGATGACTTAACGTTTGTTTCCGGCGGAATACAAAAACAACCCAAG
~

GACGACCTATTAAGAACCATTTTCCTY

TGAAAAAAAATGACATTCTAATTGTTG

AGATCAGAGGTATAACAATTCCATTAC

1450 1

1570 1

1810 1

2210 £coRl

2170 2190
CCCTATTTCGAAGGAATAGCAATCATGACTACCCCGCATTCTATTGCAGAATTT

rd

470 1490 1510 1530 1550
ATTTACGGGTTGCTAATGTTCAAAGAGGCAATATTAATAYYGATGAGCTTGAGAGATTCGAACTAGAACCTCATGAGTTAACTTTTITGGTCG!

1670

590 1610 1630 1650
AAGGTAATGGTAGTGCTGATGAAATTGGTCGTYTGTGCTATTTGGCTGGCTCCAATAGAAAAATGTGTTYATCAAAATCATTTGATAAGAGTTC

1690 1730 1730 1750 1770 1790
GAGGAATAATGGACGGACATCAAGAATTTATTGCATTATACCTAAACTCTCCATCTGGTATTAAAGAAATGCAACGGCTCGCTGTTACCACCAGCGGTTTATATAATCTCAGTGTAGETS

1870 ]

830 1850 890 1910
CACCTCTYAATCAACAAAATTTGATCTTGTCAAAAATAAGAGAATATATTTTTATCTGYGAAAACCTAAAAATCTCGCTCCAATCCGCCCAAL

1990 2010 [\]

1950 1970 203
AAACCCAGCTCCACCTGGCCOACGCCCTCACCGACGCCGCCATAAATTAACCCGCTCACAGAAATCAATAAACGGCTAAATAGCCGCTTTATTCCCATCACCAGAAATAATCCATLCCCCE

G

2110 2130 1

2050 2070 2090 2150
CATCCACGCCGTTATTTTCATTCATTTTCAGCTGGACTTTCCTTCTATTCCCTGATGATATATCCAGGTATTTATCGCAAGACGCCCGTGCTGCAACACGAGCGCCTCGCTAATCACAN

Figure 3. The nucleotide sequence of the ksdS gene of CfrA. The Shine-Dalgarno sequence, initiation and termination
codons are underlined. The direct repeat of 195 bp and the inverted repeat constituting the presumed rho-independent

terminator are marked by arrows.

(c) Organization of the A-family S polypeptides

The predicted polypeptide sequences of the CfrA
and EcoA hsdS genes were aligned (Fig. 5). The two
variable regions, referred to as amino and carboxyl,
are approximately 150 and 180 amino acid residues
in length, respectively, as are those of the K-family
(Gough & Murray, 1983). The three regions seen to
be almost identical in both S polypeptides consti-
tute the N-terminal 107 residues, the C-terminal 16
residues and a region of 131 residues in the centre
separating the variable regions (see Fig. 5). Com-
parisons of the amino acid, rather than nucleotide,
sequences revealed an additional feature: a short
sequence repeated within each polypeptide of the
A-family (data not shown). The level of similarity

seen when the repeats of one polypeptide are
compared is also maintained when related polypep-
tides are compared. Consequently, in the dot matrX
of CfrA and EcoA polypeptides (Fig. 6), these repeat
sequences spanning 24 residues are identified by the
weaker lines above and below the diagonal, b'“t’
because of their conservation throughout the family
they also contribute to the main diagonal. Sinc®
these repeat sequences are at the carboxy end ¢
each variable region, their effect on the diagonal 13
to extend the apparent lengths of the central an
distal conserved regions. While the similarity see?
when the repeats are compared is obvious, it do® -
not approach the near identity characteristic of the
conserved regions (see Fig. 5). A schematic diagram
of an S polypeptide is shown in Figure 7.
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Figure 4. Dot matrix comparisons of the nucleotide sequences of the hsdS genes of CfrA and EcoA. Each dot
represents the conservation of at least 15 bases within a region of 21 bases. The 2 lines parallel to the main diagonal

indicate the repeated sequence in both CfrA and EcoA.

(d) Comparison of S polypeptides between Jamilies

A repeated sequence detected when amino acid
sequences but not nucleotides are compared, but
nevertheless conserved throughout the A-family of
S polypeptides, is reminiscent of the finding of
Argos (1985), who demonstrated a repeated
sequence within each S polypeptide of the K-family.
These repeats of about 60 residues are, however,
mainly confined to the conserved regions of the
Polypeptides (Fig. 7). Inevitably, therefore, each
repeat is strongly conserved throughout the
K-family; the similarity between members greatly
exceeding that found between the repeats of one

| Dolypeptide. We shall refer to the respective

repeated sequences as the central repeat and the
carboxyl repeat. Each of these sequences in the
K-family is made up of two components A and B;
these, but not the intervening sequence, are
repeated (see Fig. 7).

The central and carboxy repeats within the 8
polypeptides of the A-family are equivalent to the A
components of the Argos repeats in the K-family.
The nucleotide sequence of the hsd genes encoding
the R124 system has been determined (Price e al.,
1989), and a repeat is also present in the S polypep-
tide of this third family of enzymes. An alignment of
the repeat sequences from the central and carboxyl
regions of EcoK, A and R124, reveals that all six
sequences are similar (Fig. 8). Within these repeats

L R AN RS IR AT e
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CcfrA
£EcoA

CfrA
EcoK

CfrA
EcoA

CfrA
EcoA

CfrA
£coA

CfrA
EcoA

CfrA
EcoA

CrrA
EcoA

CcfrA
EcoA

cfrA
EcoA

CfrA
EcoA

CfrA
EcoA

Figure 5. An alignment of the predicted amino acid sequence of CfrA and EcoA. Gaps were allowed to optimize the
alignment. Upper case letters represent the conserved residues. The conservative substitutions allowed were I/L, I/Y :
L/M, E/D, F/Y, and K/R as recommended by Collins & Coulson (1987). The repeat sequence that shows amino acid

1
MaVEKLIVDH
MsVEKLIVDH

51
GKLVPQDPND
GKLVPQDPND

101
LPaGWEWvrL
LPAGWEWt tL

Kwkdvkkgyt

201
Airclsdaph
Arpfsdiinr

251
iPPLnEQiRI
fPPLgQEQeRI

iDTWTtALQT
mETWTsALQT

EPASVLLKRI
EPASeLLKRI

geafyIemgq
triaeInpki

.wctsptkLA
hfangdialA

eYLLyilKas
kYLL1InfKsp

VdtidrLMSL
IirftqLMSL

RSTAGRGSSG
RSTAGRGSSG

AvEKAELVKQ
AaEKAELVKQ

spSsdyyngs
dvSddeqgeis

gkndvllsvR
kitpcfensk

..qrrleeL
nflksgesgM

CDQLEQhSLT
CDQLEQQSLT

301
NaDELAKNWA
NVvEELAeNWA

351
PASELLKRIA
PASELLKRIA

401
dLtfvsgGig
sIynflnGya

451
1t fwsLkkND
fenyiLseND

501
g.hgeFIaly
tvsnsFLtIw

551
QnlILSKirE

RISEHFDTLF
RISEHFDTLF

QEKAQLVKDG
QEKAQLVKEG

kgpkrrpikn
fksewftsvg

IlIvegngsa
IvIsldrpii

LnSpsglkem
LgSyffInsi

yIfiCenLKi

TTEASIDALK
TTEASVDALK

KIKKQKPLPP
KIKKQKPLPP

hf pyLRVANV
.1r1LRnANI

deigRcAIwl
ntglKyAIis

grlavttsGl
d..pgrsnGv

sLgsAgQTQL

KIDLYGIKKL
KIDLYGIKKL

GKIKKQKPLP
GKIKKQKPLP

eegiPffqgkK
fipmPlistK

ApVgptnlsp
Aalfsglkng

atgttfvavs
tgsaggkrVp

SLDAHQQLVE
SLDAHQQLVE

QTILQLAVMG
QTILQLAVMG

ISDEEKPFEL
ISDEEKPFEL

qrGniNidEl
ahGvtNwkDv

apiekCvygn
ksdlpClllg

ynLSvgkIrg
phIStkgLem

HLADALTDAA

50
RELILELAVR
RELILELAVR

100
EISEEDKPFE
EISEEEKPFE

150
aDfgkkYpta
fDgsheFeik

200
yhccigrgla
igvgttelhv

250
KtdiEpllmP
RE£f£fEnnpiP

300
iLLtTLTDSQ
tLLgTLTDSQ

350
KLVPQDPNDE
KLVPQDPNDE

400
PDGWEWCcId
PEGWEWCrLg

450
erfelE.phE
vhipnDmisD

500
hliRvRgimd
rvaKfKnyan

550
itiPLpP1lng
t1fPL1Pgse

592

IN

QdrIISKmdE 1IgtCnkLKy iIktAkQTQL HLADALTDAA IN

conservation when compared to the A component of the Argos repeat (see Figs 7 and 8) is underlined.

there is the same degree of similarity between the
families as that detected within a single poly-
peptide, assessed by the fact that identities are just
as likely to occur across the families as between
repeats within a given polypeptide (see Fig. 8).

(e) Comparison of downstream DN A sequences

The sequences immediately downstream from the
termination codons of CfrA and EcoA (Fig. 9) 2
similar. Following the potential transcriptiond
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Figure 6. Dot matrix comparisons between the amino acid sequence of the S polypeptides of CfrA and EcoA. Each dot
indicates the conservation of at least 14 amino acid residues within a region of 20 residues. The lines parallel to the main
diagonal indicate the repeats in both CfrA and EcoA. The shorter repeat shows amino acid conservation when compared

to the A component of the Argos repeat (see Figs 7 and 8).

terminators, ~100 bp downstream from the termi-
nation codons, the sequences of CfrA and EcoA are
also strongly similar to those of EcoK (Fig. 9). The
Sequence downstream from the S genes is conserved
for EcoB and EcoD, the two other members of the
K-family for which data are available (Gough &
Murray, 1983). Previous evidence indicates that the
hsd genes for all these systems behave as alleles (see
Daniel et al., 1988). The sequence homology down-
Stream from their S genes indicates that they may
Occupy identical locations in their respective
chromosomes. HKcoE, another member of the
A-family for which sequence information has been
Obtained (Cowan, 1988), is anomalous and shows no
Similarity to the other systems in the 250 bp of
Ownstream sequence available.

Central repeat Carboxyl repeat
A B A B8
ar /M
K-family L % m
Central repeat Carboxy! repeat
-~ (o |
R A R A
— — — mM
A-tamily P28 Pz . V)
S0aa

Figure 7. Schematic diagrams of specificity poly-
peptides. The regions conserved in each family are
hatched, the variable regions are open. R represents the
strong repeat seen only in the A-family. The central and
carboxyl repeats in the K-family, the Argos repeats, are
made up of 2 components; only 1 of these is present in the
A-family. aa, amino acid residues.
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£coA Central IPFPPLQEQE RIXIIRFTQLM SLCD The N-terminal domain of 150 amino acid residueg .} able regi
£coA Carboxyl FPLLPQSEQD RIISKMDELI QTCN is proven to specify the trinucleotide component of less, the
Fcok Central IPIPPLAEQK IIAEKLDTLL AQVD the target sequence (Cowan et al., 1989), and exten. the two
Frok Carboxyl VLLPPVKEQA EIVRRVEQLF AYAD sive circumstantial evidence confines the recogni. concept
Fromi24 Contral NPEKSLAIQS EIVRILDKFT ALTA tion domain for the tetra-, or pentanucleotide, | required
FeoR124 Caxbasyl IPVEPNINEQQ RIVEILDKFD TLTN target sequence to the carboxy-variab‘le region systems

fPeppleEQ- rIvesldsl- al-d (Fuller-Pace & Murray, 1986). The following obser- DNA re

] vations support the same correlations for the speci. in the nn

Figure 8. An alignment of the amino acid sequences ficity polypeptides of the A-family. (Balgan

from the repeats within the specificity polypeptides of the The variable domains, like those of the K-family The o
3 famxlxes'of e.mzymes..l.Jpper case letters in the consensus are around 150 and 180 residues long, and both aré A- and

sequence indicate positions where at least 5 residues are . . .

identical, lower case letters where at least 3 residues are very different when both corr}ponents of the speci. region p
identical. Asterisks indicate other positions where iden- fied target sequences are different. In contrast, each S

tical amino acids are present in different families. Any EcoA and its relative EcoE have 5'GAG as the We hav

position in the consensus sequence indicated by either a trimeric component of their target sequences and § polyp
letter or an asterisk is one where there is interfamily  they have almost identical amino variable domains family.

conservation. Of the 3 positions where this is not the case (Cowan et al., 1989). Similarly, EcoK and StySP of families
(10, 20 and 23), only one (23) shows conservations  the K-family both recognize 5’AAC and have nearly within

between the repeats within a given S polypeptide. identical amino variable domains (Fuller-Pace & repeat |
Murray, 1986). Particularly relevant is a 449, iden- regions

tity between the amino variable regions of either enzyme
EcoA and StySB or EcoE and StySB. This is the The

4. Discussion only extensive similarity found between specificity commo

’ polypeptides from different families and correlates add we

The specificity polypeptides of EcoA and CfrA, with these being the only known unrelated S poly- tion of

members of the A-family of type I R-M enzymes, peptides to share a common component in their K-fami

differ in two extensive regions referred to as the  target sequences: the trinucleotide 5GAG (Cowan et consery
variable regions; a situation analogous to that found al., 1989). We therefore propose that the two vari- mainly

in the K-family. Type I R-M enzymes recognize able regions of the S polypeptides from the A-family quently

target sequences comprising two defined regions correlate with two DN A recognition domains. As for membe

separated by a non-specific spacer sequence. In the  the K-family, the recognition domains appear to be more a
K-family the two variable regions behave as inde- extensive though we have no direct evidence to within

pendent recognition domains (Gann et al., 1987). implicate residues throughout the length of a vari- the cas

tion se

1 50 the K-f

cfrA eesseson.. TaaCcCGCTC ACAgAAatcA atAAaCGGCT AAATaGCCGC fgtegff"

EcoA «+...taatT TcTCgCcCTC AtAaAACCaA TaAAgCGGCT AAATQGCCGC cefntr:;

EcoK tgaacattaT TtTCtgGCgC ACctttCCgg TgcgcttttT AttatttCacC Murray

- tion is

S1 100 mutage

CfrA TTTATTCcCA TCACCAgAA. ..ATAaTcCA tcCccgCAtc cAcgccgTTA of cong

EcoA TTTATTCACA TCACCABAAA tTATATTTCA cgC...tAAt tttcatCTTA identit
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relativ

101 150 fze‘l’gm
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£coA TTTTCATTaA TTTTTAGCTG GACTTTCCCT gTATTTACTG ATGATATATC (Bulla

£Ecok TTTTatTctA TTTTTAGCTG GACTTTCCCc aTATTTACTG ATGATATATa reduce

It he

151 200 S poly

CfrA CAGGTATTTA tCGCaagaCG cccGTGCtgC AACACgagCG CcTCGCTAAT remna;

£EcoA CAGGTATTTA GCGCGGTGCG GATGTGCGCC AACACACCCG CAcCGCTAAT e! al.,

EcoK CAGGTATTTA GCGCGGTGCG GATGTGCGCC AACACACCCG CATCGCTAAT ggel_w

plic:

201 250 :}r‘li e‘:t

! CfrA CACAATCcCT ATTtCgaagG AATAGCAaTc ATGACTacCc CGCATTCTAT tionar-

,5 £EcoA CACAATCgCT gTTatcGGAG AATAGCAGTT ATGACTGACA CGCATTCTAT gene, )

: £cok CACAATCaCT ATTcCtGGAG AATAGCAGTT ATGACTGACA CGCATTCTAT ‘ domai.

Figure 9. An alignment of the downstream nucleotide sequence of CfrA, EcoA and EcoK. Gaps were allowed t0 genera
optimize the alignment. Upper case letters represent conserved residues, termination codons are underlined. B The
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able region in the definition of specificity. Neverthe-
less, the similarity in size of the variable regions in
the two families of enzymes adds support to the
concept that extensive regions of polypeptide are
required for sequence specificity in these complex
systems. Long variable regions that correlate with
DNA recognition domains have also been identified
in the methyltransferases of Bacillus subtilis phages
(Balganesh et al., 1987; Behrens et al., 1987).

The only general sequence similarity between the
A- and K-family S polypeptides coincides with the
region previously identified as being repeated within
each S polypeptide of the K-family (Argos, 1985).
We have also identified an equivalent repeat in the
S polypeptides of EcoR124, a member of the third
family. This sequence is conserved between the
families at the same level as it is between repeats
within a given S polypeptide. If, therefore, this
repeat has functional significance, it could identify
regions involved in an activity common to all type 1
enzymes.

The finding that the repeat sequences are
common to all three families of polypeptides may
add weight to their relevance, but any interpreta-
tion of this is complicated by the fact that in the
K-family the repeats are mainly within the
conserved regions while in the A-family they are
mainly within the variable regions (Fig. 7). Conse-
quently the central repeats from different K-family
members, and similarly the carboxyl repeats, are far
more alike than the central and carboxyl repeats
within a single polypeptide. This, of course, is not
the case in the A-family. The high level of conserva-
tion seen in either the central or carboxy repeats of
the K-family may not be essential for the functional
integrity of the polypeptide. Indeed, one member of
the family, EcoD, shows greater variability in its
central conserved region than its relatives (Gough &
Murray, 1983), indicating that complete conserva-
tion is not required for normal function. Random
mutagenesis experiments should indicate the degree
of congervation necessary for enzyme activity. Near
identity in the conserved region of the hsdS genes of
EcoK and EcoB could reflect a recombination event
relatively recently on an evolutionary time-scale.
Recombination between the central conserved
regions of related hsdS genes has been observed,
and while this results in new sequence specificities
{Bullas et al., 1976; Gann et al., 1987) it should
reduce diversification in conserved regions.

It has been suggested that the repeats within the
S polypeptides of the K-family are the only visible
remnants of a gene duplication (Argos, 1985; Gann
el al., 1987). An ancestral gene encoding a polypep-
tide with a single recognition domain could have
duplicated, resulting in the present organization. If
the A- and K-families are descended from a common
ancestral system, it is simplest to think of an evolu-

. Yonary pathway starting with a common ancestral

gene, duplication generating the two recognition
Omains and familial divergence followed by

generation of new specificities within the families.
The A-family S polypeptides, however, contain a

second repeat absent from those of both the K- (see
Fig. 6) and R124-families. This strong repeat,
detected even at the nucleotide level, is found in the
amino and central conserved regions and could be
an additional remnant of gene duplication. Both of
these strong repeats are located in regions of the
A-family specificity polypeptides that have no equi-
valents in those of the K-family (see Fig. 7). The
absence of both of these regions from the K-poly-
peptides could be explained by a deletion, or inser-
tion, prior to gene duplication, and would require
separate duplication events during the evolution of
the A- and K-families of specificity genes.

The genes encoding the K- and A-systems appear
to be allelic. This was first suggested by genetic
linkage to serB (Arber & Wauters-Willems, 1970)
and is supported by molecular studies (Daniel et al.,
1988). The similarity of nucleotide sequence
immediately downstream from the S genes of EcoA,
CfrA and members of the K-family supports this
claim and encourages a belief in their sharing a
common ancestor.
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